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any utilities have been
M using digital fault recorders
(DFRs) to capture disturbances.
The DFR records are then trans-
mitted over communication
channels to a protection engineer
for analysis. Analysis is related to
verification of the protection sys-
tem and circuit breaker opera-
tion. This practice is time
consuming due to the large num-
ber of records captured and the
time required for record trans-

mission and analysis. Houston Lighting & Power Compa-
ny (HL&P) estimated that further automation would
provide significant time savings and performance

Houston L

funded Tas A&M to

develop an expert system

that would provide

major time savings and
performance improvements

& Power

the experts:

analysis was acquired by inter-
viewing experts (protection relay
engineers) and by using an empir-
ical approach based on EMTP
simulation studies. The reasoning
process includes the following
steps: fault detection, fault classi-
fication, event analysis, and pro-
tection-system and circuit-
breaker operation analysis.

Fault detection and classifica-
tion can be described by the fol-
lowing procedure, as outlined by

m Fault inception instant is detected by looking for
the abrupt change in signal waveforms.

improvements in the overall disturbance analysis task. w Voltage waveforms are checked for a change in the
fundamental harmonic amplitude. A voltage
decrease indicates the possible faulted phases.

s Current channels of the phases that experienced a
significant voltage decrease are checked next. The
current that experienced the greatest amplitude
increase indicates the probable faulted circuit.

HL&P funded Texas A&M University to develop an
automated disturbance analysis system that would satis-

fy the following requirements:

» PC-based system for substation application
s Direct interface to the existing DFR system
» Graphical user interface (GUI) for viewing of

results

= Database management for storing results
s Modem interface to the protection engi-

neer.

The system was developed and extensively
tested using Electromagnetic Transient Program
(EMTP) simulations and actual disturbance
records captured by DFRs at various substa-
tions. Since then, the system has been connect-
ed to a substation DFR for online monitoring of

disturbances.

This article points out some design and
implementation issues and highlights perfor-
mance validation and operating experience

related to the expert system.

Knowledge Acquisition
and Rule Definition

The knowledge necessary for disturbance
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w The overall change in voltage
and current waveforms indi-
cates the type of fault (e.g.,
phase A to ground). It also
points to other characteris-
tics of the fault and the
behavior of the protection
system (fault clearing, reclos-
ing).

Event and protection system

includes fault detection,
fault classification,
event analysis, and
protection system
operation analysis

A typical set of rules based on
the analog parameters is shown in
Figure 1. A sequence of checks is
indicated by the circled numbers
next to the rule definitions.

Expert System
Implementation

The expert system block diagram
is shown in Figure 2. The data con-

operation analysis includes the fol-
lowing checks:

m Relay and breaker contacts’ state is checked for a
change. A status change is an indication that the
protection system has detected a fault.

w If the protection system operation is detected and
the presence of a fault is not identified, it is an indi-
cation of a protection system misoperation.

» If a fault is detected and there is no protection sys-
tem operation, it is an indication of a possible pro-
tection system failure.

The reasoning required to perform classification and
analysis of the event is implemented by using a set of
rules. The reasoning process is separated into two
stages. In the first stage, the system reasons on the basis
of the analog-signal parameters, and in the second step,
it reasons by using the protection-system parameters.
Analog-signal and protection-system parameters are
obtained by processing the recorded samples and
extracting the relevant features of the signals recorded
on the line that had experienced the largest disturbance.

version block translates the format

of data generated by the EMTP
and different DFRs into a format suitable for analysis per-
formed by a commercial signal-processing package,
MATLAB. Additional substation description interface is
developed to make up for insufficient EMTP/DFR config-
uration data. A MATLAB program analyzes raw data to
provide parameters required for the diagnostic process.
CLIPS, an expert system shell, takes data from MATLAB
to make final conclusions regarding the fault detection
and diagnosis. EMTP is used to generate test data
through simulation, while DFRs are used to collect actu-
al data in a substation.

Event diagnosis in CLIPS is performed by using rules
in a forward chaining mechanism. This mechanism uses
analog-signal and protection-system operation parame-
ters calculated in MATLAB. These parameters are volt-
age and current rms values, as well as breaker, relay,
and communication contacts for the transmission line
that experienced the largest current disturbance. This
data is extracted from the set of substation transmission
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Figure 1. Rules for fault detection, classification, and general event analysis using analog parameters
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line data by MATLAB. It also dis-
tinguishes the three characteris-
tic time intervals of the event:
predisturbance, disturbance,
and postdisturbance. The volt-
age and current rms values for
the three time intervals are cal-
culated as the analog-signal para-

experts and using
an empirical approach
based on EMTP simulation

stations and events simulated
using EMTP representing a sec-
tion of the HL&P power system. In
addition, 2 DFR events from a dif-
ferent power system and 10
EMTP events from an artificial
power system were also used.
The main problem at this stage of

meters. MATLAB identifies
incidence of breaker and relay
change of status as protection
system parameters. [t also analyzes the communication
signal operation intervals to identify the communication
protection system parameters.

Text messages and GUI screens serve as a final expert
system output. There are several different levels of infor-
mation that are given through GUI. Altogether, this infor-
mation includes a complete step-by-step reasoning
process performed by the CLIPS shell, as well as a plot of
voltage and current waveforms for a transmission line
experiencing disturbance, including circuit breaker and
communication channel contacts.

A typical example of a text message for an actual dis-
turbance record captured by DFR at the South Texas
Project (STP) substation is shown in Figure 3. It consists
of three parts:

® General information (e.g., date/time of the record-

record size, etc.)

development was to find the
threshold values that are applica-
ble to all of the mentioned events,
which included a variety of power system configura-
tions, fault events, and system loadings. Once this
design testing stage was accomplished, the performance
testing was initiated.

The performance tests included 12 DFR cases from
the HL&P system and 48 EMTP cases from a different
power system. The expert system interpreted all of the
events correctly except one DFR event from the HL&P
system. This event was rather unique, since it represent-
ed a fault that was far away from the substation where
the recording was made. The overall power system con-
figuration provided a ring connection that was feeding
this fault in such a way that the expert system saw
behavior of the currents opposite to what was expected.

As a result of the overall performance assessment, it
is important to note that both the developers and the

= Hypothesis about nature of
the recorded event
u Protection-system operation

ing, DFR configuration data,
EMTP
Qutput

Event Description &
Protection System
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Event Parameters
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the event described in Figure 3 is

shown in Figure 4. Since the event
is characterized as phase A to
ground fault at circuit Holman 44,

Figure 2. Expert system block diagram

only phase A current for that cir-
cuit is displayed, correlated in
time to the corresponding digital
channels.

Total number of channels: 56

Event number: 002
Machine 1D; C?5N
Sample rate: 5.99 [kHz]

Performance
Demonstration and
Operating Experience
The first group of test cases was
used to tune threshold values for
voltage and current parameters.
This set of cases included 12 DFR

Number of pretrigger samples: 1198
Total number of samples: 2926

Machine name: S.T.P.
Serial number: 20299

Date\Time Stamp of Event: 06/28/93, 00:02:18.760

Number of analog channels: 48
Number of digital channels: 128

(29.3 cycles)
Size of the eventin tracks: 10 (320Kb}

**+*++ EVENT DESCRIPTION USING ANALOG DATA*#**

Holman 44 is the circuit with largest current disturbance.

The disturbance is a ground fault.

The disturbance is a phase A to groond fault,

The fault is cleared by the protection system at this substation.

*+%+ PROTECTION SYSTEM OPERATION ANALYSIS ##++

Primary relay operation starts at 0.0742 sec (4.4502 cycles] and
ends at 0.0908 sec [3.4498 cycles].

The middle 52B contacts operates at 0.1005 sec [6.0300 cycles].
The bus 52B contacts operates at (1025 sec (6.1500 cycles].
The bus breaker status change is 0.0283 sec {1.6998 cycles).
The middle breaker status change is 0.0263 sec [1.5798 cycles).

€12.0 cycles)

Converted 1755 samples starting from sample 900.

events recorded at 2 HL&P sub-

Figure 3. Disturbance record text message
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Phase A Current 11HM44

Communication between the expert
system computer and the STP substa-

tion DFR is facilitated using TR1625
master station software. Every record-

ed event at the STP substation is
retrieved and archived at the expert
system computer.

Upon completed retrieval of an
event, classification and analysis are

03 executed, and the report is generated
and stored. The report consists of tex-
tual descriptions of an event and of

graphical files (in the MATLAB for-
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mat). These graphical files are

processed using MATLAB 4.0 and con-

verted into standard encapsulated

0 0.1

. 0.2
Time [sec]

postscript (EPS, which is used for
printing) and PC Paintbrush (PCX) for-
mats.

Communication with HL&P’s office
0.3 in Houston is realized using PC Any-
where software. The expert system

Figure 4. Signal display used to illustrate the reasoning process

performance demonstration and operating experience

operators felt very confident that the performance of the
expert system prototype is outstanding and that it is
ready to be installed in the field for further testing and
evaluation.

Presently, the system is connected to the South Texas
Project (STP) substation. A one-line diagram of the sub-
station is shown in Figure 5. STP is a 345 kV substation
with two generators, and it connects ten transmission
lines. The DRF unit installed at the STP substation moni-
tors currents for all lines and voltages for both buses.

Further evaluation of the expert system logic is under
way by using a remote connection between the STP sub-
station and Texas A&M University. This configuration is
shown in Figure 6.

computer, in this case, serves as a
host machine. HL&P retrieves
archived reports at their convenience.
A simple record database is built and
maintained using Paradox for Windows. An example of a
database entry, corresponding to the event described in
Figures 3 and 4, is shown in Figure 7.

Eventually, the expert system will be located at the
STP substation, and the link to Texas A&M University
will cease to exist. When that happens, short messages
similar to the ones shown in Figure 3 will be sent to
HL&P in Houston. This will replace the existing practice
in which a stream of recorded data is sent from the STP
substation to HL&P once an operator dial-up call from
HL&P offices is placed.

Depending on the length of the DFR record, the expert
system will need between 1.5 and 3 minutes to complete
the analysis locally at the substation and generate con-
densed report (see Figure 3). The size
of the report is not greater than 2K

bytes, which is negligible compared to

North Bus South Bus ? L2

the size of the original DFR record
BOW VELASGO == e =S GEN 1 (ranglpg frqm 2§6K to 800K bytes).
KT #18 Potential savings in time and manpow-

WA PARISH _== DOW VELASGO er are almost gbwous. ' o
CKT 39 KT 27 The operating experience is gained
HOLMAN e B HILL COUNTRY based on 39 actual disturbances
CKT 44 CKT 18 recorded at the STP substation since
GEN 2 =7 =~ 1 SKYLINE June 1993. The expert system has rec-
CKT 27 ognized most of the fault disturbances
LON HILL I [ BLESSING and has provided correct conclusions.
CKT 33 OKT a4 Some disturbances were encountered

that were not covered by the rules

—r

Figure 5. One-line diagram for the STP substation
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Igor Rikalo received his Dipl. Ing. degree
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Figure 6. Initial expert system testing using direct connection

to the STP substation

od, and the system rule base was extended to cover
those cases as well.
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