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ABSTRACT

This paper introduces new developments in the area of
monitenng, testing and troubleshooting the protective
relay operalion. The relay monitoring has recently been
enlianced by aulomating the analysis of relay operation
using data files from digital fault recorders (DFls). The
relay testing has been extended and further automated
using recenl developments of digital simulators. The sim-
ulator developments have also enabled extensive simula-
lion and evaluation of relay operation, in particular for
the cases when a misoperation has been identified. This
paper gives a bricl descriplion of each of the new devel-
opments. It also gives an assessment of the existing prac-
ee, as well as Tulure trends in the area of monitoring,
lesting and troubleshooting the relay operation.

INTRODUCTION

FProtective relaying of power systems is 4 well established
“'4 with over 50 years of practical experience. The ma-
advancements in this field have been made with the
miroduction of digital computer technology in the late
sventies. An extensive development of new digital re-
lays and digital communications took place in the early
tghties. Dy the end of the cighties, the use of digital
technology became an established practice [1].

In the arca of maniloring, testing and troubleshooling
the relay operation, three major developments have dom-
inated the last fifteen years. Introduction of digital fault
ecorders (DFRs) in the cighties has enabled recording
U analog waveforms “seen”™ by the relays, as well as con-
‘act changes such as relay Lrip signals, circuit breaker 52b
“ntacts and communicalion channel signals for tie re-
4y scheme operation. Skillful operators have used DFIL
"tords to analyze relay operation quite successfully and
thiz has become a well established practice {2] The sec-
"d major development was introduction o programin-
Ul test sets for relay testing. These instruments are
oduced today in a compact casy-to-carry form, and as
tuch, have been extensively used for field testing of pro-
lion relays [3]. Yel other developments are eloctronic

roaystem simulators aimed al replacing the costly
Ylution of a physically scaled madel af a power system,
% new electronic simulators were built by the relay
:nd-}rs and wsed primasily for testing new relay designs
i d occasionally for troubleshooting the operation of the
Fsting designs as well[4,3].

Muost recently, some new advances in the mentioned areas
have been introduced. Software packages for antomated
analysis of DFR files are commercially olfered by several
vendors [6,7.8]. New digital simulators with an exten-
sive transient wavelorm replay capabilities have been of-
fered for both field and laboratory testing of protection
relays [9]. In addition, elaborate digital, real-time sim-
ulator conligurations have been recontly developed for
troubleshooting eomplex operations of protective relays
amd relaying schemes [10,11,12].

This paper gives a summary of the new developments in
the area of astomated DFL data file analysis using ex-
pert systems, as well as relay testing and relay operation
troubleshooting using various designs of digital simula-
tors. First, the need to improve the existing practice is
discussed providing rationale for recent introduction of
the new developments. After that, three soctions are de-
voled to the advances in the following three areas: relay
monitoring, testing and operation troubleshooting., The
final section discusses future directions in the new prac-
tice that may be adopted by utilizing the new develop-
ments. Conclusions and references are given at the end.

EXISTING PRACTICE AND NEEDS
Analysis of DFIL Iecords

Typical practice in the U.5.A. is to set digital fault recorder
(DFIL) trigegers Lo be very sensitive to the disturbance
on analog waveforms and the change of vasicus contacts.
This practice results in a large number of DFIL records
represeating events that are not faults being caplured.,
On the other hand, the ability to analyze fanlt events is
quite enhanced since DFILs are sensitive enough to cap-
ture not culy wavelorms corresponding to nearby faults,
but also waveforms of the faults occurring several buses
away from the location of the DFR. The abundance of
infermation contained in the DFR records is often sulfi-
cient to monitor operation of relays and related switching
cauipment and Lo analyze correclness of the aperation
[13]. The preblem, however, is created by the volume of
dala being captured.

Most of the DFRs in the U.5.A. are connected to a Mas-
ter Station via telephone lines. The large amount of data
captured by DT Rs needs o be communicated (rom DFRs
to the Master Station for further analysis by the opera-



tors. This introduces an additional delay in analyzing
the records. Finally, once the records are received by the
Master Station, operators have a chance to perform the
analysis. Again, the large number of records slows down
the ability of operators to perform the analysis quickly.

The final outcome of the mentioned scenario for monitor-
ing of the relay operation using DF[is is a post-mortem
analysis thal may take several days to complete. An al-
ternative would be an automated analysis that can be
performed in real-time. In this case, the resulls of the
relay eperation can be made available o the dispatehers
in time to be of practical use in the remedial switch-
ing actions, Hence, antomation of the analysis may be
beneficial for both dispatchers and protection engineers
where the dispatchers did not have this information read-
ily available in the past and the protection enginecrs did
nol have an ellicient way of oblaining this inlormation
quickly.

RELAY TESTING

A typical practice in the U.5.A. regarding relay testing
i5 lo perform setting calibration tests in the ficld. This
praclice assumes thal a sel of phasors representing volt-
age and current can be gencrated Lo perform steady-state
testing of the relay operating characteristic. The most
common examples of testing Eillinﬂ.‘ relays is by using a
fixed voltage signal and ramping a current. This method
of relay lesting has been suggested by the relay vendors.
The utilities have elear instructions how this testing is to
be performed, and test sets suitable for carrying out such
tosts quickly in the field are readily available.

The complexity of some new relay designs, as well as a
need to replace the “old™ electromechanical relavs with
new digital relays have created a need for more detailed
testing. As a result, several professional erganizalions
have recommended more detailed relay testing that will
be aimed at checking dynamic behavior of the operating
characieristics, as well as relay behavior for a given sel of
application conditions [3,14). This leads Lo a new require-
ment that both design and application testing of relays
can be performed using phasor and transient wavelorms
as deemed appropriate [15,16).

Again, the need for additional testing may only be justi-
fied il the overall Lime Lo perform Lests is not sigeilicantly
longer. This implies that most of the additional Lesls can
Le performed automatically. To be able to provide for the
new tests and required avtomation, new developments in
the test equipment are required. Some recent commercial
equipment offering in this area is aimed at meeting these
needs [12].

TROUBLESHOOTING RELAY OPERATION

It is well known that relay misoperations do happen, and
may cause major disturbances in the power system op-
eration. Today's tools, readily available for analysis of
such events, are rather limited. It is desirable that the
overall power system event and related relay operation
can be repeated for the purpose of the analysis. Existing

test sets are not suitable for performing such a task. De.
signs of electronic simulators may be suitable, but their
cost and availability are quite prohibitive for carrying ouy
such a task as an everyday practice.

A need for advanced simulation lools capable of recreat.
ing power system disturbances and interacting with re-
lays to mimic actual events is quite real. Recent studies |
aimed at troubleshooting relay misoperations performed
using advanced simulator designs have demonstrated that
such tasks can be performed at a relatively low cost [17].
Again, a cost effective solution is needed that will not
only ask for an affordable capital investment in the equip-
ment, but also for highly automated procedures for per
forming such tests [12].

ADVANCES IN RELAY MONITORING

Introduction of the software for automated analysis of
DFIt files is fairly recent. This software utilizes an ad-
vanced concept of intelligent system applications. These
solutions may be implemenied in various svsiem coolig
urations.

The simplest selution is to provide the analysis soltware
locally at a substation. A I"C may be installed next o
the recorder(s) in a given substation as shown in Figure L.
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Fig. 1. Substation Configuration

I this case, DFIL files arc transferred to the PC cach
Lime a new record s caplured. Onee the file is Lrans
lerred, the soltware for the analysis is automatically &%
ecuted producing an abbreviated summary af the event
An example of a summary report is given in Figure 2-

It is important to note that the original DFR file ¢
also be senl Lo a Master Station by using & modem lin
between the DFIL and Master Station. The abbrevi
evenl reports can be faxed to a designated location.
present, in one of the commercial solutions, such a ;
can be generated in less than 30 seconds after an cve®
is recarded by a DFRL [8].

Yot another solution is Lo automate the pmmﬁsinfi;r
the overall system data captured by dilferent DFRs




wsmitled Lo the Master Station. A typical solution is
#n in Figure J.

"“*EVENT DESCRIPTION USING ANALOG DATA®""**

i is Lle circuil wilh largesi current disturbance.
¢ disisrbance is & phase A o growsd fault,

¢ Fault is cleared by the protection system at this substation
‘relault Values: Fault Values: Postlauli Values:
['= 0.017& [kA] ;10f = 3.T900 [kA] :10f = 0.0029 [kA]
[= 000901 [kA] jlaf = 3.7450 [kA]  cJaf = 0.0010 [kA]
[= 03757 [kA] 16f = 0.2886 [kA] :Ibf = 0.0030 [kA]
(= 0.3968 [kA] lef = 04417 [kA] el = 0.0023 [kA]
refanlt Values: Fault Values: Poatfauls Values:
o= 00006 [kV] VOr= 000012 [kV] Vol = 0.0005 [kV]
M= 20400 [kV] ;Vaf = 25560 [k¥] ;Val = 204.60 [kV]
o= 20500 (kW] VBE = 20080 [WV] VR = 24,70 (kW]
o = 204.90 [kV] Vel = 288.70 [kV] Vel = 204.80 [kV]

Pl = 500.20 [kV];Vabf = 472.90 [k¥] ;Vall = 510.00 [kV]
pl = 512.00 [kV]; Vicl = 510060 [KV] Vil = 510.00 [kV]
of = 510.30 [kV]; Veal = 462.90 [kV] ;Veal = 510,30 [kV]
thove valmes are peak valwes,

"FROTECTION SYSTEM OPERATION ANALYSIS®* e

wary relay operation stasis sl 008TE sex [5.2598 cycles]

o ends at 0.1045 sec [6.2700 cyeles].

middie 51b conlacts operate at 00142 sec. [6.8520 cycles].
bue 520 conlacts eperate st 01163 sec. [6.9720 cxclhos],
lrus breaker status change.

ef trip s applied a8 0.0284 sec [1.7022 cycles).

n ® breaker slatus change

et Lrip is applied st 0.0264 sec [1.5822 cycle]

Fig. 2. Expert System Text Report
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Fig. 3. Centralized Solution

5 case, the analysis sollware is located at the Mas-
ation. This solution is more cost effective since it
1ol require separate PCs. However, this solution
uot provide the report as quickly since all of the
Ttom DFILs has to be transferred to the Master Sta-
clore Lhe resuired processing can be completed. A
L7 the centridized solution is the availability of

the overall system data. Dased on this data, analysis of
virious events can be enhanced based on the related data
obtamed from different substations.

A variation of the centralized solution is nesded when
a ulility uses DFRs and Master Stations from different
vendors. An example of this case is shown in Figure 4.
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Fig. 4. Multiple Masters Configurations

This solution may utilize a Local Area Network (LAN)
to connect all DF s with a server that losts the soltware
for automated analysis. Ouce the analysis is performed,
the results can be stored in a database on the server. All
other users (local operators) may access this data via the
LAN. This solution is the most convenient one since the
analysis data may be shared among a number of different
users a5 long as they are conpecled w the LAN.

ADVANCES IN RELAY TESTING

The major advances in relay testing come from the new
developments of digital simulators, Two basic designs
lave been introduced so far, namely open-loop and real-
time [12]. These systems provide extensive hardware and
soltware capabilities for relay test enhancements.

As a result, relay testing has been enhanced in the areas
of design and application testing. Design testing is aimed
at verilying relay operating characteristics, while appli-
cation testing is related to assessing of relay seleclivity
and trip times, Doth design and application tests ean be
performed using either phasors or transients. llowever,
a Lypical scenario i5 the use of phasors for design Lesting
and transients for applicalion testing.

In the design testing, the fexibility in generating power
system fault conditions using both single and two ter-
minal cases using the two machine equivalent model is
required. A Lypical power system model and related test
conditions are imdicated in Figure 5.

Using the model given in Figure 5, the test signals can
be generated for testing of bath steady-state and dy-
namic behavior of the relay operating characteristic. As
a result, several dillerent types of tests can be defined.
Some examples of the test results obtained by using test
signals geoerated by single- aml two-terminal eoguividont
muddels, as well as lest results oblained for dilferent Lest



conditions, are given in Figures 6 and 7, respectively.

Case I : Prefault Voltage = 0
Prefault Current = 0

Case II : Prefault Voltage = Rated Value
PFrefault Current = 0

Case 111 : Prefaolt Voltage = Raled Value

Prefault Current = Selected Value

Fig. 5. Two Machine Equivalent Model and Related

Test Cases
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Fig. 6. Comparison of One-Terminal and Two-Terminal
Tesl Results

The application tests are Lypically carried oul using tran.
sient wavelorms. These tests are conducted using test
wavelorms generated by an electromagnetic transient pro-

gram (EMPT). A variety of such programs is preseni!
available on the markel. These software packages enap,
detailed modeling of the power system section of inte
est, as well as instrument transformers and other pow:
system components of interest [18,19).

An example of a digital simulator configuration to b
used for open-loop replaying of test cases is given in Fig
ure 8. Examples of test results obtained by running .
number of application tests on several different distanc
relays are given in Figure 9,
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Fig. 7. Comparison of Test Results for Dillerent
Test Cases
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Fig. 8. Open-Loop Digital Simulator Set-Up

The real-time simulators are also utilized in relay testing
to perform more involved tests in complex power sy
tems. A typical example of a complex power system sec
tion used for evaluation of the protection relay operation
on series compensated lines is shown in Figure 10 [EU]-
I this case, it is possible to simulale interaction botween
the relay and the system in the ease of faults, MOV op
erations and sympathetic trips.
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Fig. . Test Resnlts from an Application Study
of Distance Relays

ig. 10. FPower System Model for ‘Lesting ltelay Uehavior
on the Compensated Lines

i all of the mentioned relay testing applications, it is
itical that test sequences arc aulomated and lest re-
tlis are conveniently presented to the operators Using
‘aphical user interfaces [12].

DVANCES IN TROUBLESHOOTING RELAY
PERATION

oubleshooting of the relay operation is an important
proach in verifying and further improving the reliabil-
of operation. The tronbleshooting task requires an
ity 1o recreale power system disturbances that have
ssed the relay misoperation. Once the power system is
'deled, then a variety of the fault event scenarios can
generated and repeated as many times as needed to
Juate relay operation. The use of digital simulators
ritical in achieving this flexibility. Doth open-loop
| real-time simulators can be wtilized for this purpose
AT

example of such a study is illustrated in Figure 11. A
del of the power system given in Figure 11 is vsed to
dy misoperation of the generator refay (Relay #87 on
't %2} that has tripped under heavy inrush conditions
sed by energizing a power transformer connected to
generator Unit #1. The problem was dillicult Lo as-
¢ due o the use of diferent CTs on two sides of the
cralor terminals on the Unit #2. This situation oc-
red becanse Uhe unit breaker was installed at a later
© and had a different CT in its bushings from what
i available on the generator terminals.

*current dillfereatial relay misoperalion was nol cas-
= inable bised on an intuitive understanding of e

steady-stale analysis. The complexity of the compound
elfects of Lhe nonlinear plienomena of the inrush and CT
saturation can only be represented and fully understoond
using transient simulations. Afler the simulations were
perfermed, harmonies shown in Figure 12 were discov-
ered in the differential current. These wavelorms show a
slow build up of the harmonic current, which has caused
the relay misoperation. This scenario could be repeated
several times Lo see how different power system operating
and design conditions affect this misoperation. The gen-
erated wavelorms were replayed into the relay Lo recreate,
and verily, the misoperation conditions. Furthermore,
these wavelorms were used to test other differential pe-
lays in order 1o find the one that is not sensitive to the
harmonic build up in the differential current.
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Fig. “-5.1 FPower System Model for a Troubleshooting
hudy

Fig. 12. DiMferential Current Wavelorm
(Frequency Domain Mepresentalion)

FUTURE PRACTICE

Dased on the discussion of the new developments, it is
possible to adopt a new practice for menitoring testing
and Lrouble shoeting the relay operation with the follow-
ing practical steps:

e All of the relay Lypes useld in the system are exlensively
tested for both design amd application features USInE new



4]|;iLu.|. sirnulslor.

» Operations of all existing relays are monilored using the
software for automated anslysis of DFIL Ges.

* As soon as a problem in relay operation is detected, an
extensive trouble shooting study using digital simulators
is performed to explain the reasons for the misoperalion.

Even though the above mentioned practice may imply an
additional investment in the new equipment and exten-
sive use of additional man , & detailed analysis of
the new requirements will reveal that the equipment cost
is quite affordable and automation of the procedurss is
reducing the need for the additional man power reguired.
In any case, the final judgment needs to be made based
on the overall bonefits that can be obtained by improv-
ing the overall power system operalion as a result of the
soplion of the new praclice.

CONCLUSIONS

The discussion given in the paper leads to the following
conclusions:

« The exisling practice for moniloring, Lesting and Lrouble
shooting the protective relay operation can be improved.

* New developments in the use of expert systems for auto-
mated DFR fle analysis, as well as digital simulators for
relay testing and trouble shooting, are needed Lo improve
the exisling practice.

+ A new practice may be adopled in the uture based on
the new developments.

REFERENCES

|f] IEEE Tutorial Course, “Microprocesser Relays and
Pratection  Systems,”  [EEE Publication # 88E1
026f-1 =Wt 1IEEE Service Center, 1iscalaway, New
Jersey, | 387,

[2] IEEE PSRC, “Application of Fault and Disturbance
Necording Devices for Protective System Analysis,"
IEEE PSHC Special Publicali 87 TH-0195-
RE-PWR, IEEL Serviee Center, Piscaluway, New Jer-
scy, 1037.

|3 J. Jodice, “Rolay Performance Testing, Summary of
the IEEE PSRC WG I-13 RMeport,” PES Summer
W Paper No. 96 SM 572-2 PWRD, Denver,

lorade, July 1906,

[4] A. Williams, IL. H. J. Warren, “Methed of Using Data
from Computer Simulation to Test Protection Equip-
ment," [EE Proc,, Pt C, Vol. 131, No. 7, 1084,

|5] G. Mimmersjo, et.al., “A Digitally-Controlled, Real-
Time, Analog Power Systemn Simulator for Closed-
Loop Protective Melay Testing,” IEEE Trans. on
Power Delivery, Vol. 3, No. 1, pp. 138-152, 1983,

|6] L. Cederblad, et.al., "A Knowledge Based System for
Automatic Evaluation and Disturbance Recording,”
Texns Al:M Conference, College Station,  Texas,
April 19,

7] 11, Gangl, J. Junglauer, *Recorders Complement I're-

Leelion Units,” SIEMENS EV leport, Vol. V1, Ne
A, December 1905,

[8] M. Kezunovié, “Expert System easoning Streamiine
Disturbanee Aualysis,” |[EEE Computer Applicatios
in Power, April 1994,

[9] Proceedi Lhe First i onference

Digital Power System Simulators, IEEE Service Cer
ter, Publication No. 95 TH 8172, 1995,

[10] P. G. McLaren, et.sl., “A Real-Time Digital Sim-
ulator for Testing Relays,” IEL A
Delivery, Vol. 7, No. 1, pp. 207-213, 1992,

[11] M. Jerosclimski, et.al., “A Real-Time Digital Tran.
sient Network Analyzer for Testing Equipment oo
a General Purpose Computer,” Proc. of the
In ional it wer te

i 5 "05), tation, Texas, Aprl
1095,

[12] M. Kezunovié, “Modular Simulators Mateh Cost and
Performance Criteria,” |EEE Compuler Apglicalios
in_Power, April 199G,

[13] IEEE Publication, “Fault and Disturbance Data Te-
quircments for Automated Computer Analyss

IEEE Service Center, Piscataway, New Jersey, 195

[14] CIGRE Report, “Evaluation of Characteristics and
I*erfarmatce of Power System Protection ltelays and
Protection System,” 3C 34-WG 04, CIGRE, Pans,
France, January 1985,

|15} M. Kezunovié, et.al., “An Advanced Method for Test-

ing of Distance Helay Operating Characteristic.”

[CEE Trans. on Power Delivery, Vol. 11, Ne. L

June 18906,

b’i!' I{c;u:i:-.lu\rié, ¢l.n]'|:§|, “Distance Relay A -

esting Using a Digital Simulator,” [E JJIEE

Wintes Mm!Li.gﬂg. 1=apf'r No. 06 WM 0174 PWHD,

Baitimore, Maryland, January 1996.

[17] M. Kezunovié, et al., *Advanced Testing Methods fof

Protective Relays Using New Digital Simulator De-

signs," 1096 CIGRE Session, Paris, France, August

1906,

M. Kezunovié, et.al., “Experimental Evaluation of

EMTP-Bascd Current Transformer Models for Pro-

tective Relay Transient Stwdy," [EEL Tranps. o8

*ower Delivery, Vol. 8, No. 1, January 1994,

M. Kezunovié, et.al., “Digital Models of Coupling

Capacitor Voltage Transformers for Protective [telaf

Transient Studies,” [EEE i )

Vol. 7, No. 4, October 1986. ;

120] M. Kezunevié, *Design, Implementation and Vilid>
tion of a Ieal-"Time Digital Sinwulator lor Protoctivt
Iil:luy Tl:'_-llil.q:,' 1EEE PES Wi i
No. 95 WM 034-9 PWI
1095,

[16]

ication

18]

(9]




