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ABSTRACT

This paper will present the concepts, applications and benefits of an Automated Diagnostic
System for evaluating the condition of protection equipment within a substation.
Whenever equipment responds to various operating conditions, the information from SER,
DFR, SCADA and Microprocessor Relay reporting can be processed by an automated
diagnostic procedure to determine how well the equipment has operated. This is done by
comparing the values of reported data with computed values from a model of the expected
equipment operation.

Since the majority of operations are acceptable as normal, the diagnostic confirms the
correctness of the equipment settings and response. Furthermore, the equipment
protection can be enhanced by identifying what is going out of tolerance, and what should
or should not have responded to the operating event. Whenever equipment fails to
operate correctly the Diagnostic System identifies the incorrect operation and any related
equipment that may have contributed to or caused the failure to operate.

This paper will address the modeling approach, the kinds of equipment that can benefit
from this system, some diagnostic results from a substation application, and the work
performed to date in the development of this system. The benefits to be derived will also
be discussed and shown.

The Automated Diagnostic System consists of the reporting system of the equipment
monitoring points or alarms, the processing programs to interpret the time sequenced
information, the combined models of equipment operation, and the diagnostic search
engine to produce the automated results. This all runs as an integrated package and
provides summary reports anytime a change in equipment condition is detected or
whenever requested. Diagnostic reporting can be subdued to occur only when requested.




INTRODUCTION

New developments have been accomplished in simplifying the performance of diagnostic
logic to evaluate substation protective equipment operation. A Diagnostic Logic
(DIAGLOG) System has been automated and used to evaluate operating events at
selected 230KV substation line terminals. This has combined the reporting and screening
of event records with the event diagnostics. Event records are converted directly into
diagnostic results. Figure 1. shows the kinds of reporting information than can be used.

The user friendly features allow an operator to select a substation report file for evaluation
and the computer programs will determine if any significant events have occurred. Any
events that have occurred are then evaluated to determine if there was proper operation,
or if maintenance alerts and exceptions to proper operation exist. All this is now done at
one time.

Additional user friendly features for diagnostics are achieved by running the diagnostic
programs in the Windows environment. This has simplified the automation process and
reduced the overall number of operator commands required to access the diagnostic
reports. No operator training is required. Procedures for simplifying and reducing the work
to build the diagnostic models of operating equipment have been identified and will be
illustrated.

Sequence of Event Recorder files are used by the DIAGLOG diagnostic logic system to
perform an automated event diagnosis based on the comparison of observed reporting
data with an expected set of data values. The expected data values are produced from
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the logic model of the expected equipment operation. Whenever observations are made
from a sequence of event record, a comparison is made between the observed values and
the expected values. When the two values agree the substation equipment is considered
to have operated correctly.

The evaluation of the equipment operation is based on how good the comparison is
between the two sets of values. When differences are found to exist, then the -suitability
of the equipment operation is questioned, and a diagnostic exceptions report is
constructed. With this a troubleshooting procedure is automatically performed to locate
the origin of the incorrect operation.

The automated diagnostics integrates into substation operations where the reporting
equipment devices provide information that needs to be interpreted and used effectively
without being discarded because it is too voluminous or not quickly interpreted for easy
use by the information users. This operational relationship is shown in Figure 1.

The reporting data must be evaluated and filtered to separate each event, and to
determine if a meaningful event exists. Then an event selected for diagnostic reporting
has the information from the event recorder converted to an appropriate logic formatin a
file where the diagnostics can begin. An automated data preprocessing is performed to
allow the event diagnosis to proceed.

Without an automated reporting system the task of performing diagnostics would be much
slower. To achieve simplicity, speed and ease of operation, it is important to combine an
automated reporting system with an automated diagnostic procedure.

BENEFITS

There are costs associated with providing a diagnostic capability which are easily
justified when alternatives to the diagnostic can be shown not as effective. There are
other factors in addition to cost savings that can justify providing a diagnostic
capability.

Here are some major benefits that derive from using Automated Diagnostics.

Cost Savings and Avoidance

Detection of Incipient Failures

Early Warning of Equipment out of Tolerance
improved Equipment Reliability

Better Knowledge of Equipment Operations
Reduction in Levels of Maintenance
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All of the above benefits contribute to more effective and productive operation of
equipment. If these benefits are realized, then a company becomes more competitive.




An example of the first benefit listed regarding Cost Savings is given here, however a
more detailed presentation on Cost Benefit Analysis is given at the end of the paper.

Example: Determine if an Automated Diagnostics System is beneficial. If the
diagnostics can detect incipient failure up to 90% of the time and avoid the higher cost
of in-service equipment failure versus a lesser cost of repair when performed off line,
then a cost benefit can be realized. If the cost of a scheduled repair is .5 that of an
unscheduled repair, then the automated diagnostics will pay for itself when it costs less
than .62 the unscheduled repair costs. (See Table 1.)

A good cost reference for making comparisons is the optimum scheduled renewal
procedure when automated diagnostics is not used. This is to schedule replacement
or overhaul to avoid unscheduled equipment failures during normal operation.
Whenever the cost of incurring equipment failure during operation is greater than the
cost of scheduling repairs when equipment is out of service, then a minimum cost can
be determined by selecting the operating life T for scheduled repair that will minimize
the overall average cost per hour of operation.

Without Automated Diagnostics, this is the best one can hope to achieve. But when
the Automated Diagnostics can further reduce the average operating cost, then it
provides added cost benefit.

DIAGNOSTIC MODEL

The model here is of the 230 KV lines at Alabama Power Company Miller substation, and
was assembled to process the existing SER alarm points. The model is exercised using
the diagnostic programs and the SER alarm reports.

In order for the diagnostics to be performed there must exist a substation model which
describes the expected operation of each functional device in the substation. This logic
model is a key feature in allowing the diagnostics to determine which substation equipment
worked properly and which did not (Ref. 3).

The DIAGLOG Operations indicated in Figure 2. show that in order for the Diagnostics
and Reports to be produced, the process of interpreting Data and running of the
Substation Model are at the heart of the procedure. The setup required to run the
diagnostics involves the operations of Model Building and assembling the Event Status
information.
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(Figure 2.)

The model logic inputs and outputs are related to substation status data base information -
on a point by point basis. Ideally one desires to acquire all of the direct fault/event
information on a real time stamped basis. In addition, it is desirable to acquire in real time
the status and indicator information for equipment at the substation not directly involved
with the event. This is to verify that equipment, which should not change state, remained
so during the event.

Each module within the diagnostic model, representing equipment operation, requires
specific information to enable the logic of the module to be developed and exercised by the
diagnostic program. Fortunately there is a well structured set of logic procedures for
describing the module logic.

An individual module of logic is constructed Graphically or in a Truth Table/Operating
Table form where the module logic input variables are listed followed by the module logic
output variables. For each expected operating case or condition, the logic values of the
variables are listed. Each module is defined at a level where the logical operation of a
device can be easily described. The identification and selection of the module variables
will determine what points are desired to have in an event recorder report, and what
preprocessing may be needed to assign a logic value to the DIAGLOG logic variables
utilized by modules. (Ref. 6) Several modules are combined to form a single diagnostic
model. Collectively the modules describe how the substation equipment is expected to
operate when an event happens.




NORTH HELENA 230KV PRI RLY BRKR FAIL TIMER 0
PCB 1204 BREAKER FAILURE LOR TRIP SOURCE 0
PCB 1004 BREAKER FAILURE LOCK OUT RELAY 0
0
0

230 KV BUS #2 PRIMARY DIFF LOCK OUT RELAY
NORTH HELENA 230 KV SEC RLY BKR FAIL TIMER
230 KV BUS #2 SECONDARY DIFF LOCKOUT RELAY (0 - - - - - 1
PCB 1204 BREAKER FAILURE LOCK OUT RELAY 0111111

SAMPLE MODULE OPERATING TABLE
(Figure 3.)

Shown in Figure 3. is a sample of how a single module is described in table form. Each
module is easily constructed and then combined with others to build a comprehensive
model of the equipment operation. For a given event, the DIAGLOG diagnostic program
will calculate the expected status from model operation, and will compare the calculated
status with the actual reported observation. This information will allow the diagnostic
program to determine which modules operated correctly and which ones did not (Ref. 2).

SIMPLIFYING THE DIAGNOSTIC PROCESS

The DIAGLOG diagnostic procedure was developed as a series of stand alone programs
to handle specific portions of the Sequence of Events data processing from raw data to
diagnostic results. With the completion of the development phase of the project these
individual programs are integrated so the user can concentrate directly on the selection of
raw data to process and the results of the diagnostic procedure. Activities that are
combined within this process are:

1. Selection of the raw sequence of events record file.

2. Data preprocessing of the raw data to eliminate garbled records, to detect the
diagnosable “events” in the data, to separate events into event records, and to store
the events into event files.

3. A diagnostic pre-processing coordinates the sequence of event point status with
model variables and calculates operating time values for model variables.

4. The diagnostics program analyses the event record using the DIAGLOG model to
evaluate the performance of the event as compared to the expected (modeled)
behavior of the substation equipment.
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5. The DIAGLOG report generation procedure allows the user to examine the
diagnostic results ranging from a short summary to a detailed display of all data
used in the analyzed event.

DISPLAYS

To run diagnostics find the diagnostics shortcut icon on the display. Double clicking on
the icon will bring up the substation diagnostics window.

S

DIAGNOSTICS ICON
(Figure 4.)

When the window for substation diagnostics appears, there is a choice to View Files or to

Run Diagnostics. When an engineer or analyst wants to evaluate previous reports then
the list of all retained sequence of event reports is available to select.

e T
== : File Open

File Name: Directosies:

i o vt ok |
== 1 B ;
miller.ser = sdiagtmp

D4de
testl. ser

List Files of Iype: Drives:
[Substation File (~.ser) [#] [ c: andtek

SER FILES LIST
(Figure 5.)

Normally the most recent reporting data records from the SER are selected to process. By
pointing to the desired file and using a double click on it, then the DIAGLOG program will
process the SER data records. Each operating event that functionally caused equipment
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operation is identified. The next screen produced is a summary report of those events
which occurred together with a brief diagnostic summary of the associated maintenance
alerts or unexpected reporting values for each identified event.

If reports are taken periodically or every few days then the summary report may contain
several events. If reports are triggered to be taken daily or whenever certain alarms occur
then there may only be a single event reported in the diagnostic summary. The example
presented in Figure 6. illustrates a summary report from the Miller Station covering several
days of operation.

Substation Diagnostics - Analysis - SUMMARY.RPT

SUMMARY.RPT o
Maintenance Unexpected

EVNT-008

0 0
1 1
o 8
0 5
0 5
3 8
1 5
0 0
1 8
0 0
0 0
0 0

Ready [CAP NUM |

SUMMARY REPORT
(Figure 6.)

In the summary report list, the event number 008 is highlighted. This event is shown to
have operated correctly with no maintenance alerts or unexpected values. The Exception
Report can be quickly called up to confirm the equipment operated correctly for the event.



Select Report Type-MILLER-EVNT-008

@ Display Excoption Report
O Display Nanative Report
O Display Report of Event and Responses

O List the Path of Modules Preceeding Unexpected Responses
O List the Sequenced Event Data

REPORT TYPES
(Figure 7.)

By a double click on the highlighted event, the list of report type windows are shown, and
by selecting the Exception Report in Figure 7. the Exception Report can be checked as
presented in Figure 8.

Substation Diagnostics - Analysis - EYNT-008.LSA - -

Fil: View Window Run | " Help

BRI L]

SUMMARY.RPT [r]~ “

Station

EVNT-008.LSA

95 MILLEJEY .
9t HII.I.E‘ EXCEPTION OHLY REPORT:

95 MILLEic hstation: MILLER “

g'g l{ﬁﬁg SOE data: EVNT-008 from file: C:\SDIAGTMP\MLRO4DEC.SER

95 MILLE ; ; i
3t WITTE| 0 maintenance alerts (time limits exceeded)

0 unexpected responses (incorrect operation)

ﬁﬁE FOR THIS EVENT, ALL EQUIPMENY OPERATED CORRECTLY.

EXCEPTION REPORT CHECK
(Figure 8.)




SUBSTATION MODEL

A model of the Alabama Power Miller Substation for the 230 KV lines was assembled using
existing monitoring points and alarms. This was in contrast to the earlier detailed model of
a single line terminal called Clay where over 70 monitor points were installed for R & D
purposes to establish the extreme level of detail possible in developing diagnostics. The
model included 14 Breakers and their associated equipment. Figure 9. shows the Miller
230 KV Substation configuration and Line Terminals that made up the Model.

Station

Service Gen #1
230 kv Bus #1
1104 [[1114 | [ 1124 | 1144
500/230KV
Autobank
[osa] [Cooa ] [Cfo1a ] [Co2a] [Coaa ]
[1214 | [ 1224 ] 1244
230 kv Bus #2
Pratt Boyles Gorgas Clay
City North
MILLER 230 KV SUBSTATION

(Figure 9.)

When events occur and are evaluated by the Diagnostic Model, they usually are verified
as having operated correctly as illustrated in the previous diagnostic windows. One
example of this is for Generator Unit #1 protected by Breakers 1014 and 1114. After
seeing the Event-008, the Narrative Report (Figure 10.) will show which alarms were
reported and operated as expected. And this report can be printed out to a file as shown
below as well as being observed on the computer screen.

NARRATIVE SUMMARY FOR:
SUBSTATION: MLRTOP AND SOE DATA: EVNT-008

THE FOLLOWING INITIAL EVENTS WERE NOT IN THEIR STEADY STATE
NONE WERE FOUND
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PRE-EVENT EQUIPMENT STATUS NOT AS EXPECTED FOR THE FOLLOWING:
NONE WERE FOUND

REPORTING OBSERVATION(S) THAT INITIATED THE EVENT DIAGNOSTICS
NONE WERE FOUND

THE EQUIPMENT BEHAVED AS EXPECTED WITH THE FOLLOWING EXCEPTION
NONE WERE FOUND

THE FOLLOWING DELTA TIME VARIABLES WERE NOT WITHIN NORMAL LIMITS

NONE WERE FOUND
THE FOLLOWING RESPONSE WAS AS EXPECTED

11141361 #_UNT#1 PRI HGA WENT TO TRIPPED
11141381 #_GEN #1 PRI RLY WENT TO ENERGIZED
10142211 #_T COIL #1 1014 WENT TO ENERGIZED
10142251 # BKR POS-T 1014 WENT TO OPEN
10142291 #_BKR POS-C 1014 WENT TO OPEN
11142311 #_T COIL #1 1114 WENT TO ENERGIZED
11142351 #_BKR POS-T 1114 WENT TO OPEN
11142391 # BKR POS-C 1114 WENT TO OPEN
NARRATIVE REPORT
(Figure 10.)

For an event where maintenance alerts and exceptioné to expected operation does
occur, the exception report identifies only those items that are in question. The
narrative report identifies only those items actively involved.

The following is for an event that occurred on the North Helena Line where Breaker
Failure Lockout Relays were in question and the Breaker time to open after gefting the
trip coil signal was considered too slow .

EXCEPTION ONLY REPORT FOR
SUBSTATION:MLRTOP AND SOE DATA: EVNT-001

THIS EVENT CONTAINS: 2 MAINTENANCE ALERTS (TIME LIMITS EXCEEDED)
2 UNEXPECTED RESPONSES (INCORRECT OPERATION)

PRE-EVENT EQUIPMENT STATUS NOT AS EXPECTED FOR THE FOLLOWING:
NONE WERE FOUND

REPORTING OBSERVATION(S) THAT INITIATED THE EVENT DIAGNOSTICS

12041021 # N HELN PRI RLY WAS FOUND ENERGIZED
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12041041 #_N HELN SEC RLY WAS FOUND ENERGIZED
THE EQUIPMENT DID NOT OPERATE AS EXPECTED FOR THE FOLLOWING:

11044501 #_BKR F LOR 1104 WAS FOUND RESET EXPECTED TO BE
TRIPPED
10044511 # BKR F LOR 1004 WAS FOUND RESET EXPECTED TO BE

TRIPPED
THE FOLLOWING DELTA TIME VARIABLES WERE NOT WITHIN NORMAL LIMITS

10044251 @_BKR OPN TD TC1 WAS TOO SLOW REPAIR REQUIRED
10044251 @ BKR OPN TD TC2 WAS TOO SLOW REPAIR REQUIRED
NORTH HELENA LINE EVENT EXCEPTION REPORT
(Figure 11.)

A relay engineer may want to next look at the more detailed diagnostics reports
available whenever the situation requires it. Operators need quick access to useful
information, and analysts want access to that level of information they need to get the
job done accurately and quickly.

Text strings have been appended to the alarm and rormal states of the SER points,
and for the model variable names. These are used in the diagnostic report information.

Converting the DOS based DIAGLOG programs to the Windows environment has
enhanced the ease of operation and flexibility of screen displays and report generation.
SIMPLIFIED MODEL CONSTRUCTION
Several steps have been taken to speed up the process of building models.
. Integrating the definition of variables and their Truth Tables of operation,
the sequence of events record point information and operating time

information for variables used in a logic module.

o Recording the module names in a list so the DIAGLOG model input file
can be automatically generated from the module list without manual input.

. Combining the variables translation table used to generate and edit the

DIAGLOG variable definition file, with automatically formatting the
information for DIAGLOG processing.
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° Automatically sequencing the model builder through each of the programs
involved with building up and testing a model. This minimizes the number
of key strokes required to compile a model and evaluate its performance.

Each of these steps automates previous repetitive manual tasks that would have to be
performed by the model builder. These automated tasks are especially helpful when
debugging or making minor changes to a model. Once the model is completed the
process of selecting and analyzing events is simple to perform.

GRAPHICAL MODEL BUILDING

The next step in speeding up and improving the model building process is to use
graphical methods to present information and connect each truth table or module of
functional logic. People are usually more efficient processing graphical information in
lieu of textual information. An added attraction is the possibility of automatically
building logic modules without having to write the logic tables to assemble a working
DIAGLOG model. In developing a graphical model building capability there are several
hurdles to overcome.

1. The development of a consistent set of symbols to represent basic logic
relationships and functional devices (i.e. AND/OR connects, relay elements, common
bus, threshold detection, etc.).

2. A method for connecting (wiring) the basic symbols and assembled components
together to form a module or model.

3. A method for defining the boundaries, inputs, and outputs of a component or device
that is a group of symbols. Perform logic reduction when needed.

4. A mechanism for linking the graphical input, reference, or output variable name to a
data base where descriptive, sequence of events, and value information can be stored
for use by the DIAGLOG diagnostic program.

5. A procedure for assembling the combined logic table for the connected logic
symbols, components and modules to form a model.

An example of graphic modeling is shown in the construct of Figure 12. A model
builder can place circuit components cn the screen, identify the inputs and outputs,
draw the wire connections between the elements, and then press an icon to compute
the logic or operating table for the elements he has defined. This construct is shown
partially completed with the wire connect being drawn in a diagonal line to the right just
before the connection is made. When each wire connection is finished, the line will
snap into a rectangular form as the mouse button is released. When finished, the
elemental drawing in the figure can be reduced to a single functional block on the
screen with only the input and output lines showing.

The initial work has demonstrated a symbol set, placing components or functional
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elements on a graphic display, graphical wiring or connecting of the components, and
generation of a truth table from wired components.

File E_git Calculate View Help
D] 3] [+ [*[>[[s ] L[ ]m fon
2
VAL
— 4}
@ —@
_—-ll—/
=
¥
« | . »
Ready . o INUM|
GRAPHIC MODEL CONSTRUCT
(Figure 12.)

Benefits of the graphical modeling will be faster and simplified modeling, better
visualization of the model, better diagnostics through complete logic tables without
heavy dependence on default logic in manually created tables, and faster validation of
model operation with better diagnostic detail.

COST BENEFIT ANALYSIS

A good reference to use in evaluating the cost of diagnostics is to begin with
determining the cost of using scheduled renewals to minimize having unscheduled
occurrences. The cost of diagnostics should always be less than this boundary as is
indicated in Figure 13. Ifit is not, then other benefits gained could still justify the
diagnostics. This analysis looks only at the cost factors.
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The following terms are used:

Cs4 = Cost of an unscheduled equipment renewal

Cs = Cost of scheduled equipment renewal

X = C, / C, the ratio of unscheduled to scheduled costs

T = Time of optimum renewal

Cs = Cost of Diagnostics to provide incipient failure detection

R(t) = Reliability function of equipment |
Rs = Reliability of the Diagnostic System detection

The cost ratio X is the principal driver in determining the cost savings that can be
achieved for using a diagnostic system. If the diagnostic system provides the capability
to detect incipient failure, then the total cost of an equipment failure during operation as
measured by C, for unscheduled renewal can be avoided. Then only the lesser cost of
doing a scheduled renewal is experienced.

A useful equation for determining an upper cost boundary for providing diagnostics was
developed by Andtek Inc. as a management tool in comparing costs. This equation
gives the ratio of C4 the diagnostics cost to C, the scheduled renewal cost as a function
of the X cost ratio.

?R(t)dt
< e RO+ X] -]
" [Rod

0

This equation is in its general form where the Reliability function R(t) is that of the
equipment being evaluated.

If the diagnostics system will detect every incipient failure with 100% Reliability, then
no correction is needed to the cost boundary equation. When the Diagnostics detects
failure 99% of the time or 90% of the time, then a correction factor is needed. The
upper value of the cost boundary C,4/ Cs will be reduced. The amount of the reduction
is given by the following expression.

(Rg=1)(1-X)

Here the term Ry is the reliability of the diagnostic detection system. If the detection
reliability is high then a greater cost for diagnostics Cq4 can be justified. The following
table provides some selected solution values of C4/ Cs for given values of X when the
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detection reliability Ry is 100% and when it is reduced to 90%.

Table . Diagnostic Cost Boundaries

X cd / C. cd / c-
1 0.00 0.00
2 0.72 0.62
3 1.30 1.10
4 1.62 1.30
5 2.00 1.60
10 3.30 2.40
15 4.50 3.10

This Table shows that a significant cost for diagnostics can be justified when the
boundary for comparison is a minimum cost scheduled renewal maintenance
procedure. Whenever the cost of providing the diagnostics falls below these boundary
values, then the difference can be considered a cost savings or avoidance when
compared to not installing the diagnostics.

Scheduled Renewal
Cheaper Above Boun?\ry

Just in Tirge Renewal Cheaper .
Below Boundary N

Cu/Cs

10 15

Diagnostic Cost Boundaries
(Figure 13.)

For example, assume the cost of repairing equipment that failed in service was $10,000
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due to severe damage to itself and other equipment. But the cost of repairing the same
equipment that did not fail in service was $5,000. The X value for unscheduled to
scheduled cost is 2. From the table the C4/ C, value is .72 as an upper boundary. Then
the cost to provide the diagnostics should not exceed .72 x 5,000 or $3,600 to be
competitive with the best results from an optimum scheduled maintenance policy. If the
actual cost of providing the diagnostics were only $1,600 then a cost savings of $2,000
would be realized compared to operating without the diagnostics.

Figure 13. plots the curves for the cost boundaries where diagnostics is affordable.

CONCLUSION

The User Friendly features for Automated Diagnostics using the DIAGLOG procedures
are to a point where many utilities can now begin to use and apply them. The
procedures are working as intended for automated diagnostics using SER reporting
data. Programs run in Windows for easier utilization. The Graphical Modeling
procedures are in their initial stages. The application of this method of system
diagnostics is shown to be economically beneficial.
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