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I. INTRODUCTION

The task of selecting and setting protective relays is known to be tedious
and time consuming. Therefore, the performance of most protection systems is
not reviewed as often as would be ideally desirable as loads and other system
conditions change. Even though the high cost of field revisions would prohibit
resetting relays frequently, the engineer should be able to perform a rapid
review whenever he thinks conditions warrant it.

I.1 DIFFICULTIES OF THE COORDINATION PROBLEM

The components of the engineer's task that preclude rapid review or
redesign of the relay settings are the following:

A. Very large data sets: ,
The engineer must have a complete description of the protection equip-
ment and its settings as well as of the network. He must also have
the results of extensive fault studies and data on operating conditions
such as minimum and maximum loads at present and in the near future.

B. Many simple calculations: _
Relay operating times must be determined for the fault currents. The
operating times of primary and backup relays must be compared. Many
apparent impedances must be computed.

C. Many simultaneous constraints:
Each of the many relays must meet multiple constraints, e.g. instantaneous
and time delay operation, multiple zones, primary and backup operation.
Further, the coordination interval constraint involves multiple relays.

D. Relay interaction:
A change in the setting of one relay can require changes in the settings
of adjacent relays to maintain coordination. This propagation of setting
changes can cover a large portion of the network and can occur many
times in the search for new settings.

E. Inadequacy of existing relays:
Having repeatedly changed many relays without achieving satisfactory
operation, the engineer must consider the possibility of replacing
relays with ones having different characteristics. It is difficult
to recognize when a solution with existing equipment is not possible
and such replacement is necessary.



I.2 PROJECT OBJECTIVES

This laborious task of reviewing and resetting relays appears to be one
which a computer could relieve. One previous effort to automate this problem
has been oriented toward off-line, "batch'" process solutions for new relay
settings [1] while another has reportedly developed an interactive solution
[2]. Other work has been oriented toward components of the problem such as
representing the time delay characteristics of overeurrent relays [3] or
choosing overcurrent relay settings for radial lines [u].

In June 1981 we began an Electric Power Research Institute (EPRI) sponsored
project to explore the feasibility of a computer-aided-design (CAD) tool to
assist the protection engineer. The goal was to develop this CAD concept to
the point where 1) we could identify what effort and computer equipment would
be involved to proceed with a prototype development and 2) we could identify
the performance and, therefore, the benefits of such a facility to a utility.

II. THE CAD SYSTEM CHARACTERISTICS

Three features of the CAD concept are ideally suited to this problem.
First, the interaction of the engineer with the computer (the man-machine
dialog) permits the engineer to guide the solution process with his experienced
judgement. That is, he can exercise options based upon results at intermediate
stages in the solution process to achieve solutions which represent his
"philosophy" or take his intuition about his system into consideration. It is
important that this interaction be made natural and simple by using modern
computer generated graphics. 'Second, the manipulation and management of the
large data sets is greatly simplified with newly available data base management
methods. These permit the user to selectively interrogate the data sets so
that he is presented with only the information desired and it is not burried
among data of no interest. Finally, the CAD approach, as with any computer
approach, permits automation of the tedious work. Settings can be quickly
reviewed for anticipated operating conditioms. New settings which meet
all constraints can be generated when needed or it can be quickly determined
that new equipment is needed. And, not to be overlooked, such reports as
equipment status, fault current levels and protection system operation can be
quickly generated.

Our approach to this study can be described in terms of four activities:

A. Determine the responsibilities and tasks of protection engineers. To
summarize, those tasks which we intend the CAD facility to support
include the review of relay settings in the event of load growth,
review and modification of relay settings prior to network changes,
whether temporary or permanent, and review of relay operation as a
part of post fault analysis. The facility should also assist in
providing reports on equipment data and locatien as well as on its
maintenance and reliability record.

B. Identify precisely and unambiguously the relaying requirements and coordina-
tion criteria. We have concentrated on the criteria for directional
overcurrent relays for ground protection and directional distance
relays for phase protection. We cannot go into details here except to
report that we have classified operation criteria into three categories.



1. Desired design criteria:
These are the existing criteria used by the protection engineer which
will result in desired operation of the relay system.

2. Minimum criteria:

These are the relaxed criteria adopted by the protection engineer to
achieve satisfactory performance when the desired criteria cannot be
met.

3. Enhanced criteria:

These are advanced levels of criteria intended to produce optimum
results but not adopted by the present relay engineer. These criteria
are generally not achievable with available tools. Computer aids in
coordination will assist in realizing this option.

For example, when coordinating directional overcurrent relays one
wants backup protection for all primary relays and wants to maintain
a minimum time delay between the primary and backup relay operations
for all fault currents considered. It is common in the "desired"
criteria to consider two classes of faults such as "remote bus" and
"close in" faults. This criteria may be relaxed to a "minimum"
criteria which allows the backup relays not to operate for some low
fault currents. Associated "enhanced" criteria would result if we
wished to check the coordination for larger classes of faults such
as mid-line faults. Of course, any parameters in these criteria
such as the minimum allowed coordination interval would be selected
by the user.

C. Determine which activities are best performed by the engineer and which
are best performed by the computer. As with any CAD system, the
engineer must be able to guide the solution with his judgement, that
is, to maintain control over the process. The engineer is also better
at synthesizing, e.g. finding a new pattern or drawing unanticipated
conclusions from the results. The computer, of course, calculates,
sorts and checks the results against the coordination criteria. It
also prepares the graphics displays and organizes the data for reporting.

D. Develop and test the new, crucial computer algorithms required. Many
of the programs required by the CAD system would be standard and readily
available. For example, fault analysis and data management requires
no new software concepts. However, the algorithms (the computation
procedure) for checking and finding relay settings are nonstandard and
must be developed specifically for our needs. We have developed the
necessary algorithms for determining the settings of directional over-
current and directional distance relays. These algorithms have been
implemented in "experimental" computer programs and tested on a simple
system.

III. DEMONSTRATION OF THE ALGORITHMS ON TEST SYSTEM

A major effort of this project was to develop and test two important new
algorithms. This section will describe the successful operation of these
algorithms on a difficult test system. The experimental computer programs
resulting from activity D above were developed in three segments. One segment



consists of a set of network analysis programs which identify all pairs of
primary and backup relays for all faults and which determine the best order
for setting relays. The other two segments carry out the coordination of
overcurrent and distance relays, respectively.

These programs have been applied to the 6 bus, 7 line test system of figure
1 which is a portion of the Puget Sound Power and Light Company's (PSPL) 115-kV
system. This test system uses overcurrent relays for ground protection and
distance relays for phase protection. All relays are directional. We chose
this system because it is challenging and small. PSPL engineers report that
they have always had their toughest overcurrent coordination problems on this
portion of the system. Yet the small size permitted us to use actual and complete
system fault data with a reasonable amount of effort. Hence, we could compare
the computed results with the performance achieved in practice.

Note that this system does not contain a number of network complexities
one would encounter in practice. The system is all at the same voltage level
S0 no power transformers are present. Further, there are no series capacitors
or three terminal lines. The existence of these complexities will not alter the
basic algorithms. First, these algorithms are designed to account for the
effects of three terminal lines. This feature has been implemented in the
overcurrent program. Second, the setting computations are based on the actual
currents and voltages sensed by the relay.

III.1 OVERCURRENT RELAY COORDINATION

The ground overcurrent relays were coordinated satisfactorily by the
University of Washington programs for bolted single-line-to-ground faults at
“three locations and for all cases of nominal and single-line-out network
conditions. The three fault locations are close to the relay on the protected
line, just beyond the instantaneous reach point on the protected line and at
the remote bus. The test system contains 20 primary-backup relay pairs.
Considering all faults and all single-line contingencies yields a total of 100
fault current paris for which the program must find coordinating settings.
Table 1 displays a portion of this 100 entry fault current data set. Table 2
displays the results of the coordination probram for the UW solution where the
pick-up tap values and instantaneous unit settings are the same as those used
by PSPL.

To obtain a general sense of how four of the UW solutions compare to the
settings used by PSPL, table 3 compares them using a number of performance indices.
The four UW solutions result from different criteria being used to select the
pick-up taps of the relay. The column headed UW-1 used the minimum allowable
pick-up values, UW-2 used the average of the minimum and the maximum values,

UW-3 used the maximum values and UW-4 used the same values as chosen by PSPL,
the values of table 2. As the first index shows, the UW solutions all converged
on a set of time dial settings which satisfied the minimum coordination interval
requirements of 0.3 seconds. Four current pairs in the PSPL solution had
coordination intervals from -0.05 seconds to 0.26 seconds and did not meet this
requirement. These resulted from PSPL choosing not to consider specific line-out
conditions when they coordinated the network because of the added difficulty.
The second index compares the number of current pairs in which the current in
the backup relay was too small to actuate the relay. This number changed
considerably depending upon how the pick-up taps were chosen and was the same

as for the PSPL solution when the same pick-up taps were used (UW-4). Comparing
UW-4 with PSPL on the basis of indices 1 and 2 indicates that the UW solution
carried out the extra searching for time dial settings as required to remove the

4 cases of non-coordination which was tolerated by PSPL.
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Indices 4 to 9 attempt to refine this comparison on the basis of the relative
speed of relaying for those cases of index 3, i.e. the successful cases where the
backup relay operated and the minimum coordination interval of 0.3 seconds was
maintained. By all these measures the UW solution was at least as fast as the
PSPL solution. It is interresting to note that, for each of these indices, UW-4
is never as good as at least one of the other UW solutions. For example, UW-2
and UW-3 have a smaller average primary relaying time (index 4) than UW-4 and
more current pairs where the primary relaying time is smaller than that of PSPL
(indices 6 and 8). UW-1, UW-2 and UW-3 all have shorter average backup relaying
times (index 5) than UW-4 or PSPL and a significantly smaller standard deviation.
Note that if two solutions have the same mean we would prefer the one having
smaller standard deviation which is a measure of how much individual cases can
differ from the average. A large standard deviation indicates that many cases
differ greatly from the average making the '"average" a rather poor measure of
performance.

To summarize table 3, we find:

A. When pick-up taps and instantaneous threshold currents are set to those
values chosen by PSPL, the UW solution (UW-4) yields somewhat better
performance than PSPL since complete coordination was achieved (index 1)
and somewhat faster relaying was achieved (indices 6 to 9).

B. When the computer solution selects the pick-up taps and instantaneous
threshold currents (UW-1, 2 and 3), the backup relaying statistics are
better than either UW-4 or PSPL (index 5).

C. Solution UW-1 should probably be judged the most favorable of the five
since it has the largest number of successful relaying events (index 3)
and almost the best relaying statistics (indices 4 and 5).

: We also can compare the detailed operation of these solutions. Figures 1
through 4 compare the performance of two UW solutions (UW-1 and UW-4) with the
PSPL solution for three specific faults. Figure 1 compares the primary and backup
relaying times (relays R5 and Rl, respectively) for a fault on the Blumaer bus.
The fault currents show that there is a sizable current source at the Tono bus.
We see that while the primary relaying time is essentially the same for all three
solutions, the UW backup relaying is noticably faster. Since the fault current
in line LA is rather small, PSPL did not consider it to be important to invest
the extra coordination effort to reduce this backup relaying time. However, the
smaller time for the UW solution can be considered an advantage of the computer
result in addition to the advantage of the solution process being automated.

Figures 2 and 3 show the coordination of relay pairs (R9,R5) and (R9,R13)
for both close-in and remote-bus faults on line LB. Again, the UW and PSPL
primary relaying by R9 and backup relaying by R5 are essentially the same.
However, the UW-1 solution provides faster backup relaying by R13 than PSPL in
figure 2 and almost the same as PSPL in figure 3. The UW-4 solution has slower
backup relaying by R13 than either UW-1 or PSPL. Figure 4 offers more insight
into the coordination of R9 and R13. This figure displays the coordination
results for the same fault as in figure 3 but for the contingency that line LG
is out of service. This turns out to be the limiting current pair when coordi-
nating R9 and R13 and we see that the minumum coordination interval of 0.3
seconds is maintained by both UW solutions while these relays are not coordinated



in the PSPL solution. In fact, PSPL chose to ease their task by not considering
this case where the line from the large current source at Tono was out. Comparing
the (R9,R13) coordination for figures 2, 3 and 4 we see that when the PSPL pick-up
taps and instantaneous threshold currents are used (UW-4), slower backup relaying
than by PSPL allowed coordination to be maintained when line LG was out. But

when the computer chose the pick-up taps and instantaneous currents (uw-1),

backup relaying was as fast or faster than by PSPL and coordination was still
maintained when line LG was out.

While the details of the UW computer programs are beyond the scope of this
paper, we can describe the basic steps involved. First, the jnstantaneous
unit threshold currents are set. These are either user specified or set by the
program after a search of the fault currents. Second, the pick-up taps are fixed.
These also are either user specified or the computer code searches the fault
currents in each relay to determine the necessary sensitivity. The taps are
then set within the allowable range according to whether minimum sensitivity,
maximum sensitivity or some intermediate criterion is specified by the user.
Next, an optimal ordering is computed for setting the time dials. Here, the
goal is to find the fewest relays which are set initially so that, when these
are set and the ordering is followed, we are always setting relays to satisfy
the backup coordination criteria. Finally, when all relays have been set we
must check the time dial settings of the first group to determine whether they

satisfy the backup criteria. If not, we recompute the settings in the original
order. This iterative process is known to converge rapidly.

III.2 DISTANCE RELAY COORDINATION

The distance relays were also coordinated satisfactorily for this system
by the UW program. Table 4 displays the inputs for this example consisting of
the impedances seen by cach of the 20 primary-backup relay pairs. These
impedances are calculated as part of the fault study for remote bus three-phase-
to-ground faults. Since PSPL has not considered line-out conditions for
coordinating distance relays, we used this small set soO we could compare our
results to theirs. The added constraints imposed by considering line-out

contingencies would be met by simply adding entries to this set of impedance
pairs. No change in the algorithm is required.

Tables 5 and 6 show the output of this program compared to the PSPL wvalues.
Table 5 lists the results in terms of the calculated secondary impedance values
for each of zones 1, 2 and 3 and the time delays for zones 2 and 3. The PSPL
values are also given for comparison and are Seen to be very close. Note that
PSPL generally uses only two zone distance relays. Table 6 shows the actual
computed values for the S, T and M impedance taps that would be chosen. These
are seen to be usually the same as those actually selected by PSPL. Those
differences which occur result from the way zone two is set. In some cases, Our
criteria will result in a greater overlap of the adjacent line than the PSPL
solution.

Again, we will only discuss the operation of this program briefly. The
Fipst zone for all relays (the instantaneous zone) is set directly from the
primary relay fault impedance values. Typically, this is set to a distance of
80% of the protected line but this parameter is under user control. The second
sone of a backup relay is set to exceed its remote bus by some factor but to
fall short of the instantaneous zones of all associated primary relays on
adjacent lines by some other factor. If this is not possible (usually because
of some short adjacent lines) and zone two of the backup could intersect 2o0ne



two of a primary relay, the time delay of the backup is increased to maintain
coordination. All infeeds are considered forp these calculations. 1In setting
all zones two, the optimal setting sequence idea previously discussed for the
overcurrent relays is used here as well. Hence, we are always setting backup
relays (after the first group) so that the number of final coordination checks
is minimized. If any time delay must be extended to maintain coordination, one
more pass through the setting sequence is required.

The coordination of the third zone with the corresponding second zone for
all the distance relays has been achieved. However, coordination between the
third zones of successive relays is not checked at present. Hence, this zone
is simply set to exceed the farthest of all second remote buses (limited by
the minimum load impedance) when infeeds are considered. We believe we have
an approach for coordinating the third zones if it is judged desirable but we
have not yet perfected the algorithm.

IV. UNIQUE FEATURES OF THE ALGORITHMS AND IMPLEMENTATION

Some of the characteristics of the UW computer programs are similar to
most every computer approach to this problem. For example, relay coordination
is basically a problem involving pairs of relays. We take, and we suspect
almost all programs will take, a pairs approach. Further, the basic criteria
which must be satisfied will be common to any solution. Also, all programs
must represent through some computable model the operating time of overcurrent
relays as a function of current, pick-up tap and time dial. Many models have
been proposed [1,3,5] and while we use yet a different model it has features
similar to some of those proposed.

However, there are three features of the UW programs and of the proposed
implementation which we believe are unigue. These features are the use of
graph theory for network representation and analysis, data base management
methods for organizing and selectively retrieving data and graphical displays
to assist the man-machine dialog.

IV.1 NETWORK ANALYSIS AND REPRESENTATION

Graph theory involves the study of the connections among system buses (the
network graph) to determine such characteristics as how many Kirchhoff voltage
and current law equations will analyze a one-line diagram of the network or,
equivalently, the number of independent loops in a network. Dwarkanath, et. al.
[6] suggested how graph theory could be used to find the order in which relays
should be set to minimize the number of final coordination checks while each
intermediate setting was of a backup relay and, hence, its coordination was
assured. We have refined this approach by developing a direct computational
procedure to find the proper sequence for setting relays and by showing that
iterating through this sequence will either converge to a solution or will show
that suitable time-dial settings cannot be found. Then, if changing pick-up
taps still does not yield a solution, the user knows which relays should be
replaced with ones of different characteristics. We have also used graph
theory to find all primary and backup relay pairs for the network. Both the
overcurrent and distance relay programs require this graph theory analysis
Lecause both require the set of pairs and the optimal setting sequence. The
input for this network analysis is simply a description of how the lines and
buses are interconnected.



IV.2 DATA ORGANIZATION

We have spoken previously of the difficulty of managing the large quantities
of data involved in this problem. First, the engineer must be able to quickly
select the specific data required at any stage of the problem solution from the
large collection. But, equally important, he must keep all data current and
consistent. That is, when a relay setting is changed, that change must be
entered correctly in every entry in the data set where the value occurs.
Similarily, when a line is added to a network, that change will affect many
entries (e.g. relays, circuit breakers, current and voltage transformers will
be added; the network connections change and, hence, the set of relay pairs
and the optimal setting sequence). Maintaining the consistency of a large data
set in the face of such changes is a massive undertaking even assuming the data
is stored in a computer file. Finally, more than one engineer will be using this
data with different individuals concentrating on different portions of it. If
each engineer re-sorts the data for his needs, the consistency requirement is
hopeless. No two data sets purporting to represent 'the system'" will be the same.

Similar data problems have occured frequently over the last couple of
decades by many users such as financial institutions and airline reservation
operations. In response, research into data base management has produced
good "production grade" (debugged, user tested and distributed) software which
effectively resolves all the problems cited above. One version of such software
is called RIM (Relational Information Management) [7] and is distributed by the
Electric Power Research Institute so it is readily available to many utilities.
All of our software uses RIM for data storage and retrieval and, thereby, solves
the problems of selective acquisition and consistency. Consistency is maintained
in the face of many users and when changes have many effects by having each
data item appear only once in the data base. Hence, once it is changed, all
users acquire the new value whatever they are doing. Software based on a

relational algebra [ 8] permits each user to organize the large data base into
the precise subset which suits his individual needs. While other organizational
concepts such as hierarchical and network have been developed, we have chosen

to implement a relational approach as the most suitable to an engineering
environment where flexibility of organization is so important.

IV.3 MAN-MACHINE DIALOG

Finally, a central feature of any CAD facility is the dialog with which
the man and computer communicate. The precise questions the man or the machine
can ask of the other and the responses allowed are determined by the problem.
However, it has long been understood and, in fact, appears to be obvious
that this dialog should make full use of interactive graphics. That is, the
computational results are most easily grasped if displayed graphically and
these graphics should be interactive in the sense that the user can request
different organizations of displayed data and can respond directly to the
display. For example, if the computer program determines that a loop of
overcurrent relays cannot be coordinated with the given pick-up taps, a one-
line diagram of that portion of the system could be displayed to the user on
which the uncoordinated relays are highlighted in red along with the fault data
for which the problem occurs. The user could then respond with such options as
changing pick-up taps, changing relays or choosing to ignore the problem because
the data and his experience suggest it is an unimportant case. This response
could be directly on the display using a light-pen or cursor.



Our computer program tests on the sample system have not included any
implementation of interactive graphics. Such a test is beyond the scope of
this project as it would have required a major development effort of special
displays that other organizations are better able to perform. However, the
use of such graphics is intended in any implemented CAD facility and specifying
the dialog which should be implemented is a part of this project.

V. STATUS AND FUTURE EXPECTATIONS

The immediate need beyond this project is to implement a facility based
upon the concepts described above. We believe the concepts have been developed
to the point where one can readily develop an operating CAD tool useable by
protection engineers. We will divide the work which will be required for such
@& prototype development into four areas: man-machine interaction, coordination
criteria, algorithms and data base organization.

We have really only structured, rather than developed, the man-machine
interaction or dialog. We have determined the context in which the user will
be working, the types of questions he will be asking and the results he will
expect. Some of this is discussed in section II. We have also determined what
computational problems the machine will need to solve. What remains is to
develop the actual dialog in terms of displays and prompts on the part of the
machine and the responses and options on the part of the user. Hence, we have
determined the necessary capability of the dialog but not the details. These
“details are at the heart of the system development and should by no means be
considered secondary or unimportant. We believe they will be best developed
during the prototype stage when greater effort can be expended on displays
and on experimentation and trial with acutal users.

All coordination criteria except perhaps some very nonstandard criteria
have been developed. Specifically, we have developed criteria for coordinating
overcurrent and distance relays in arbitrary network configurations including
cases of three terminal lines. These criteria properly account for all single-
line-out contingencies and for faults having non-zero impedance as well as for
"bolted" faults. The criteria for coordinating overcurrent relays have been
developed for applications to both ground and phase protection while criteria
for distance relays have been developed for phase protection. We have assumed
only a single level of backup protection and, in the case of distance relays,
we have only considered three zones. Criteria involving four or more zones of
protection or involving "hybrid" protection in which a distance relay would
backup an overcurrent type primary relay have not been developed. We do not
anticipate that the prototype facility would involve such coordination questions.

We have developed the computer programs necessary to coordinate the test
system according to this criteria:. While the program for overcurrent relays was
used only for ground fault applications on two terminal lines, it is suitable
in its present form for networks having three terminal lines and, with minor
modifications, for phase protection applications. The program for distance
relays can not yet accommodate three terminal lines nor does it check for third
zone coordination of successive relays. Both of these features are to be added
before the end of this project.

To 'develop the prototype facility, these present programs would be used
in essentially the form resulting from this project. The primary modification
required is to add sparse matrix techniques to increase their efficiency when
used on large systems. The other software which will be required for the prototype
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falls into two classes. The first class consists of that which already exists
such as fault analysis and RIM (i.e. the data base management software). We
expect that this software can be obtained and implemented with only minor
changes. The second class is that software which must be developed to implement
the man-machine dialog. This softwarpe provides for the user control, the
display of results and the status reports which are requested. These programs
will be developed as part of the prototype effort.

There are two aspects of data base development which will be required for
the prototype: Structuring the relational data base and filling it with data.
A relational structure for the required data base suitable fopr implementing in
RIM has been developed as part of this project. This structure provides for all
equipment and performance records as well as for the System description which we
presently believe is required. A portion of this structure was implemented in
RIM for the test System. Hence, the major effort in developing the data base
for the pPrototype system is that of entering the data.

If the immediate development beyond the bresent project is that of a
prototype facility, a longer range goal is to expand this data base into a
unified engineering data base. Oup experience with data base organization and
management concepts for this project suggests that a utility can now consider
the possibility of having a single collection of all the data used by its
engineers. Presently, each engineering group with theip separate responsibilities
have their own data, some of which is unique to them but much of which also
appears in the data sets used by another group. A single engineering data base
has two fundamental advantages over this practice: consistency and accessibility,
Since each data item appears only once in the data base, each group requesting
that item receives the same value. Hence, all users work with consistent data
and it is the latest version. The data is more accessible in the sense that all
users can obtain any entries in the data, not just those which they have previously
anticipated they would need and supplied themselves.

Two additional concepts make a unified data base not only advantageous
but practical. Data management software permits a utility to limit the ability

responsibility of maintaining and updating specific data items. Second, each
user can reorganize the presentation of the data to meet his needs. Hence, it

We believe that such a unified engineering data base is a logical develop-
ment beyond the relaying data base and that its advantages will be quickly
appreciated by the users of the CAD aid for protection engineers. It will most
likely be built as an extension of the relaying data base.

VI. SUMMARY AND CONCLUSIONS

reported. These results have then been compared to the settings obtained by
the utility through conventional manual calculations. It has also been shown
that the suggested software yields systematic and accurate results with the
aid of a data base system and proper man-machine dialog. Suggestions for
implementing prototype production grade software have been proposed in the
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text. It is anticipated that the implementation of such prototype software will
pave the way for the commercial exploitation of the new techniques suggested
for coordinating the relays in a transmission system.
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TABLE 1

FAULT CURRENT DATA FOR THE OVERCURRENT RELAY PROGRAM

FAULT

LOCATION

FR3
FRB
FRB
FRB
FRB
FRB
FRB
FCI
FC1
FCI
FCI
FCI
FCI
FCI
FCL
FCI
FCI
FIR
FIR
FIR
FIR
FIR
FIR
F1IR
FIR
FIR
FIR
FIR
FIR

NOTE:

LINE
OUI____

NIL
LG
NIL
LC
NIL
LB
LD
LD
LC
L8
LC
LF
LB
LF
LG
LB
LG
NIL
NIL
NIL
NIL
NIL
NIL
NIL
NIL
NIL
NIL
NIL
NIL

PRIMARY
BELAY__

R1
R1
R2
R2
R3
R3
R3
RO
R6
R7
R7
RB
R8
R9
R9
R10
R10
R12
RS
R10
RE
R1
R6
R7
R3
R4
R7
R6
R4

PRIMARY
RELAY

601.0000
609.0000
861.0000
380.0000
3422,000
3509.000
3430.000

3430.000
1159.000
3509.000
1922+ 000
1491.000
852.,0000
4613,000
954.0000
4516000
1652.000
2399,000
71.i99.000
959.0000
1279, 000
2399.000
2559.000
9590000
47399.000
1439.000
959.0000
2559.000
1439,000

FRB - REMOTE BUS FAULT
FCI - CLOSE-IN FAULT
FIR = FAULT AT INSTANTANEOUS REACH POINT

BACK-UP

R4
R4
RSB
R8
R2
R2
R2
R3
R11
R3
R9
R6
R13
R5
R13
R5
R6
R7
R1
R6
R6
R4
R3
R3
R2
R9
R9
R11
R11l

BACK-UP

RELAY

CURRENT__
0.000009
40402000
0.000000
76400000
5610000
178.0000
56400000

3430.000
1159.000
3509.000
1922000
1491000
85240000
4013.000
9549000
4516.000
1652.000
41.55701
287.1883
233406410
800.7031
127.2296
1343,539
638.0355
208.31733
882.6370
32069645
61544611
256.3630



OVERCURRENT RELAY SETTINGS DETERMINED BY THE COORDINATION

PROGRAM

RELAY
NUMBER__

R1l
R2
R3
K4
R5
RE
R7
K8
RI
R10
R1l
R12
R13
R1l4

PICK-UP

+5000000
«5000000
1500000
«5000000
«800G0000
1.000000
5000000
«8000000
1.000000
«5000002
i.000000
1000000
«800C0000
1,000000

TABLE 2

TIME DIAL INSTANTANEOUS

SETTING

- s em e e o e

1.798432
1.857660
3.8047806
2.476596
5.877465
2.501156
2.044424
1.586421
44339605
2.005917
44185422
2.091310
64566763
1.9687664

10.00000
10.00000
30.00000
12.00000
24,00000
1600000
5000000
6.000000
1600000
8000000
10.00000
10.,00000
84000000
10.00000



H-

9.

A}

COMPARISON OF OVERCURRENT

PERFORMANCE INDEX

NUMBER OF FAILURES TO
MEET MINIMUM COORDINATING
TIME INTERVAL

NUMBER OF FAILURES
OF BACKUP TO OPERATE

NUMBER OF CASES OF
SUCCESSFUL RELAYING

AVERAGE OF PRIMARY
RELAY OPERATING TIME (SEC)

BACKUP RELAY
OPERATING TIME
(SEC)

AVERAGE
STD. DEV.

NMUMBER OF CASES WHERE
UW PRIMARY FASTER
THAN PSPL PRIMARY

NUMBER OF CASES WHERE
UW BACKUP FASTER
THAN PSPL BACKUP

NUMBER OF CASES WHERE
PSPL PRIMARY FASTER
THAN UW PRIMARY

NUMBER OF CASES WHERE
PSPL BACKUP FASTER
THAN UW BACKUP

TABLE 3

RELAY COORDINATION RESULTS BETWEEN UW AND PSPL.

UW-1
MIN PU

14
86

0.3095

62

34

17

UW-2 UW-3
AVG PU  MAX PU
0 0
25 31
75 69
0.2561 0.2670
1.52 2.01
1.56 2,53
54 52
58 32
19 19
13 33

UW-4
PSPL PU

52

22

27

PSPL

17

79

0.3049
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FAULT CURRENTS AND RELAYING TIMES FOR UW AND PSPL



OLYMPIA WHITE RIVER
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UW-4 0,49 SEC UW-4 0,79 st¢ - 2.1 SEC
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FIGURE 2. FAULT CURRENTS AND RELAYING TIMES FOR UW AND PSPL
FOR A FAULT OW THE ST. CLAIR BUS



OLYMPIA WHITE RIVER

O ~
; ST. CLAIR

P e S

S -
LT CORS  LC  RULICRG [OR7 1B RILED LJR12

LA LB : LE
O
4589 A ; E°68 A

R LIRS g RL tﬁRg (IR0 p RIS L3RI

(f:> BLUMAER

TONO ELECTRON HEIGHTS
PDIMARY RS BACKUP R5 | R13
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'FIGURE 3. FAULT CURRENTS AND RELAYING TIMES FOR UM AND PSPL
FOR A FAULT CLOSE TO RELAY RS,
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PSPL 0.75 sSEC

FIGURE 4, FAULT CURRENTS AND RELAYING TIMES FOR UW AND PSPL

FOR A FAULT CLOSE TO RELAY RS WHEN LINE LG IS OUT
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TABLE 4

INPUT DATA FOR THE DISTANCE RELAY PROGRAM

FAULT
LOCATION

FRo
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRB
FRE
FRB
FrRB
FRB
FRB
FRB

NOTE:

PRIMARY
RELAY

- o e G E e e

R5
R6&
R6
Ri3
R12
R10
R10
RZ
R4
R4
R11
R3
)
RY
R1
R8
]
R7
R7
Ri4

PRIMARY
RELAY

IMPEDANCE

«0411100
« 0885400
« 08485400
2453300
«1138600
2453300
«2453300
«1457600
«0591900
«0591900
2219700
« 0591900
«0335400
«0885400
«1457600
«0411100
«0411100
62219700
2219700
01188600

R13

R10

FRB - REMOTE BUS FAULT

BACK-UP
RELAY
IMPEDANCE

«4885000
+19388600
«5502000
«e4384300
18.50911
1.,000150
«3767700
9935992
«2022100
¢3493900
G993.990
1.046130
+1484400
« 7509700
9999.990
«1510200
«3655200
1002840
«3431500
«4098300



TABLE 5

DISTANCE RELAY COORDINATION OUTPUT -

SECONDARY IMPEDANCE AND TIME DELAY SETTINGS

A. UW
RELAY ZONE-1 ZONE-2 ZONE-3 ZONE-2
NUMBER IMPEDANCE IMPEDANCE INMPEDANCE TIME DELAY
R1 46204703 5.606267 13.14559 «300C00D
22 Ge204720) 5.020%5¢ 7.5327357 e 3000UD
R3 1.130747 24196074 6.572797 +3000000
R4 1.130747 24803359 6,572797 +3000000
RS 1.184530 24733471 9.659136 3000000
RE 1.7017380 2.325841 34763730 <3000000
R7 %e240263 56972836 B.753730 « 3000000
R ¢3452605 2.430932 3.7063730 3000000
RY le70178B0 2.522900 66572797 « 3000000
R10 4.693756 5.455564 3.763730 3000000
Ril 4.240268 56533691 3,763730 «3000009
R12 24401305 54126472 B.763730 3000000
R13 46987586 64255008 £.763730 « 3008000
R14 1.701823 3.6586547 64572797 3000000

B. PSPL ,

RELAY ZONE-1 ZONE-2 ZONE-2
NUMBER IMPEDANCE IMPEDANCE TIME DELAY
R1 4,18 5.54 0.3

R2 4,18 6.02 0.3

R3 1.298 1.731 0.3

R4 1.298 1.731 0.3

R5 1.165 1,812 0.3

RG 1.702 2.269 0.3

R7 4,24 5.654 0.3

RS 0.835 3,57 0.3

R9 1.70 2.27 0,3
R10 4.7 6.26 0.3
R11 4,24 5.654 0.3
R12 2.41 5.06 0.35
R13 4,699 6.265 0.6
R14 1.51 2,01 0.3

ZONE-3
TINE
25000000
«+2ULI230
« 6000020
065300200
« 6000000
« 5000020
«6000020
« 5000G U2
« 6000020
« 6000000
e 6000CJ0
« 5003000
« 6000300
« 6006223

DELAY



TABLE 6. DISTANCE RELAY COORDINATION OUTPUT - RELAY IMPEDANCE
TAP SETTINGS,

A. UW
RELAY
NUMBER

L N R

R1
R2
R3
R4
RS
Ro
R7
RS
RS

YRR
SIS

R1l
R12
R13
R1l4

RELAY
NUMBER

TR e e -

R1
R2
R3
R4
R5
R&
R7
R8
RI
R10
R11
R12
K13
Ri¢4
B, PSPL

RELAY
NUMBER

S1 11 M1 2 T2 M2
1.000000 44ub0000 -+ 060000 1.060000 5,800093 40600000
1.000C00 4,000000 -+ 060000 1.,000000 5.800000 .CK00000
1.000CC0 1.,160000 «0300000 1.000000 2.033090 =« 090000
1.000000 1.,i00000 « 0300000 1.0000600 2900000 40500060
100000 1.10600350 =«030000 1.000002 2900020 .090CG00
L. COLGOY  1.450000 -«150000 1.0600000 2039000 -.150000
1.000C00 4,060000 ~«060000 1,000000 5,800090 ~«030000
1,000000 49220000 « 0900000 1.000000 24030000 =.180000
1.0060000 1.450000 =«156000 1.000000 2.900000 »150C000
L2eJ00CUG §.230005 ~e 170005 1.02833% 5.800030 =-.120200
1.030002 4.050000 -+ 066000 1,0000090 3300000 0300000
2,000000 1.,230000 «0300030 1.000000 5,300000 «1500000
1.600000 440600060 =+150000 1.000000 5.800000 =,090000
1.000000 1.455000 =«150000 1.000000 4.05300% «1200000
S5 T3 13
2.000000 5,500000 ~¢120000
2.000000 4.0350000 «030C000
1.000000 5.800000 =~,120000
1.000000 5.,800000 -¢120C02
2.000000 4060000 ~,18000)

2,000000 4.,050000 -+ 050000

24300080 4.,0c0000 =.093000

1l.000000 5.800000 =.120000

2000000 44050000 -« 090C00

2.000000 4.,050000 =+ CI0C00

L. 000000 5,800000 -.120000

S T1 M1 S2 T2 M2

1.00 4,06 -0.03 1.00 5.80 0.03
1.00 4,06 -0.03 1.00 5.80 -0.03
1.00 1,16 -0.09 1.00 1.6 -0.09
1.00 1.45 0.12 1.00 2.03 0.18
1.00 1.16 0.0 1.00 2.03 0.12
1.00 1.45 -0.15 1.00 2.03 -0.12
1,00 4,06 -0.03 1.00 5.80 0.03
1.00 0.92 0.09 1.00 4.06 3.15
lIOO l.QS “0:15 1.00 2:03 —0109
1000 q|06 -0115 l|00 5.80 —ODOB
lIOO 4006 _O|03 1000 5.80 0103
2.00 1.23 0.03 1.00 5.80 0.15
1.00 4,06 -0.15 1.00 5.80 -0.06
1.00 1.45 -0.03 1.00 2.03 0.0



