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POLE DISAGREEMENT RELAYING

INTRODUCTION

At voltages of 345 kV and above, the physical size of the operating components and
the phase spacing requirements of power circuit breakers have led to the use of an
independent operating mechanism for each phase. Also in recent years, with the trend to
larger and larger turbine-generator sizes, system stability criteria have often dictated the
use of independent pole operated breakers at voltages below 345 kV to obviate the
three-phase fault, three-pole "hung" breaker fault condition. Rarely will more than one
pole fail to interrupt fault current. Therefore, serious faults (those involving two or
three phases) will always be downgraded if not entirely cleared, reducing the danger of
system instability.

Field experiences have shown it necessary to consider the consequences of
unsymmetrical operation of such a breaker. Electrical or mechanical failures have left
one phase open when the others are closed, and vice versa. Malfunctioning mechanical
systems have occasionally allowed the contacts to move to a partially open position
shunting the circuit through opening or closing resistors.

Even with breakers having one operating mechanism, pole disagreements can occur.
While extremely rare, mechanical linkages can fail. A more prevalent occurrence,
however, is where some lightning or switching surge causes a flashover of one open phase
as discussed below.

Unless these pole disagreements are detected and corrected or isolated, they can

evolve into hazardous situations where the affected breaker will arc internslly or
externally ; serious damage could result.

BREAKER POLE DISAGREEMENTS

Pole disagreements can be grouped into three general categories :

1) A trip coil , or close coil or pole mechanism, malfunctions in one phase and, as
a result, one circuit breaker pole does not respond to an operating signal.

2) An operating rod or other mechanical component of the operating mechanism
malfunctions when called upon to close, leaving the interrupting head stuck in
the open, or some partially open position. The preinsertion resistor in the
breaker, whose purpose is to reduce transient overvoltages during closing, may
or may not be inserted into the circuit. Conversely, if a trip is initiated, a
pole may not open or may open only partially and the circuit may still be
completed through the interrupting resistor (if such a resistor is used).

3) An open or partially open mechanism may flash over and arc due to lightning,
switching surges, or loss of air or gas pressure in an interrupter of pressurized
insulating system.



POLE-DISAGREEMENT DETECTION

For certain unsymmetrical pole closures, the breaker can be protected by an
interconnection of the auxiliary contacts. As indicated in Figure 1, if any pole is closed
at the same time that another pole is open, a path is provided to initiate tripping. A short
time delay precedes tripping to allow sufficient time for a sluggish pole to close and avoid
unnecessary retripping of the breaker. Backup trip coils are provided with a duplicate
interconnection for redundancy.

Disagreements that are not protected by the auxiliary contacts can sometimes be
detected during faults by conventional local breaker-failure relays and remote backup
relays, which sense a failure to interrupt fault current and initiate tripping of adjacent
and/or remote breakers.

While many of the breaker malfunctions will be detected and corrected by these
means, there are a number that will not. For example, the scheme of Figure | will not
correct a situation where the machanism is jammed. Also the breaker-failure relays will
not operate under nonfault conditions. This paper describes a relaying concept devised, to
detect the majority of these malfunctions, utilizing available system currents and
voltages.

What are the currents and voltages during these conditions? Figure 2 shows a
typical layout of a ring bus with only one line shown in detail having a breaker at the far
end. While other bus layouts can be analyzed in a similar manner, this scheme will be
used in the following to demonstrate the various possible operating conditions that might
be encountered.

Case A. Closed Breaker - Closed Bus

The most common operating condition would be for all the breakers in Figure 2 to be
closed. Should one breaker (Breaker A) have an open phase no problem should exist since
load current could flow through the other three bus breakers and the voltage across the
open phase is essentially zero. As will be discussed in the next case, however, should the
bus be opened (such as opening Breakers B, C or D), breaker or system damage could occur
s0 this malfunction should be detected as soon as possible and corrected before the open
bus condition occurs.

Figure 3 shows a simplified example of this condition. Inspection of the circuit
shows that the voltage across the open phase is proportional to the voltade drop across X.
Since this drop is very much lower than the drop across the rest of the system
impedances, this verifies that the voltage across the open phase is very low.

Figure 3 shows that the current in the open phase is zero and that the current in the
other two phases depends on the relative impedance between the parallel paths. For the
example shown (equal impedances) the current split is 45% of the through current goes
through the good phase of the faulty breaker and 55% goes through the corresponding
phase of the good breaker.



Zero sequence current might be another indicator of an open phase. For the system
as shown the zero sequence current in the faulty breaker is 7% of the through load
current. Since 3l is therefore 21%, it might be possible to use a 0.5 ampere residual
current relay to detect this condition. It should be cautioned, however, that zero
sequence current flows through the unfaulted breakers as well as the faulted breakers.
For the example case of Figure 3, these currents are essentially equal. For this condition
therefore, zero sequence current can only be used as an indicator that one of the breakers
has an open phase and cannot detect which breaker is faulty.

As shown on Figure 3, the zero sequence voltage for this condition is very low, being
only some proportion of the voltage drop across the bus impedance X. Again, since the
drop across this reactance is very low compared to the drop across the rest of the system
reactance, zero sequence voltage is not a good indicator of a failed breaker, but as will be
discussed later can be used as a control quantity.

Case B. Closed Breaker - Open Bus - Loaded Line

Should Breaker B of Figure 2 be opened and breaker A have an open phase, we would
have the condition as shown on Figure 4. The sequence network connection of Figure 4 is
shown for a completely open phase and also (dotted) for the condition where the phase is
closed through the preinsertion resistor.

Considering first the completely open phase situation, the voltage across the open
phase is proportional to the phase angle difference in the sources on the two ends of the
line. For example, for a 1000 MVA load transfer between two circuits each having an
impedance of 1% on 100 MVA (and Xg/X;} = 1) this voltage is 0.2 per unit. This should
not cause a flashover of the open phase.

If the resistor is inserted into one head, the current through the resistor is again
dependent on the phase angle between the sources. For the example above, 20% of
system voltage will be inpressed across the resistor and the resistor will fail. The resistor
failure could cause internal arcing in the breaker head with extensive damage to the
breaker.

Analysis of Figure 4 shows that zero current will flow in the open phase and
essentially load current will flow in the other two phases. Current in the residual circuit
(3Iy) is approximately the load current flowing prior to the open phase condition. The
zero sequence voltage for this condition depends on the phase angle difference between
the two sources. For the example given above, 3Vg at the point indicated is equal to
0.1 per unit.

Case C. Closed Breaker - Open Bus - Open Line

Should breaker B & E on Figure 2 be opened with breaker A having an open phase,
we have the condition as shown on Figure 5. Again, the dotted portion of the figure shows
the connection for the case of one head being partially open through the preinsertion
resistor.




Considering first the pole open through the resistor, Figure 5 shows that the voltage
across the resistor is very low. The current through the resistor, however, is
approximately equal to normal charging current of the line. Should this occur, the
resistor would probably burn up and completely open up the pole.

For the pole completely open, the voltage across the gap is 1.12 per unit. With all
contacts in the phase completely open and the insulation system at normal air or gas
pressure, this is no problem. For a partially open phase, such as one or more heads of a
multi-head livetank breaker being closed with the remaining heads open, flashover of the
open head could occur either internally or externally. If flashover occurs internally,
extensive damage could occur the breaker.

When the resistor is in the circuit all three phases carry essentially normal charging
current, and there is therefore, no means of detecting this condition. With no resistor in
the circuit, and should the open head flashover, again all three phases will be carrying
essentially normal charging current with no means of detecting it. If the open head should
be able to withstand the 1.12 per unit voltage, then two phases will carry normal charging
current and the third zero current.

As far as zero sequence current is concerned, with the resistor in the circuit it will
be essentially zero. With the phase completely open 31, is approximately 75% of
normal charging current. For a completely open phase 3V is equal to 1.12 per unit
which is readily detectable. With the resistor in the circuit this 3V, voltage is reduced
to less than 0.1 per unit. For a completely shorted phase, of course, 3V, is equal to
zero.

Case D. Open Breaker - Closed Line

Should both breakers A & B of Figure 2 be open, but breaker A have one phase either
fully closed or partially closed through the resistor, Then we have the condition of Figure
6 with switch A closed on the figure. For the phase closed through the resistor, Figure 6
shows that considerable current will flow through the resistor and it will probably fail,
opening or shorting the phase. For an open condition, the voltage across the open pole
will be related to the phase angle difference between the two source voltage. For a 30°
angular difference this voltage would equal approximately 0.5 per unit. Should an arc
occur shorting this phase, however, the current in this phase would be approximately equal
to load current.

31 in this case would be equal to the phase current through the faulted pole.
3V, across the breaker with the resistor intact is very small. With it shorted, the
voltage would again be equal to the difference in the source voltages or 0.5 per unit for
the 30° angular difference.



Case E. Open Breaker - Open Line

This condition is also shown on Figure 6 with switch A now in the open position.
Since the resistor ohms is usually much lower than the capacitive reactance of the line,
the current in the failed pole is approximately the same whether the resistor is in the
circuit or shorted out. 3I; is egual to approximately 0.85 of the normal charging
current. 3V, across the breaker now exceeds full line voltage of 1.0 per unit. (In the
example, given, 3V, = 1.28 per unit).

SLB & SLB-1 POLE FAILURE RELAYS

Examination of the preceding cases indicates that monitoring residual voltage
(3V,) or current (31,) allows detection of some dissymmetries, but these quantities
are not consistent indicators, nor are they unique in their ability to detect any particular
condition. Monitoring the three phase currents, however, with appropriate comparison
logic, could detect most conditions considered.

The relays, the SLB & SLB-1 (shown on Figure 7 and 8) were developed to provide
this protective function. Both of these relays monitor the three secondary phase currents,
sensing whether any is below a certain low threshold value (indicating an open breaker
pole) and at the same time that any other is above a substantially higher threshold value
(indicating a closed breaker pole).

Figure 9 shows the logic diagram for the two relays. The upper portion of the
diagram (outside of the dashed line) is for the SLB relay. The portion inside the dashed
line is added to the SLB to make up the SLB-1 relay. The reason for having the two
devices will be explained later.

SLB Relay

Considering first the SLB relay, Figure 9 shows that three voltage signals,
proportional to the phase current inputs Ipn, IR and Ic are each connected to an
I level sensor. The output of the sensor will change from a logic 1 (high) to logic O
(low) if the respective phase current exceeds the setting of the detector (shown as 20 MA
on the diagram). Note the inverted output.

The three current-proportional voltage signals are also connected together through a
maximim-voltage network (shown as OR in Figure 9) to the Iy level detector, whose
output changes logically from O to I if any of the three phase currents exceeds its setting
(shown as 300 MA on the diagram).

After a 15 ms time delay, the I detector output is ANDed with each of the three
inverted I outputs individually. A logic | output from any of these will start, through
the OR gate, the Ty disagreement timer, the setting of which will be discussed in a
iater section.




Now consider the behavipr of this circuit under balanced and unbalanced current
conditions. First of all, if the breaker to which the relay is connected is open so that all
phase currents are below 20 mA, all three I sensors will present a logic | to the "L"
inputs of their respective AND gates. But none of the currents will be sufficient to
operate the Iy level detector (300 mA), so input "H" of all three AND gates will be
zero. The relay will have no output.

Now suppose the line is symmetrically energized and is carrying charging or load
current in excess of 300 mA secondary per phase. Now the Iy detector will be picked
up and, after a 15 ms time delay, a logic | will be present at the "H" inputs of the AND
gates. However, all three [ sensors will have a logic 0 output and the pole
disagreement timer T still will not be energized.

Finally, consider a pole failure such that one phase, say Ip, is below I} (20 mA),
while another, such as Ig, is above Iy (300 mA). Ig will pick up the Iy level
detector through OR, and input "H" of the AND gates will be high after 15 ms. Now the
phase "A" I} sensor will not be picked up, so input "L" of AND 1 is also high. The
output of the phase "A" AND will start the pole disagreement timer Ty though OR.
After the user-set time delay expires, the relay will close its contacts.

Note that, as long as one phase current is above Iy and another is below I, the
relay will operate regardless of the value of the third.

The I level detectors have a setting range of from 15 to 100 mA. Since its
function is to indicate an open phase (or zero primary current) it should be set as low as
possible. Normally a setting of 20 mA is sufficient to override any CT errors due to lead
pickup from adjacent phases or backfeed from the CT's of a parallel load carrying
breaker. The factory setting of these detectors is therefore, 20 mA although it could be
raised to as high as 100 mA by the user if the CT error warrants it.

The I level detector of the SLB has a setting range of 50 to 200 mA. (Figure 9
shows a range of 100 to 500 mA which, as will be explained later, is for the SLB-1 relay).
Since its function is to indicate a closed breaker pole, it must be set below the minimum
current that would flow during normal operation. Normally load currents do not pose a
problem, but since it must also detect line charging currents, it should be set below the
charging current of the line connected to the breaker being protected. Tables I & II show
the charging current per mile in the good phase of different voltage lines for the single
pole closed and the single pole open conditions (see Figs. 5 & 6). Also shown in these
tables are the minimum line lengths that can be protected with an Iy setting of 65 mA.
These lengths are considered practical so a setting of 65 mA is recommended for most
applications.

SLB-1 Relay

The above 1 & Iy settings are wusually satisfactory for single-breaker
single-line applications since the current in any open pole will certainly be less than 20
mA and in any closed pole will almost always be above 65 mA. For breaker-and-a-half
and ring bus applications, however, problems have occurred under light system load
conditions. Impedance unbalances in the individual phases of the bus have produced
currents in one or two phases of less than 20 mA while the remaining phase or phases were
above 65 mA. Under this condition a false relay operation occurred.




The obvious solution to this problem is to raise th Iy detector setting, but this
impairs the sensitivity of the relay as far as detecting line charging currents is
concerned. Fortunately, as discussed in Cases A thru E above, there is another quantity
(3V,) that can be used to supervise the detection logic. As shown in Figure 9 this
supervision has been included in the SLB-1 relay. 3Vg is measured on both sides of the
breaker and when the difference (ABVO) exceeds the adjustable setting level of & to 20
volts (.05 to .16 p.u.) the medium set Iy4 level detector (with a 50 to 200 mA setting)
acts with the I detector to detect a failure. When A3V, is less than the 6 to 20
volts, the Iy detector (now with a 100 to 500 mA setting) works together with the I
detector to control timer To. TheAZVo detector also controls a second timer T
which will also be discussed in a later section.

RELAY OUTPUT FUNCTIONS

Figure 9 shows that there is one timer Tp and one output for the SLB relay and
two timers and two outputs for the SLB-1 relay. Actually two timers are also available
with the SLB relays; both having the same input but with different settings. The contact
outputs of the relays may be put to the following uses : alarm the operator, trip or re-trip
the local breaker or trip adjacent breakers to isolate the protected breaker.

Before selecting the time setting and output function of each of the timers, one
should consider the possible causes and conseguences of the operation. Considering first
the SLB-1 relay with the Ty & Tg timers, T} will be energized only when 3Vg
appears across the breaker. Since this indicates one or more breaker poles are open
without a paralleling shunting path, there is a distinct possibility of extensive breaker
damage. The time setting of T} should therefore be as short as possible; a setting of 50
milliseconds is recommended. Tripping of the faulty breaker may correct the problem but
it may not. It is therefore recommended that the T) output trip all the adacent
breakers to isolate the protected breaker.

If 3V is not sufficient to energize the T timer, then the faulty breaker is
probably not endangered, so fast tripping is not required. Ty should, therefore, be set
slower (i.e. 0.5 second) and its output arranged to sound an alarm and trip the faulty
breaker.

With the SLB relay, 3V, is not available to determine whether or not the faulty
breaker would be damaged so one must assume that it could. Since most cases of this sort
will involve fault current flow through the breaker, the back-up breakers will normally be
tripped by the local breaker failure relay in 9 to 12 cycles. As back-up to this scheme
therefore, Ty should be set at 0.25 seconds and its output arranged to trip the adjacent
breakers. If the second timer, T}, is used in the SLB, it could again be set at 50
milliseconds and trip the faulty breaker and sound an alarm keeping in mind that ground
faults at no load with equal positive and zero sequence distribution factors could cause a
false trip of the protected breaker. One high and two low currents result from the fault.

Longer times can avoid this problem but at the risk of possible breaker damage.




If single-or selective pole tripping is used, fast tripping must be disabled. This is
accomplished in the SLB-1 with the inhibitor circuit for T} as shown in Figure 9. Ty
must also be set longer than the total reclosing time of the single pole tripping scheme.
For the SLB, T} cannot be used and, again, Ty must be set longer than the single pole
reclosing time.

BEHAVIOR IN POLE FAILURE SITUATIONS

With the operating characteristics of the SLB & SLB-l relays established, the
behavior and limitations of the SLB-1 with respect to the pole failure cases discussed
earlier will be reviewed.

Case A - Closed Breaker - Closed Bus

The current in the open pole is zero, so I} is actuated. Since the current in the
closed poles are probably greater than Iy, To will be actuated and the faulty breaker
will be tripped and an alarm sounded. Since there is very little A3VO, Ty will not
operate to trip the backup breakers.

Case B - Closed Breaker - Open Bus - Loaded Line

If the pole is closed through the resistor, all three phase currents will exceed I
and relay detection will be delayed until the resistor burns clear. When it does and if
3Vg is less than the/A3V, setting of the SLB-1, then the faulty breaker will trip
through T2 and sound an alarm. If 3V, is greater than A3V, setting, then all the
back-up breakers will be tripped through T} in approximately 65 milliseconds (15 Plus
50).

Case C_ - Closed Breaker - Open Bus - Open Line

If the pole is closed through the resistor, again the relay will not operate. If the
resistor burns clear, 3Vy is definitely greater than the 3V setting and the backup
breakers will be tripped through T in 65 milliseconds. If the open pole flashes over
before T; operates, all three phase currents will exceed I & the relay will not
operate. Hopefully some other relay will operate before the breaker is destroyed.

Case D - Open Breaker - Closed Line

For this case, with the phase closed through the resistor, 3V, is quite small and
back-up breaker tripping will not occur, unless the resistor fails, shorting the phase. At
this time, the A\ 3Vy will become essentially equal to the voltage difference between
the two sources and if sufficienty large, initiate back-up tripping in 65 ms. If the resistor
fails open, no zero sequence voltage, nor pole disagreement current will exist and
detection is not possible.




Case E - Open Breaker - Open Line

For this case 3V, will definitely be greater than the SLB-1 3V, setting and the
backup breakers will be tripped through T in,65 milliseconds provided the fauited pole
current is high enough to operate I,.

LOSS OF CONDUCTOR APPLICATION

The SLB and SLB-1 relays possess a limited ability to detect and operate for a
conductor break, even if the establishment of a ground fault is delayed or does not occur
at all.

Consider a transmission line, whose terminating breakers are protected by SLB or
SLB-1 relays, carrying load current when a conductor breaks due to galloping or aircraft
collision. If the charging current for the portion of the line from one terminal to the
break is less than the | setting, the relay will sense the imbalance just as it would a
pole disagreement. For most EHV lines, this means that the relays will respond only to
breaks close to one of the terminals. For lower voltage lines whose charging current
approaches the [ setting range, the SLB or SLB-1 may be specifically applied for
loss-of-conductor protection. In this case the timer would be set to trip the breaker with
short enough delay so that load current would be interrupted before the broken conductor
hits the ground. The risk of personal injury and property damage beneath the break is thus
minimized, and a probable ground fault is avoided.

FIELD TESTS

Recent staged fault tests in Oregon on two 500 kV circuits proved the suitability of
the SLLB-1 concept. For several of the tests, single pole tripping of the circuit breakers
was used. By disabling the nomally present "single - pole trip" function of figure 9, this
fault condition simulated a pole disagreement condition for the relay. The low current in
one phase and high current in the two phases which were continuing to carry load, caused
the logic to be satisfied to produce a correct trip output in 65 ms, The remaining tests
consisted of three - pole - tripping of the breaker and for these, the SLB-1 correctly
refrained from operating.

Small differences in performance of the CCVT's on the two sides of the breaker
caused the 3V, setting of 6 volts to be exceeded. As a result of these test the
recommended setting was raised to 12 volts.




CONCLUSION

On certain occasions, circuit breakers can be subjected to unsymmetrical pole
operating conditions. This could occur (1) by failure in the tripping or closing systems of
breakers having separate independent mechanisms per phase (2) mechanical linkage
failures in single mechanism breakers, or (3) pole flashovers of open breakers due to
lightning or switching surges or loss of air or gas pressure. Such a condition can be
hazardous and can result in serious breaker damage, depending on line and bus operating
conditions at the time of failure. The operating characteristics of the pole disagreement
protective devices, the S5LB and SLB-1 relays, are effective in detecting these
dissymmetries. They are capable of reducing or preventing breaker damage, in most
cases, by tripping or isolating the protected breaker. They also afford a limited degree of
loss-of-conductor protection. Recent limited field tests showed the SLB-1 relay to be
secure and the concept to be dependable, offering a new sensitive level of breaker
protection.

TABLE |
MINIMUM LINE LENGTH LIMITATIONS - SINGLE POLE CLOSED
{for an Ipg or I setting of 65 mA)
Single Conductor Bundied Conductors
Voltage-kV 115 169 230 230 345 500 765
Current in
Closed Phase 0.32 0.45 0.63 0.82 1.23 1.78 2.7
Per Mile of Line
Min Length, Miles
2000/5 CT 81 57 40 32 21 14 10
800/5 CT 32 23 186 13 8 6 4
TABLE 0l
MINIMUM LINE LENGTH LIMITATIONS - SINGLE POLE OPEN
{for an Ipg or i setting of 65 mA)
Single Conductor Bundied Conductors
Voltage k¥ 115 169 230 230 345 500 765
Current in
Closed Phases 0.34 0.49 0.69 0.88 1.33 1.9 3.0
Per Mile of Line
Min Length, Miles
2000/5 CT 75 54 38 29 20 13 9
800/5 CT 30 21 15 12 8 5 3.5
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Figure 7
SLB Relay Front View
{Without Case)

Figure 8
SLB-1 Relay
Front View
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