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Introduction

A protective relay scheme using entirely microprocessor-based relays for the protection of
distribution busses and circuits has been developed for installation in all future substations at
Philadelphia Electric Company. This new scheme, (which will be installed initially in a 69-13 kV
duplex substation scheduled for Spring of 1994), involved a complete philosophical reworking
of our existing electromechanical bus differential and partial differential overcurrent scheme,
while maintaining and expanding our existing protection requirements. The new scheme elimi-
nates some of the unnecessary redundancies in the bus differential and partial differential back-
up protection. It also will allow an improvement in backup protection for circuit breaker failure
or relay failure, as well as improving selectivity for feeder close-in faults and sensitivity for feeder
line-end faults.

The multi-function relays will allow the elimination of many pieces of equipment includ-
ing reclosers, ammeters, transducers and line-side PTs, resulting in a substantial reduction in
material cost and long-term maintenance. Two aspects of the relay will allow new enhancements
to service reliability: the “adaptive” characteristic - the ability to temporarily switch into service
alternate setting groups - to allow a fuse saving scheme which would only be used by the oper-
ating divisions during storms; and the fault locating characteristic, which may be used by the line
patrol crews to quickly locate and isolate circuit faults.

The capability of the new relays to communicate with each other through programmable
inputs and outputs is exploited, allowing a network of circuit relays DC- connected to the bus re-
lays to replace an existing network of bus differential current transformers. The scheme allows
complete backup of both the circuit and bus microprocessor relays for both relay/breaker failure
or relay test conditions without requiring additional relays to be installed on each circuit.
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I. Electromechanical Scheme

Bus Protection

The electromechanical scheme in use on existing 13 and 34 kV substation busses at
PECo consists of a primary differential scheme and a backup partial differential phase and
ground overcurrent scheme (Figure 1). The partial differential scheme provides backup protec-
tion for bus faults through the operation of the high-set instantaneous overcurrent elements (13
kV only), as well as backup protection for feeder faults, for which the time overcurrent elements
will operate for most faults.

On 13 kV busses, the rating of the feeder breakers supplied with standard 13 kV switch-
gear is usually lower than the expected fault duty when all sources to the bus are energized.
Thus the bus instantaneous trip zone is extended past the feeder breakers into the line reactors
to allow the bus relays to clear a close-in feeder fault by operating all the source breakers in
addition to the feeder breaker. This close-in fault zone is called the “illegal zone”, since the feed-
er breakers by themselves cannot always be expected to clear the fault safely. With the existing
electromechanical scheme, these faults will be detected and cleared only by the backup instanta-
neous bus overcurrent elements. Since the bus differential CTs in the feeder circuits are adjacent
to the breakers, the bus differential zone as defined by the primary relays will not operate for
close-in line faults. Therefore the existence of the line-side differential CTs is unnecessary, since
we always want to trip the bus for close-in feeder faults. '

This condition does not exist on 34 kV systems, where the feeder breaker ratings are suf-
ficient to clear any close-in fault. Since there is no illegal zone on 34 kV systems, the backup
overcurrent relays are set to operate on time only so as to secure the feeder close-in region from
inselective instantaneous operation. Consequently, the primary differential scheme will be the
only scheme available for instantaneous clearing of bus faults.

The time overcurrent elements in the backup partial differential scheme also provide
backup to the feeder relays for feeder faults. However, since the phase relays must be set above
the total loading on the bus, for line-to-line faults on the feeder the bus relays will provide at
best only partial protection. On the 34 kV system, where many of the feeder circuits are excep-
tionally long so that even the feeder phase relays are difficult to set to provide line-end fault
protection, the bus relays’ backup protection is especially unsatisfactory.

Feeder Protection

Primary protection for distribution circuits traditionally consists of three phase overcur-
rent relays and one ground overcurrent relay for inverse-time clearing of line faults (Figure 2).
On the 34 kV system where the rating of the circuit breakers permits local isolation of close-in
faults, high-set instantaneous units provide close-in fault selective clearing. For the 13 kV sys-
tem, as discussed above, bus partial differential instantaneous overcurrent units trip the entire
bus for close-in feeder faults; so feeder high-set instantaneous overcurrent units are not
necessary.

For protection of utility personnel during periods of hot line maintenance work, phase
and ground low-set instantaneous units provide “fast trip” instantaneous clearing. On the 34 kV
system, these units are separate relays; on the 13 kV system they are units on the same relays as
the inverse time units.
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TYPICAL CIRCUIT

50 Unit on 13 KV Busses Only

Figure 1. Electromechanical Differential / Partial Differential Protection for 13 & 34 kV Busses

TYPICAL 34 KV CIRCUIT TYPICAL 13 KV CIRCUIT

(BUS UF RELAY
TRIPS SELECTED FEEDERS)

Figure 2. Electromechanical Protection for 13 & 34 kV Circuits
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Reclosing philosophy at both voltage levels entails a one-shot time delayed reclose. For
periods when both fast trip and reclosing are enabled, the fast trip instantaneous elements do
not block reclosing on the second trip, whereas the inverse time elements always block reclosing
on the second trip. The potential use of a “fuse saving” reclosing scheme, in which an initial in-
stantaneous or very short time delayed reclose is followed by a second time delayed reclose,
was investigated and rejected after the conclusion that service reliability to customers, on the av-
erage, would be adversely affected.

Underfrequency load shedding philosophy varies with the two different system voltages.
On the 34 kV system where greater flexibility is required, each feeder is equipped with a sepa-
rate underfrequency relay which may be set at one of three different set points. On the 13 kV
system one underfrequency relay per bus is utilized. The relay is then set at one of the three set
points, and wired to trip all of the feeders on the bus through removable fuse links in the feed-
ers’ trip circuits.

Summarizing the deficiencies of the electromechanical scheme:

- The bus differential CT network on the 13 kV system includes CTs installed on the line side of
the feeder breakers which exist essentially for no reason, since the breakers’ ratings do not
permit local isolation of close-in faults, which in turn requires that the bus instantaneous trip
zone must extend beyond the differential CTs.

- The bus partial differential inverse time overcurrent relays provide inadequate backup
protection for feeder faults. In the event of a feeder breaker failure for a line-end or high
impedance fault, it is possible that no breaker will trip as a backup even if the fault is detected
by the feeder relays.

« On the 34 kV system only the primary scheme will proQide instantaneous clearing for bus
faults. Overcurrent instantanecus elements cannot trip the bus because we would lose
selectivity with the feeder relays for close-in feeder faults.

«+ Calculated fault currents for phase-to-phase line-end faults on 34 kV circuits occasionally are

low in comparison to the required feeder loading, so that either protection must be
compromised or loading on the circuit be limited.
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II. Microprocessor Relays and SELogic™ - Background

The selection of the SEL-251 and SEL-251C microprocessor-based relays as the building
blocks of our new distribution substation protection scheme is attributable primarily to the flexi-
bility in developing custom protection schemes afforded by the inclusion in the relays of SELLo-
gic™ Control Equations. These “equations” allow the development of custom control schemes
which function within the relays, similarily to a “real-life” DC control scheme, comprised of pro-
tective relay tripping elements, input logic states, auxiliary relays, and timers. These equations
permitted, for example, the development of a bus DC-control implemented differential scheme,
which utiltizes logical elements in the SEL relays to effectively replace the AC-wired bus differen-
tial scheme.

An equation which consists of relay protective elements and associated “auxiliariy” pick-
up elements operated on by the logical OR operator, or “+”, would be the equivalent of con-
tacts wired in parallel, tripping into a common trip coil. Similarly, elements operated on by the
logical AND operator, or “*”, would be the equivalent of two contacts wired in series. The inter-
mediate variables, such as “A”, “B”, or “L”, used within equations function, effectively, as auxil-
iary relays. Some of these variables, or “auxiliaries”, have separate independently settable time
delay pickups and dropouts. Thus, the following SELLogic equations:

A =50L + 50Q + 50NL Instantaneous overcurrent elements initiate auxiiary “A” -

L=TF + 50C Auxiliary “L” initiated by breaker failure timer or high-set instantaneous
X=A*IL Auxiliary “X" initated by A and NOT L

TRIP= ..+ X+ .. TRIP output initated by “X”

could be modeled as the following control scheme:

SR SR S S S
I

—

*)
SONL

TRIP

)

Since these “auxiliaries” implemented in SELLogic have no real pickup or dropout times,
(unless specifically programmed for it), unlike a real-world auxiliary relay they can be used with-
out time penalty in the decision logic for high-set instantaneous fault clearing.
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111. Microprocessor-based Feeder Protection

All of the protection requirements for distribution circuits may be realized using the
SEI-251 Distribution Relay (Figure 3). Inverse time phase and ground overcurrent elements will
provide protection for faults beyond the close-in region. In addition, the inclusion of negative se-
guence overcurrent elements will allow an increase of sensitivity for phase-to-phase faults by a
factor of 1.73 over that provided by phase overcurrent elements. *

This increased sensitivity will greatly improve the quality of protection on our longer 34
KV circuits.

“Fast Trip" Enable

LSR Reclose Enable IN3

SEL ) _T*P__

Time Delayed Trip

Direct Trip

"Fuse Saving" Enable @
1

Figure 3. Microprocessor-based Feeder Protection / Underfreauency Load Shedding

Typical Feeder Compartment

Close-in Fault Clearing

The use of SELogic equations in the feeder and bus relays will allow both 13 and 34 kV
feeder circuits to trip on instantaneous overcurrent elements for close-in faults. The relays on 13
kV feeders will be set to trip on instantaneous if an instantaneous element set near the maxi-
mum breaker duty permits the operation:

{13 kV Feeder Relays)

L=.+50C High Set Instantaneous Trip Blocking; Set @ 85% Breaker Duty

B = 50H + 50NH Instantaneous Tripping; Set @ Fault Current past Reactor

W=B*IL Instantaneous Overcurrent operation, supervised by NOT High Set inst.
TRIP=_.+W..
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This provides an improvement in security over the 13 kV electromechanical scheme since
previously we were always tripping the bus for all 13 kV close-in faults.

Underfrequency / Undervoltage Tripping

i. Dual Set Point Underfrequency

Underfrequency load shedding philosophy has been reworked to incorporate the use of
a dual set point underfrequency relay installed on each bus (Figure 3). The lower (i.e. more sen-
sitive) set point will trip through a trip bus into programmable inputs in all the 251 relays on the
bus. These inputs are set to “DT”, or direct trip, the feeder breaker. Using the 251 for direct trip-
ping eliminates the requirement for a separate auxiliary tripping relay, and allows us to record
information about the tripping in the relay’s event report. The higher set point in the underfre-
quency relay trips through a similar trip bus into another of the feeder 251's programmable in-
puts. This input is programmed to trip the breaker after a settable time delay, qualified with an
indication of a closed breaker:

Input: IN6 Asserted by output from bus underfrequency relay 2nd set point
S=IN6 'S’ variable initiates the ST tripping element after TSPU pickup delay
TSPU = **** Use staggered time delays for groups of feeders

F=S8T :

E = 82AT Asserted when breaker is closed

Y=E*F Underfrequency condition AND breaker is closed

TRIP=.+Y+..

Using time delays in the feeder relays will allow groups of feeder circuits to be selectively
“dumped” in different time intervals until the underfrequency condition goes away. This is simi-
lar to the 34 kV electromechanical scheme in which three different underfrequency set points
were used to selectively dump groups of feeders. The advantage here is that we can use the
same scheme on both 13 and 34 kV systems. We also eliminate one of the reasons for installing
individual single phase PTs on each of the feeders on the 34 kV system. The resulting scheme is
both simpler and less expensive in material and construction costs.

The direct tripping function was added in response to a concern raised over time delayed
tripping for severe underfrequency conditions. In the old electromechanical scheme, underfre-
quency conditions were alleviated with a uniform 6 cycle time delay trip. In the new scheme, we
added the direct trip from the more conservative set point so that severe underfrequency condi-
tions would be quickly removed with an instantaneous clearing of all the feeders with their fuse
links installed.

ii. Block Closing

The 251 relay also may be used for undervoltage time delayed tripping and blocking
closing of the breaker. The latter is accomplished by wiring the breaker close circuit through one
of the 251’s programmable outputs configured as a ‘b’ contact, which is set to operate (open)
on assertion of the undervoltage element. This same contact also may be programmed to oper-
ate on underfrequency tripping:

A1 (Block Breaker Closing outpuf) = 27 + IN5 (81 Low Set Point) + IN6 {81 High Set Point)
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iii. PT Elimination

Using the bus PT-connected 251 feeder relays for undervoltage tripping, along with the
new underfrequency scheme, altogether eliminates the need for single phase PTs on each 34 kV
feeder. Since the cost of a PT is greater than the total cost of the relays, on the basis of PT elimi-
nation alone we have already cost justified the use of the microprocessor relays on the 34 kV
system.

The Fuse-Saving “Adaptive” Characteristic

In the electromechanical scheme we did not make use of a fuse-saving reclosing scheme,
since an in-house reliability study determined that such a scheme would do more to depreciate
service reliability than to enhance it. However, with the advent of programming logic in the mi-
croprocessor relay and its associated “adaptive” characteristic, it has become feasible to make
use of a fuse-saving scheme if this mode of operation can be enabled or disabled easily via su-
pervisory control. Thus in our new scheme we have included a fuse-saving mode of reclosing
whose operation would be left to the discretion of the operating divisions. This mode presum-
ably would be utilized during periods of thunderstorm activity, when the reclosing characteristic
would be most likely to benefit reliability.

Adding this reclosing mode to the scheme will require only the addition of an electrically
operated control switch associated with all the feeders on a bus, which when operated closes
into programmable inputs on the feeder relays. Assertion of this input will change the relay into
a different “setting group”. In the new setting group an initial reclose with an open interval of
five cycles is added to the reclose cycle. If a circuit carries critical load, the fuse-saving character-
istic may be disabled in the relay via the relay’s setting.

Reclosing / Fast Trip Modes

All of the modes of fast trip and reclosing used in PECo’s distribution circuits may be pro-
grammed into the 251 through various means. The most obvious approach is to use the relay’s
multiple setting group option and program a different setting group for each mode. In our
scheme we will use two inputs set for “Setting Group Selection” to control the fast trip and fuse
saving modes, and another input designated as “Reclose Enable” to enable and disable
reclosing.
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IV. Microprocessor-based Bus Protection

Instantaneous Bus Fault Clearing

Protection for bus faults is provided by the instantaneous overcurrent elements in both
the Primary and Backup 251C relays (Figure 4). The bus relays will frip and lock out all the
breakers associated with the bus through a lockout auxiliary. Using both a primary and backup
relay, separately fused, will allow either scheme to be taken out of service for hot bus testing,
while still allowing instantaneous bus fault clearing.

4.4,

251}/ 251C )
Primary/ \Backup -

e il =
TO BUS "B" : BUS'A

' e

{

TYPICAL CIRCUIT

Figure 4. Microprocessor-based Bus Protection

Selectivity for Feeder Close-in Faults

Programmable outputs from the feeder 251 relays, designated for this scheme “Block Bus
50H Trip” outputs, will be connected in parallel and fed into the ‘IN5’ inputs on the bus 251C
relays to provide notification to the bus relays when a close-in fault is occurring on a feeder
(Figure 5). This notification will prevent the bus relays from operating for a feeder close-in fault.
For establishing a zone of protection for bus faults, this will accomplish the same objective as a
bus differential network. The CTs that were installed on the line side of the feeder breakers in
the electromechanical differential scheme, consequently, will no longer be required.

i. The Feeder Relays’ “Block Bus 50H Trip ” Outputs

The outputs on the feeder relays are programmed to function as instantaneous feeder
fault detectors set according to the fault current past the line reactors, supervised by a closed
breaker status indication:
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(Feeder Relays)

E = 52AT Indicates Closed feeder breaker

B = 50H + 50NH Medium-set Instantaneous Fault Detectors; Set at reactor fault current

W=B*E ‘W Indicates a close-in fault with a closed breaker trying to trip

}\4 =W+.. Block Bus 50H Trip Condition output; to Bus 251C Relays

SEL-251C SEL-251C
PRI BKP

SEL-251i SEL-2511 SEL-251 i SEL-2511 N e | DN e ’
CKT CKT - CKT CKT _ ? ’ LN"'S" ? '—r\@ :

ag —— | lag —— | |aa—— At

S0H T 50H T S50H T || SOHTT ! j

L 11 e

FEEDER SEL-251 RELAYS BUS SEL-251C RELAYS
“BLOCK BUS 50H TRIP" QUTPUTS “FEEDER 50H FAULT LOGIC" INPUTS

Figure 5. Bus 50H Fault Logic Circuit

The setting assigned to the “Block Bus 50H Trip” output will block bus tripping only for
close-in instantaneous faults with a current magnitude reflective of at least one bus source being
energized. This will prevent in-feed current from downstream current sources such as a large co-
generation customer, or a temporary network connection to another bus, from instigating a false
block trip signal during a bus fault. Thus, the SELogic-implemented “differential” scheme de-
scribed here could be used for buses with network lines, if the current contribution from any net-
work line for bus faults is less than the bus’s weakest source contribution, reflected in the feeder
50H setting.

The fault detector outputs will assert without a time delay and with no intermediate auxil-
iary relays so as to provide the fastest possible nofification to the bus relays.

ii. The Bus Relays’ ‘Feeder 50H Fault Logic’ Inputs

In the bus relays, the IN5 input in PECo’s schematics is designated “Feeder 50H Fault
Logic”. To allow selectivity with the feeder relays for close-in faults, the INS input will tell the
definite time overcurrent elements that a feeder relay is trying to operate to clear the fault. A
time delay of 2 cycles in the bus relays will allow the definite time elements to wait for an
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assertion from a feeder relay before tripping the bus:

(Bus Relays)

S50NLT =2 Time delay in cycles for Definite Time Ground Overcurrent

50MT = 2 Time delay in cycles for Definite Time Phase Overcurrent

B = 50MT + 50NLT Definite Time timing elements

L=IN5

W=B"IL Definite Time Overcurrent AND NOT Feeder 50H Fault Logic Input
TRIP=.+W+ .

The adequacy of the 2 cycle delay was verified by bench-testing the bus and feeder re-
lays together. (We actually found that a delay of 1 cycle would be sufficient for the lowest values
of fault current for which the time delay is required.)

iii. Bus Breaker Failure

We want to be assured that bus faults, with extremely high fault current magnitudes, are
always cleared as quickly as possible. In the event of a feeder breaker failure for a close in fault,
we will trip the bus through a timer which is initiated by the definite time overcurrent pickup ele-
ments, and which ignores the IN5 input. The timer also will serve as a breaker failure timer for
the source breakers, for bus faults on the other side of the bus tie breaker or for transformer
faults: ‘

K= 50M + 50NL + IN6 ING6 input initiated by neighbor bus aux. relays or by transformer aux. relays,
supervised by source breaker “a” confacts.

TKPU = 15 Breaker failure time in cycles associated with tripping element KT

TRIP=_.+ KT +.. Initiate bus trip for feeder, bus tie or transformer low side breaker failure.

This logic also will insure that we delay the bus trip by only the breaker failure time inter-
val, instead of permanently blocking it, in the event a false assertion from a feeder has occurred.

Note that if the external “Torque-Control” method of disabling the overcurrent elements
for feeder faults, as described in the SEL application literature, were used instead of the IN5 su-
pervise trip method described here, implementing this breaker failure logic, independently of the
IN5 input circuit, would not be possible. The torque-control logic completely disables the over-
current pickup elements until the torque-controlling mechanism is satisfied; consequently the
overcurrent elements cannot be used to initiate a breaker failure timer. If another instantaneous
element were available it could be used in parallel to start a timer; but we are out of instanta-
neous elements.

iv. Bus Fault Logic - Short Circuit Alarm

There are potential safety concerns over the use of a DC logic circuit for supervising in-
stantaneous bus trips in installations where there is a significant physical distance between the
bus and feeder relays. A short circuit in the Feeder 50H Fault Logic circuit could appear like a
feeder fault to the logic equation used for tripping the bus. In this situation only the breaker fail-
ure timing logic just described would clear a bus fault, after the breaker failure time delay. To
provide an alarm indication of such a condition, we can initiate another timer with the IN5 in-
put. This timing element would have a slow 1 minute pickup time, which would indicate the
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presence of a permanent short in the Feeder 50H Fault Logic circuit:

S=IN5 ST timer initiated by energization of IN5 input
TSPU =3600 1 Minute time delay
Al=..+8T+.. to SCADA alarm

v. Bypassing the Definite Time Delay

Since the bus relays in both the old electromechanical scheme and in the new micropro-
cessor scheme trip the bus through a lockout relay, which in turn picks up self-resetting auxiliary
relays to trip the source breakers, a time delay of 2-3 cycles is already built into the ‘instanta-
neous’ clearing time for bus faults. We can make up for the 2 cycle definite time penalty dis-
cussed above by making use of the other output contacts on the bus relays, which are rated for
tripping duty. We'll still use one of the TRIP contacts to pick up the lockout relay, but we will
parallel it with a trip from the other TRIP output contact directly into the transformer low side
breaker, and a trip directly from the ‘A4’ output into the bus tie breaker. The source breakers
will then trip without the time delay associated with the two auxiliary relays. The ‘A4’ output
contact will be programmed to trip on the ‘W’ variable, as shown above for the TRIP output.

vi. Elimination of Differential CTs

Using this scheme will allow the elimination of all the bus differential CTs installed on the
line side of the feeder breakers. The material cost of this elimination is comparable to the total
cost of the electromechanical relay compliment used on 13 kV circuits. In addition, there is typi-
cally a six man-week testing time associated with the bus differential network. By eliminating this
costly network and replacing it with SELogic, we have easily cost justified the use of the micro-
processor relays.

Selective Tripping in the “lllegal Zone”

We can make use of the programming logic available in the bus 251C relays, as well as
the fact that we are tripping the tie breaker directly through the ‘A4’ output contact, to selective-
ly trip 13 kV feeder breakers for faults in their “illegal zone”.

Recalling the “Existing Electromechanical Scheme” section, standard breakers purchased
with 13 kV switchgear typically do not have the interrupt capability required for faults between
the breaker and the current limiting reactors installed on the line side of the breakers, if both
sources to the duplex bus are energized. Consequently, we tripped the bus inselectively for
faults in this region, so that the fault can be taken out by the combined efforts of the two source
breakers (the low side transformer breaker and the bus tie breaker).

In our new “illegal zone” trip logic, when the bus fault current magnitude reflects both
bus sources being in service so that the total current magnitude is greater than the breakers’ in-
dividual ratings, we will trip the tie breaker instantaneously, ignoring any input from the IN5
Feeder 50H Fault Logic circuits. This will clear about one-half the total fault current. Then the
current magnitude will be sufficiently less than the feeder breaker’s rating, so that if the fault
location is on the line side of the breaker, the feeder breaker will trip to completely isolate the
fault. The Feeder 50H Fault Logic input will block bus tripping, up to 12 cycles, by the assertion
of the feeder breaker's A4 outputs. Thus the close-in fault current will be cleared by a

Page 12



cooperation between the feeder breaker and the tie breaker, assuring security for the remaining
load on the bus.

Since the bus relays are already wired to directly trip the bus tie breaker through the A4
contact programmed for medium-set instantaneous operation, as discussed in a previous sec-
tion, the bus tie breaker can be tripped by this output additionally programmed to operate for
high-set instantaneous overcurrent operation:

Ad= _ + 50C High-set instantaneous element trips only the bus tie (13 kV only)

This overcurrent element will have a pickup setting that is set according to the fault cur-
rent available when both sources are energized. After the tie breaker clears (instantaneously,
with no definite time delay and without an intermediate auxiliary relay), we simply let the re-
maining definite-time close-in fault clearing scheme take over: the feeder relay’s medium-set in-
stantaneous elements will trip when the fault current cycles down to less than the relay’s high-set
instantaneous setting. The bus medium-set instantaneous elements already will have initiated
the ‘KT’ 15 cycle timer to backup-trip the bus in the event the feeder breaker fails.
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V. Feeder Relay Backup

Backup for Feeder Inverse Time-Overcurrent Faults

Traditionally, backing up microprocessor distribution relays has required adding a second
relay, usually a single unit static relay, to each feeder. With the 251C Bus Relays installed on
each bus, we can use the bus relay to provide backup for any out of service relay by installing
only a “Feeder 51 Fault Logic” circuit, similar to the 50H Fault Logic circuit described previous-
ly, and a Feeder Backup Trip circuit (Figures 6 & 7).

VDC (+)
SEL-251C SEL-251C
PRI BKP
SEL-251 SEL-251 SEL-251 I NG TN INa
CKT CKT CKT ’T,C’P ,_ : ﬁéP

soL—T— | |soL T soL~T~
9 Q _ VDC ()

FEEDER SEL-251 RELAYS - BUS SEL-251C RELAYS
"BLOCK BUS 51 BACKUP TRIP" QUTPUTS “FEEDER 51 FAULT LOGIC" INPUTS

Figure 6. Feeder 51 Fault Logic Circuit

i. The “Feeder 51 Fault Logic” Circuit

The Feeder 51 Fault Logic circuit utilizes the IN3 and IN4 programmable inputs on the
bus relays, which will be set to 'TCP and !TCG (inverted sense of Torque Control Phase and
Ground), respectively (Figure 6). These inputs will be set to “Torque-Control” the inverse time-
overcurrent elements, which will be used to back up the feeder inverse time-overcurrent relays.
When the torque control input is not energized, the controlled elements will be free to operate.
Thus, an indication from a healthy feeder relay that is trying to operate will disable the torque-
controlled bus overcurrent elements.

ii. The “Feeder Backup Trip” Circuit

The scheme also will utilize a Feeder Backup trip bus initiated by an output from the bus
relays (Figure 7). These bus relays will trip the feeder breakers though an ‘a’ contact of a time
delay pickup auxiliary relay initiated by the feeder SEL-251’s ‘ALARM’ output. The ‘ALARM’
contact closes permanently on relay self test failure or relay loss of power, and pulses closed for
1 second for relay setting or setting group changes. (We also use the time delayed pickup
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auxiliary relay’s contacts to initiate local and supervisory alarms.)

é é é é VDC (+)
SEL-251C SEL-251C

SEL-251 SEL-251 PRI BKP
CKT CKT e
e = . - L A3
Al —_ A (I —— —— 51
ALARM |, ALARM |1 | o
CKT i\ Jokr
ToPU . :
=5 8EC =5SEC
............... SCADA, LOCAL ALARMS VDC ()
4 } 2 i
‘ TYPICAL FEEDERS ‘ ‘ BUS SEL-251C RELAYS
“BUS BACKUP TRIP" CIRCUIT “FEEDER BACKUP TRIP" OUTPUTS

Figure 7. Feeder Backup Trip Circuit

Since the time delayed pickup auxiliary will be permanently picked up only on relay fail-
ure or loss of power, the feeder backup trip circuit will trip only feeder breakers where the relay
is out of service.

The Feeder Backup Trip programming logic in the bus 251C relays is straightforward.
The inverse time elements operate and trip through the Feeder Backup trip output if no asser-
tion is received from the feeder fault detectors:

IN3 = ITCP External inverted Torque Control Ground input
IN4 = ITCG External inverted Torque Control Phase input
ETC =51P + 51QP + 51NP  Torque control inputs will disable 51P elements
A=51T+ 51QT + 5INT Inverse Time Overcurrent elements

V=A

A3 =V Feeder Backup Trip

ili. Feeder Fault Detector Pickup Settings

A crucial facet of this scheme is that the feeders’ low-set fault detector elements may be
set independently of the feeders’ time overcurrent pickup settings. The time overcurrent ele-
ments require coordination with downstream devices; however, this criteria may be eliminated
in the fault detector settings since we are not normally using these elements for tripping. Thus,
we can set the fault detector pickups below the time overcurrent pickups to insure the maximum
degree of selectivity with the bus relays.
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Coordination with Feeder Relays (and Downstream Devices)

Enabling the bus relays to provide adequate backup protection to the feeder relays for
line-end faults mandates bus time overcurrent pickups set as sensitively as possible. A significant
increase in sensitivity is made possible by the Feeder 51 Fault Logic inputs. The logic inputs will
be asserted for virtually any fault on the line that can be detected by the feeder relay’s low-set
instantaneous elements and thus will always be more sensitive than the feeder time overcurrent
elements (Figure 8). Therefore, if the bus time-overcurrent elements always coordinate with the
feeder low-set instantaneous fault detectors, they can be set according to the same criteria as the
feeder time overcurrent elements. This means, if it is possible, coordinating with downstream
devices for when the feeder relay is out of service, and setting the phase pickup to account for
three-phase load.

i. Negative Sequence and Ground Settings

The negative sequence and ground overcurrent elements can be set with pickup settings
comparable to the feeder settings. However, the bus relay elements’ sensitivity may be
influenced by residual current or negative sequence load imbalance current which will be
greater, presumably, on the bus than on an individual circuit. To provide an indication of
possible problems resulting from negative sequence or residual current approaching the bus
time overcurrent pickup settings, the “Demand Current Threshold Exceeded” alarm elements
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pickup settings, the “Demand Current Threshold Exceeded” alarm elements are used as follows:

A1 =NDEM + QDEM + .. ‘Demand current exceeded’ elements are set at 50% of 51NP & 51QP

This output contact will provide a waming through SCADA that the 5INP or 51QP set-
tings may need to be changed to a less sensitive setting. A more ambitious scheme might make
use of an automatic, i.e. “adaptive”, setting group change to less sensitive settings. The next sec-
tion will describe the use of such logic for controlling the phase overcurrent element’s sensitivity
for changing load conditions.

ii. Phase Settings

Distance Torque Control

Phase settings must allow for load as well as provide line-end fault sensitivity. While the
negative sequence overcurrent elements help with line-end sensitivity for phase-to-phase faults,
setting the phase elements above bus loading will seriously affect sensitivity for line-end three
phase faults. The phase elements in the 251C may be internally “torque-controlled” by the dis-
tance elements. Torque control differs from trip supervision in that the torque-controlled ele-
ment, such as a phase overcurrent element, will not be enabled for operation until the
torque-controlling element(s) assert; whereas when an element/unit is supervised it can start to
operate and already be picked up when the supervising element/unit asserts. The former ap-
proach is more secure, since a false assertion of the supervising element (i.e. a distance relay)
when conditions exist that would have asserted the supervised element (i.e. loading above the
three-phase overcurrent setting) will not cause a false tripping.

When the phase overcurrent element is torque-controlled by the distance element, it will
not be enabled for operation until the distance element detects a fault and asserts. Since the dis-
tance element is set not to pick up on load, the three-phase overcurrent element will be dis-
abled, and therefore never asserted, when the bus loading is above its pickup. (There is more
background detail on this in the “Improved Sensitivity and Security for Distribution Bus and
Feeder Relays” paper.)

Load Security via Multiple Setting Groups

In PECo’s bus protection scheme, in order to provide effective backup for the feeder in-
verse time elements, we will use the bus 251C’s distance element to internally torque control its
phase inverse time element. This should increase the available sensitivity for line end faults, by
setting the distance element to pick up for faults out to the end of the line. However, by our cal-
culations the setting required for the distance element to provide line-end fault detection for
longer lines also will cause the distance element to operate for the maximum bus loading. To
solve this problem, we will use two setting groups of different ohmic sensitivities for three-phase
faults, one of which will be applied when the bus loading is less than approximately one-third of
its maximum rating. The PDEM (Phase Demand Threshold exceeded) element, which operates
on load changes only, according to a settable time constant, will be set to close one of the trip
output contacts which will initiate a setting group change:

A2 =PDEM Output of A2 is fed into Programmable Input IN1, set to ‘SST’,
to initiate setting group change to Group 1
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When the bus loading reaches one-third of its rated value, PDEM asserts and instigates a
setting group change to Group 1 (“High Bus Loading”), which uses a less sensitive distance
setting. In this setting group, the assumed one-third bus rating phase current adds to the
sensitivity of the distance element to provide adequate sensitivity for line end faults, while
allowing for the maximum rating on the bus by a sufficient margin. (Figure 9). When the load
drops again beneath the PDEM value, A2 deasserts and instigates a setting change back to the
setting group entered with the SET GROUP command, or Group 2 (Low Bus Loading):

A2 =PDEM + 50C 50C Element assures output stays asserted immediately after setting
group change.
50 L L Figure 9. Phase distance settings vary with Setting Group
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For this logic to work the global setting DEMR, or Demand Reset Group Change, must
be set to ‘N’. Refer to SEL-251C Instruction Manual.

Coordination with Downstream Phase Devices

When the feeder relay is in service, its fault detector elements, set at or below the
feeder’s 51P elements, will establish coordination between the bus relays and the feeder through
the Feeder 51 Fault Logic input circuits. Therefore, the bus relays may be set a slight margin
above the feeder relay setting so as to provide comparable coverage for line faults. However,
the inclusion of load in the current sensed by the phase overcurrent elements will increase their
sensitivity, so that the effective overcurrent characteristic actually may be beneath the
downstream device characteristic. When the feeder relay is out of service, obviously no Feeder
51 Fault Logic signal will be given, so coordination with downstream devices may be lost. We
can accept this compromise, acknowledging the low probability at any time that a feeder relay
will be out of service, as well as the low percentage of faults represented by three-phase faults.
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iii. Network Considerations

When a networked line (or a line with close-in customer generation) is protected with the
microprocessor relay, and backed up by bus relays as described here, consideration must be
given to the sensitivity of the line’s fault detector elements to fault currents back-fed into the bus
from the line to a fault occurring on another feeder. (If the fault is on the bus, the bus 50H
scheme described in the previous section will take over and trip the bus, independent of the
Feeder Backup scheme.) For faults beyond the high-set instantaneous reach of the feeder
relays, if the incoming fault current is high enough to pick up the networked line’s fault
detectors, the bus relays will be prevented from providing backup for unhealthy feeder relays. If
this is the case, then a relay with a directional overcurrent characteristic would be required in
place of the 251.

Backup For Feeder "Fast Trip" Protection

A potential operating concern in the new microprocessor scheme is the reliance on one
relay for "fast trip" protection during periods of hot line maintenance work. In the
electromechanical scheme at least two relays, separate phase and ground overcurrent units, are
available for fast trip protection. So in our new scheme we would like to be able to provide
backup fast trip protection for the feeder relay when the feeder relay becomes unavailable.

The bus backup low-set instantaneous elements will be set a slight margin above the
feeder fast trip elements. They will be used for tripping into the Feeder Backup trip bus, which
will trip any feeder breakers with a disabled relay, as indicated by its ’ALARM’ output:

{Bus Relays):
ITC=. + 50L Phase Element 50H is Torque-Controlled by Distance Element
A3 = 50L + 50LN+ 50Q Low-set 50 Elements function as backup Fast Trip protection,

tripping into the Feeder Backup trip bus.

In order to prevent these elements from tripping into the Feeder Backup trip bus all the
time, a separate 'Backup Fast Trip’ setting group, only applied during fast trip periods, will be
enabled through an external group change initiation. In addition, the alarm auxiliary associated
with the feeder SEL-251 mentioned previously will give an additional indication through
SCADA that fast trip protection is not available for the feeder. The presence of such an alarm
condition should preclude the use of fast trip mode on any feeder. Therefore, the logic
described here need only apply when the relay goes bad while the line already is being worked
with fast trip applied.

Breaker Failure for Feeder Time QOvercurrent Faults

For a feeder breaker failure we would like to trip the bus, allowing for a more tolerant
breaker failure timing interval in consideration of the fact that we are possibly looking at slow
clearing faults farther out on the feeder circuit. When the feeder relay is operative it will
torque-control the bus time-overcurrent elements, disabling them so that they cannot be used to
initiate a breaker failure timer. Therefore we must use a breaker failure timer in the feeder relay,
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which will cause the feeder’s “Block 51 Trip” output to drop out:

{Feeder Relays}:

A =50L + 50Q + 50NL Feeder Low-set Instantaneous Fault Detector elements

TEPU =20 Breaker failure time delay, in cycles

L=.+TF TF indicates breaker failure

X=A*IL Feeder fault, with healthy breaker

A3=X Block 51 Trip output (to Bus “Feeder §1 Fault Logic” inputs); drops out on

breaker failure

Now that the bus 251C relays’ NOT-ed torque-control condition is satisfied, their
time-overcurrent elements will pick up and time out, and trip through the Feeder Backup Trip
circuit into the feeder breaker with the “disabled” relay. Since this failed breaker will not trip, the
bus relay breaker failure logic will take over. (This logic also will initiate a bus trip for a feeder
breaker failure when the feeder relay is disabled.) We will use the inverse time overcurrent
pickups to initiate a 30 cycle timer which in turn trips the bus through the main TRIP output
contacts:

A=51T + 51QT + 51NT Time-Overcurrent elements (set comparable to feeder settings)
Z=A '

TZPU = 30 Feeder Breaker Failure timing, in cycles

TRIP=..+2ZT+..

So the total bus clearing time for a feeder breaker failure for a time-overcurrent fault,
when the feeder relay is healthy, will be the feeder 20 cycle breaker failure time, plus the time
element delay in the bus relay, plus the 30 cycle bus breaker failure time for feeder faults. This is
an improvement over the electromechanical scheme, since previously we had only the margin
between the feeder inverse time characteristic and the bus inverse time characteristic to rely
upon in the event of a feeder breaker failure. Since the bus relays could not always be relied
upon to operate for line-end faults or high impedance faults, in these situations after a feeder
breaker failure no upstream breaker would have operated.

Page 20



Conclusion

Philadelphia Electric Co.’s decision to adapt our existing distribution bus and circuit
protection requirements to accommodate recent developments in microprocessor-based relay
technology was motivated by a need to reduce long-term substation maintenance, as well as the
evolving customer focus philosophy which encourages the use of new technology to enhance
service reliability. The new scheme allows us to realize all of our existing protective
requirements, while substantially reducing the number of equipment components required for
adequate protection. (For a 13 kV duplex bus with twenty feeders, the difference between the
new scheme and the electromechanical scheme is a net reduction of over 150 components and
about $40K. On the 34 kV system for a duplex bus with fourteen feeders, the difference is over
200 components and a cost reduction of over $150K.)

To summarize the improvements in protection made possible by the microprocessor
relays:

. The inclusion of negative sequence elements in the feeder relays increases sensitivity for
line-end faults by a factor of 1.73. The setting group change, or “adaptive”, characteristic of
the relay will permit discretionary application of the “Fuse Saving” reclosing mode in feeders
for service reliability enhancements.

- The application of the DC control-implemented bus differential logic will allow the elimination
of the feeder line-side CTs. It will also provide enhancements to load security by permitting
selective isolation of feeder close-in faults, which was not possible with the AC differential
scheme.

« The 51 Fault Logic circuit will enable the bus relays to provide backup for the feeder relays
using time-overcurrent settings virtually the same as the feeder settings, so that sensitivity for
feeder line-end faults is greatly enhanced.

- Breaker failure protection for feeder faults is implemented using short time delays for close-in
faults and long time delays for time-overcurrent faults. Breaker failure clearing even for line
end faults is virtually guaranteed.

« Every fault, whether on the feeder or on the bus, will be detected and potentially cleared by
at least two relays, with bus faults always cleared instantaneously by two relays.

- The scheme is identical for 13 and 34 kV systems, to facilitate development of schematic
drawings.

In addition, the scheme developed for the high-set instantaneous cleaing of bus fault
functions independently of the Feeder Backup scheme, utilizing separate programmable inputs
and outputs and separate SElLogic equations. Consequently, bus faults that will require
instantaneous clearing will not be obstructed by the operation of the sensitive low-set fault
detectors used in the feeder backup scheme. Because of this, under qualified conditions the
“differential” scheme could be used on networked busses.
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