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INTRODUCTION

At the Bonneville Power Administration (BPA), viclent failures of a 500-kV
air-blast type Power Circuit Breaker (PCB) are constituting serious safety
hazards, a danger to power system stability, and severe damage to adjacent
equipment. The statistics indicate that a large percentage of these failures
cannot be detected by conventional breaker failure relaying.

This paper will present the development of a new microcomputer Breaker Failure
Relay (BFR) for 500-kV Air Blast PCB's that -is based on BPA's past experience
with violent equipment failures since 1968. The paper will describe the
operation of a PCB from the point of view of a State Diagram, the BFR logic
design, the improvements in protection, on-line monitoring, and event
reporting.

DISCUSSION

500-kV PCB {peration

Most PCB malfunctions are mechanical in origin. BEHV PCB's that were designed
over 20 years ago are mostly Air Blast with single or multi-step trip or
closing resistors. Some circuit breaker designs have up to 96 contact
chambers, which must all operate within correct timing. If any one of the
interrupters fail (to open or close), the other ones may not be able to
support the recovery voltage.

Specific Problem. The statistics for 500~kV air blast PCB failures shown in
TABLE 1. indicate that a large percentage of failures happen during the CLOSE
cycle. BPA's standard breaker failure scheme does not operate in the close
cycle.

TABLE 1. »

Problem and Comments Percent of
Failures

1. Operating mechanism malfunction during the close 32%
cycle, one interrupting head remains open.
(Damage due to flashover occurs after the other poles
on the same phase close. The other two poles close
succegsfully.)
2. Trip or close resistor failure. Main contact in one | 28%
pole remains partially open. (Current flows through
the resistor until the resistor chamber explodes.)
3. Operating mechanism malfunction during the trip 16%
cycle, one interrupting head remains closed.
(Damage due to flashover occurs on the open poles of the
same phase. The other two phases open successfully.)
4. Viclent CT/PT failure. 8%
5. Contamination of air/oil conduits. 8%
6. PCB air system violent failure. 8%

Table 1. Violent Equipment Failure Summary for 500-kV Air Blast PCB's.
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500-kV PCB Operation

To maintain system voltage within limits during light load conditions,
selected lines on the BPA system are opened and closed routinely, thus some of
the PCB's have a high number of manual or supervisory TRIP/CLOSE operations.
The top ten 500-kV lines that are operated for voltage control are listed in
TABLE 2.

Specific Problem. The statistics in TABLE 2. indicate that the probability of
a breaker failure on many lines is the highest not during a fault, but during
routine manual or supervisory TRIP/CLOSE operations. BPA's standard breaker
failure scheme does not operate in the manual trip/close cycle.

TABLE 2.
Lines Used for Voltage Number Top
Control 9/1/87-9/1/88 of Times Ten
Buckley-Marion #1 26 5
Coulee-Raver #1 9 10
Grizzly-Malin #1 12 8
Grizzly-Malin #2 26 4
Hanford-Ostrander 54 3
John Day-Grizzly #1 14 7
John Day-Grizzly #2 21 6
John Day-Marion 174 1
Marion-Lane #1 124 2
Tacoma-Bell #1 11 9

Table 2. 500-kV Lines Used For Voltage Control in BPA.

500-kV System Protection

Typical 500-kV lines insulation level is 2 pu. Therefore, if the 500-kV PCB
fails during a routine TRIP or CLOSE and restrikes into an open line, the odds
are almost 100 percent that the restrike will initiate a primary phase to
ground fault through the rod gap at the other open end.

Specific Problem. BPA's standard relay scheme cannot detect this type of a
fault. A specific case of this phenomenon is described in APPENDIX A.

To guard against catastrophic failures, to provide protection under TRIP and
CLOSE conditions, and to save data for maintenance and troubleshooting, a new
microcomputer based BFR was developed by Schweitzer Fngineering Laboratories
in response to BPA specifications.

THE DEVELOPMENT OF THE PCB STATE DIAGRAM

The operation of a PCB from the point of view of a State Diagram is shown on
Figure 1. Around the circle, there are eight "states" the breaker occupies
throughout its operation.



Lines represent the state transitions, or paths, by which the breaker
changes state. States are assigned with physical significance to the
breaker mechanisms. External stimuli (e.g. trip or close commands) or

internal actions (e.g. successful close) cause the state of the breaker to

change.
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Figure 1. 500-kV Air Blast Circuit Breaker - Breaker Failure Relay State
Diagram.
State Purpose Protection
0 RESTART Determines breaker state at startup None required
1 OPEN Monitors close & failure while open B2, El
2 CLOSING Monitors close process Bl, B2
3 CLOSED Menitors trip & failure while closed A3, A4
4 OPENING Monitors open process Al/A4L
5 BUS CLEARING Monitors successful bus clearing Cc2
6 MODS ISOLATING Monitors successful isolation by MOD's (2
7 PCB ISOLATED Monitors MOD closure to allow RESTART C2
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The breaker normally operates by moving around the state diagram in a
counterclockwise (ccw) direction. If the breaker is in the OPEN state and
its close coil is energized, the mechanism of the breaker begins to move.
To accommodate the time taken by the physical processes of closing resistor
operation and main contact operation, the CLOSING state is defined. A
successful close leaves the breaker in the CLOSED state.

If the breaker is in the CLOSED state and if trip coil is energized, then
the mechanism begins to move again, opening the main contacts, and possibly
opening one or more trip resistor contacts. This interruption process takes
place in the OPENING state. A successful trip leaves the breaker in the
OPEN state.

Modes of Breaker Failure

The State Diagram shown in Figure 1. helps to identify the Modes of Breaker
Failure (i.e., ways a circuit breaker can fail). Once these Modes are
jdentified, we can find electrical means of detecting these failures. Since
the means of protection are State dependent, it makes sense to design a
breaker failure relay which determines the State of the circuit breaker from
external features, and applies the Mode of protection appropriate to that
State.

From the statistics of Violent Failure Summary in Table 1. and from circuit
breaker Electro-Magnetic Transient Program (EMIP) studies, the protection
logic was grouped into four Modes, named A, B, C, and E. ({shown on
Figure 1). The relay operates in one or more Modes at all times. The four
Modes are summarized in TABLE 3.:

TABLE 3,
Mode: Definitions
Al: Current leads trip fallure to trip scheme
AZ: Trip leads current failure to trip scheme
A3: Trip resistor thermal protection
Al Sensitive failure to trip scheme
Bl: Open/head failure to close scheme
B2: Close resistor thermal protection
C2: Control logic
El: Current while open protection

The current, voltage, and other measuring elements the A, B, C, and E Modes
employ are summarized in TABLE 4.

TABLE 4.
Current Elements
Al:50 Fast pickup/dropout overcurrent element for Al, A2 fast schemes
Ab:50 Sengitive overcurrent element
C2:50 MOD/86BF RESET sensitive overcurrent element
N :50 86BF RESET and current while open sensitive overcurrent element
(same as E1:50)
B1:87 Current unbalance element



TABLE 4 cont.

Voltage Elements

A3:59 Voltage differential element (AV) for trip and close resistor
thermal protection

B2:47Q Negative sequence overvoltage unit for loss of potential scheme

E1:59 Supervisory overvoltage element for current while open scheme
Vwarn

Overpower elements

A3:37

Thermal elements

A3:26 Trip resistor heat energy (temperature) detector, with settable
cooling time constant (RTC)
B2:26 Close resistor heat energy (temperature) detector, with settable

cooling time constant (RTC)

More States are included in the relay than in the breaker itself (Figure 1.)
to accommodate startup and to control the lockout relay.

THE BFR LOGIC DESIGN

The BFR performs various protective and control tasks depending on the state
of the circuit breaker. Inputs to the relay are current through each pole,
voltage across each pole, and auxiliary contacts. Qutputs for alarms,
pending failure, trip, MOD isolation, and other functions are provided.

This section describes the protective relaying logic functions. These are
then related to the State Diagram, shown in Figure 1. The lists of actions
associated with each state are given, showing how the protection is state
dependent, and how the relay determines the circuit breaker state.

Four Modes of failure to trip are first described. They are labeled Al-A4.

Failure to Trip~Current Leads Trip (Mode Al)

Figure 2a. shows a circuit breaker with four heads per pole, where two poles
remain closed after tripping under fault conditions. The two other heads
flashed over, thereby maintaining a fault current through the failed poles.

Figure 2b. shows the logic diagram for a scheme which is initiated when the
fast pickup/dropout element Al:50 picks up, followed by the assertion of the
TRIP input. After initiation, if the current does not allow the Al:50 to
drop out, the timer Al:62 expires, and tripping results. Current 1is
required to lead trip in this mode, to distinguish it from the A2 mode,
which involves sequential clearing.
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Figure 2. Failure to Trip During Fault Conditions (Mode Al).

Failure to Trip-Trip Leads Current (Mode AZ)

In a ring bus, for example, the current into the line passes through two
breakers in parallel. The current division between the two breakers is not
generally predictable.

Figure 3. below shows PCB-A undergoing a failure similar to the one
described in Figure 2. However, a large part of the fault current passes
through PCB-B. In this case, the Al:50 element will operate only after
PCB-B opens.

I, INITIAL 10%
SEQUENTIAL 100%

A ¥ E
ir

Ti IMITIAL 90%
SEQUENTIAL 0%

Figure 3. Ring Bus System with Sequential Current Change.
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In a ring bus system with sequential current change, the BFR logic first
receives the TRIP signal. Next, the overcurrent element Al:50 picks up.
The logic shown in Figure 4b. detects this condition. It is identical to
the Mode-Al logic, except for the B before A comparator.
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Figure 4. Failure to Trip During Fault Conditions (Mode A2).

Timer A2:62:2 is common to both schemes to ensure that Al or A2 initiates
for any fault causing the Al:50 to pick up. Timer AZ:62:1 can be set
shorter than the corresponding Al scheme timer Al:62, since the sequence B
before A indicates the relay is late in obtaining current. System stability
benefits from the shorter time setting, as it reduces the fault duration for
this type of breaker failure.

Failure to Trip-Resistor(s) Stuck Closed (Mode A3)

When one or more resistors remain inserted following a trip, the fully open
heads are not likely to withstand the added voltage stress and will flash
over. Current due to charging, load, or a fault continues to flow, and the
temperature of the resistors rises at a rate proportional to the power input
to the resistors. Eventually, the resistors may be destroyed. Figure 5a.
shows one pole of a circuit breaker with two stuck resistors and two heads
flashed over.
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Figure 5b. shows the logic of a scheme which detects this failure. The trip
resistor thermal model accepts the inputs of the current through the breaker
and the voltage across the breaker and computes power into the trip resistor.
The single node thermal model estimates the thermal energy stored in the
resistor, and includes cooling to ambient with a settable time constant.

Tripping occurs when the energy stored in the resistor exceeds the A3:26

setting.
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Figure 5. Failure to Trip During Fault Conditions - Trip Resistor Remain
‘Inserted (Mode A3).

The scheme does not depend on any Breaker Failure Initiate (BFI) inputs.
Security is enhanced by requiring the A3:59 (AVys), A4:50 (Ip), and A3:37
over—-power elements to all pick up before heating A3:26 is allowed. The A3:37
pickup value is the product of the overvoltage and overcurrent elements.

Settings for this scheme are:

1. The A3:59 (4V,) element 1is set to pick up for the product of the
minimum resistance and minimum current. Minimum current may be chosen to be
charging current. The setting is maintained above the uncertainty in the
differential voltage (AV,) measurement across the breaker.
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2. The A4:50 overcurrent element is set to pick up for the minimum current
expected.

3. The thermal limit for the tripping resistors is the basis for the setting
of the A3:26 element. For example, if the maximum thermal stress of the
ceramic resistors is 700 joules per cubic cm, and each disk has 225 cubic cm
of ceramic material, and there are 44 disks per resistor, with two resistors
per head, the maximum thermal stress per head is 13.86 MJ. A setting of about
12 MJ provides some derating.

4. The cooling time constant can be estimated as one third the time to cool
from maximum temperature to near ambient temperature. A time constant of one
hour might be expected.

Note that the A3 scheme depends on the availability of voltage across the

breaker, i.e., potential devices must be available on both sides of the
breaker if the A3 scheme is to be used.

Failure to Trip During Load or Line Charging Current Flowing (Mode-AL)

The trip failure shown in Figure 2. could occur when the load or charging
current is insufficient to initiate the Al or A2 schemes. Although the
perception is that such a trip failure does not pose much risk, it can be
potentially the most dangerous to system stability if a restrike occurs (see
discussion in APPENDIX A.), since it can lead to loss of major lines. Figure
6. shows a plot of the charging current versus line length for a 500-kV line.
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Figure 6. 500-kV Line Charging Curremt vs. Line Length.



Figure 7. shows the logic for this sensitive scheme. It is initiated by a
relay or a manual/supervisory trip in the presence of minimum current. A
longer time delay would be applied for security.
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Figure 7. Failure to Trip Logic During Load or Line Charging Current (Mode-A&4)

Charging current is about 3.5 A per mile at 500-kV. The A4:50 element may be
set down as low as 0.1 A secondary. With 2000/5 CT's, this implies a line at
least 12 miles long draws sufficient charging current to pick up this element.

Due to the relative magnitudes of the line charging impedance, stuck resistors
have a negligible effect on the line charging current. Therefore, this scheme
provides some backup to the stuck resistor thermal scheme (A3), especially
valuable when the differential voltage (AV) measurement is not available.

Two Modes of failure-to-close schemes (B1-B2) are included. One covers heads
stuck open, the other covers stuck closing resistors.
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Failure to Close, Head(s) Stuck Open (Bl)

Assuming that the open heads do not flash over, the condition can be detected
by current unbalance logic, shown in the block diagram of Figure 8. for pole A.

Current unbalance is checked for during a time window defined by timer
Bl:62:1, initiated by any CLOSE signal. When the currents are balanced, the
magnitude of each equals 1/3 of the magnitude sum of the three phases. If the
current in any pole is less than 1/8 - 1/64 the magnitude sum current (i.e.,
iess than 3/8 of the expected wvalue), then the currents are declared
unbalanced. One cause of current unbalance after closing is a fault.
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Figure 8. Phase Discordance Failure Logic - Close (Mode-Bl).

Thus the time window must be chosen, by the timer settings, to exclude switch
onto fault possibilities immediately after closing the breaker.

Failure to Close, Head(g) Partially Open (B2)

A failure similar to Figure 9a. where a closing resistor is switched in, but
the main contact fails to short it out, leaves current flowing through the
resistor. Figure 9b. shows the logic for a thermal scheme which is identical
to the A3 trip resistor thermal scheme, except for its settings. The trip
resistor model (A3) is driven whenever the breaker is closed and opening,
whereas the close resistor model (B2) is driven whenever the breaker is open
and closing. Thus the relay has six resistor thermal models.
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During staged fault tests we have discovered that during the Close cycle the
Capacitive Coupled Voltage Transformer (CCVT) generates a high frequency
differential voltage (AV), causing a "Phantom Heat' measurement in the B2:26
model. To reduce the CCVT transient AV effect during the CLOSE cycle,
additional digital filtering was added to the A3:26 and the B2:26 logic. A
Ywarn ALARM logic was added to detect CCVT degradation. The Phantom Heating
phenomenon is discussed in detail in APPENDIX B.
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Figure 9. Failure to Close Logic - Head(s) Partially Open (Mode-B2).

Current Flow While Breaker is Open (El)

When the circuit breaker is open, the flow of current in any pole indicates a
failure. The El scheme detects this failure.

For security, the scheme is only enabled when the initial voltage across the
pole in question (E1:59) is above 67 volts per phase secondary, i.e., greater
than 1 per unit. RMS voltages greater than 1 pu occur during synchronizing
and out of step events.

The A3:59 and the A4:50 elements set the sensitivity of the scheme. It is
designed for sensitivity and security at the expense of speed, as pickup and

dropout times are not critical.
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The remaining logic iu Figure 10. ensures that the scheme is applied only when
the breaker is truly open; not when it is opening or closing.
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Figure 10. Current While Open Logic (Mode El).

BFR Trip and Reset Logic (Mode C2)

Logic is provided to trip the 86BF lockout relay, to trip motor operated
disconnect (MOD) switches after the failed breaker is successfully isolated,
and to reset the 86BF lockout relay, readying the system for restoration.
Figures 11. and 12. show the block diagrams for this logic.
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Figure 11. B86BF Trip and Reset Logic (Mode-C2 Disabled).
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Two general courses of action are involved, depending on the setting for the
MODE C2. Figure 11. applies when C2 is Disabled; Figure 12. applies when C2

is Enabled.

When the (€2 scheme is Disabled, the only control provided by the C2 scheme is
automatic 86BF reset. The 86BF RESET output asserts when the following three
conditions for the three input AND2 gate in Figure 1l. are met:

1. No current is flowing (all three C2:50 elements are dropped out).
2. The 86BF TRIP Start condition is expired.

3. The 86BF TRIP timer (C2:62:1) expires, indicating that the set
time has passed since the 86BF trip occurred.

The 86BF RESET output remains asserted until the C2:62:3 timer expires one
second later.

When the (2 scheme is Enabled, Figure 12. applies, allowing automatic
isolation by tripping the MOD's. The 86BF RESET output is now controlled by
the output of the three input AND4 gate of Figure 1Z. Briefly, the sequence
of events for this logic is as follows: :

1. The MOD's are tripped when little or no current flows (all three
C2:50 elements are dropped out), and the 86BF TRIP timer
(C2:62:1) expires.

2. The 86BF RESET output asserts when the MOD STATUS input indicates
that the MOD's have opened, as long as the currents stay below
the three A4:50 elements pickup setting, and the MOD TRIP timer
is still running.
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Pending Failure Operation

The Pending Failure Output Logic is shown on Figure 13. The top input to the
ORl gate shows the three phase retrip feature. Input to the OR2 gate will
cause a PENDING FAILURE output.

DIRECT RETR®

ENABLE ]
TRIP & g L"""v AND RE TR
TRIP B {OR 1S |

TRIP

LE1) CURRENT WHILE OPEN' PENDING FAILURE

(Bi) PHASE OISCORDANCE PENDING FAILURE

OR?Z PENDING
FAILURE

(B2) CLOSBE RESISTOR PENDING FAILURE

(83) TRIP RESISTOR PENDING FAILURE

(a4} PENDING FAILURE TO TRIP

Figure 13. Pending Failure Output Logic.

MONITORING CAPABILITIES AND EVENT REPORTING

The SEL/BFR saves and reports data several different ways to aid in relay
installation, breaker maintenance, and scheme verification.

Event Reporting

Nine l4-cycle event reports show the voltages, currents, relay elements,
inputs, outputs, and the State Event path. An example of the report is given
in APPENDIX C. The reports trigger when usgser defined trigger conditions are
met. Triggering can be set up for analog or State/Event, input, or ocutput.

Relay History

The data saved by the relay are valuable for breaker maintenance. The relay
saves the 100 most recent trips, closes, and internally triggered events. The
relay saves these data for each event:

1. Ewvent number
2.  Type of event
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Mechanical operating time

Electrical operating time

Energy dissipated in the breaker spanning the l4-cycle window
Event date

. Event time

®

«

=3 U W

The data are saved in nonvolatile memory to ensure its integrity.
Heat Command

The thermal energy content of each of the six resistor thermal models can be
displayed one time or repetitively to aid in testing.

Meter Command

It displays the voltages across each pole of the breaker, and the current
through each pole of the breaker, to aid in testing and installation.

FUTURE DEVELOPMENTS AND APPLICATIONS

An international survey of Circuit Breakers [5] has confirmed BPA's experience
that the failure fate of 500-kV EHV Air Blast type Circuit Breakers is
significantly higher than that for breakers at lower voltage levels.

Hardware Improvements.

BPA is initiating a 10 year research and development program to improve
hardware design in the following areas:

1. Reduce moving parts to an absolute minimum. This will significantly
improve breaker reliability. During equipment evaluation, simpler
breaker designs will be given a higher technical merit.

2. Eliminate breaker trip/close resistors wherever ©possible by
installing Zn0 type surge arresters on EHV lines and staggering the
close/reclose time of the phases to reduce the recovery voltage.

3. For the moving and active components that must remain within the
breaker, develop and install transducers that can provide on-line
measurements during the trip/close cycle as shown on Figure 1. State

Diagram:

a. The travel distance/speed of the operating rod(s)

b. Leakage current through open contact

c. Leakage current to ground

d. Air consumption during the change of state (trip/close)
e. Pressure differential between phases

f. Pressure pump up time after change of state

g. Compressor running time after change of state

h. Hardware temperature at strategic points

i, Operating time
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Control and Protection

Future developments in control and protection that are beneficial to the power
system and to the circuit breaker hardware are listed as follows:

1. Controlled trip logic - the logic controls the breaker trip timing
delaying the trip command several milliseconds to ensure that the main
contacts part at the zero crossing of the fault current wave. This will
reduce contact wear. On the wunfaulted phases or during routine
three-phase trip, it is beneficial to leave a negative trapped voltage
charge (-ey) on the line. Note: lines with series compensation where
the series capacitor is Zn0 protected will have a significant amount of
trapped charge.

2. Controlled close logic -~ the logic measures the polarity of the trapped
voltage charge on the line and delays close time several milliseconds to
ensure that polarity of the incoming voltage ej,; 1is the same as the
trapped charge (e;). This will reduce the magnitude of the surge
voltage, or magnitude of capacitor bank inrush currents.

3. Staggered close logic - the logic closes the phases approximately 1 cycle
apart to reduce the magnitude of the surge voltage.

4, On-line diagnostics ~ BPA is planning more R&D to develop software for
On~Line Diagnostics. The design limits of a circuit breaker mechanical,
pneumatic, and the electrical hardware, as well as the timing performance,
are well defined and must follow a precise path during a change from TRIP
to the CLOSE state. The parameters during every TRIP/CLOSE cycle can be
measured and compared to the design limits of the breaker that is stored
in the computer memory.

From systems operations and maintenance viewpoint, it dis far more
beneficial not to have a BFR TRIP, but to detect and correct the
deficiency before it results in a breaker failure.

CONCLUSTONS
The microcomputer-based BFR relay advances the protection of circuit breakers
by providing protection for all states of the breaker, not just while tripping
for fault current.

Judging from the history of catastrophic failures of air blast type circuit
breakers, the biggest protection payoff will be the reduced damage of these
breakers, and the related benefit of increased safety to substation personnel.

Several relay schemes contribute to this protection: trip/resistor thermal

protection {A3), close/resistor thermal protection (B2), current/unbalance
protection (Bl), and sensitive/overcurrent protection (A4).
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The state/machine design approach is natural for breaker failure relaying,
since the protection must adapt to the Dbreaker state. The state/event
reporting makes the logic of the relay easy to follow. Both the user and the
designer benefit from these state/machine characteristics:

It is an orderly and structured design.

It is easy to modify, and to generate error-free code.

It provides precise state dependence for protection.

Event reporting of the state and event provides a concise description-of
the actions of the breaker failure relay.

5. A large number of logical and timing conditions, for three separate state
machines, are easily tracked.

ol oo
e & o

«

The breaker failure relays retain data from each operation. As these relays
are applied and the data they save are studied, we believe that new approaches
to breaker maintenance will be developed, which should save significant time
and money in servicing power circuit breakers.
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APPENDIX A

Wave Propagation Along Transmission Lines

Typical 500-kV lines insulation level is 2 pu. Therefore, if the 5300-kV PCB
fails and restrikes at one end of an open line with trap charge voltage close
to 1 pu, the odds are 100 percent that the restrike will initiate a primary
phase to ground fault through the rod gap at the other open end. The
phenomenon is described as follows:

When a voltage is applied to a transmission line, the energy wave will travel
with the speed of light. The relationship between the instantaneous traveling
voltage and current waves on the line is expressed:

e = ef + e, (1]
i=df - i, [2]
Note that the traveling voltage wave forward ey and the reflected voltage

wave e, are additive, while the current wave forward if and the reflected
current wave i, are subtractive.

By definition: if = eg/Z [3]
i, = e,./Z [4]
from which:
iZ = ef - e, [5]

Adding equations [1] and [5] together we have the expression for the
instantaneous voltage:

e + 1Z = 2 egf (6]

or
e = 2e¢ ~ iZ [7]

The Effect of Trapped Charge Voltage on the Traveling Voltage Wave

When the effect of trapped charge voltage ey is considered, the equation [7]
must be further refined.

e = 2ef - 1Z + ey [8]

Furthermore, the forward voltage "eg" traveling down the line is equal to
the voltage across the breaker just prior to closing, i.e., the input voltage
ein minus the trapped charge voltage eg.

es = (ejn ~ e¢) [9]
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from which the complete formula including the trapped charge voltage e;:

e = 2(eq, - ey) — iZ + ey [10]

Example: es, = +l pu, e = -1 pu find the voltage e at the open
end of a line:

e = 2[+1 - (~1)] -0 + (-1)] = +3 pu [11]

John Day Substation PCB 4134 Failure ~ August 16, 1988

Event Summary

On August 16, 1988, at 01:28 operations tripped the 500-kV John Day - Grizzly
No. 2 line for woltage control. At 01:29:16:020 when the last PCB 4134 was
tripped at John Day, the breaker A phase restruck. The voltage surge in turn
flashed the rod gap, creating a line-end, A phase-to-ground fault at Grizzly.

Specific Problem

The potential polarized directional ground overcurrent relay (W-IRD9) could
not detect the fault with two (B and C) phases open and one (A) phase
faulted. The polarizing potential for a normal phase-~to-ground fault that
produces a closing torgque is shown on Figure lda. The polarizing potential
with two poles open that produce an opening torque is shown on Figure 14b.

If polarizing current would have been available, the dual polarized relays
with two separate woltage and current polarizing elements would cperate
correctly wvia the current polarized directional element. Dual polarized
relays with single directional element, where both potential and current coils
are wound on a common core, have the two torgues cancel and they may not
operate.

At 01:29:17:988 the line KD41-Z3 relay three-phase contact closed, and at this
time PCB 4134 Breasker Failure Relay was enabled and the fault was cleared via

BFR TRIP. Postmortem review of this operation was determined to be ''very
desirable -~ but incorrect” mainly due to the design characteristic of the
KD-41 relay three-phase (I, - 3Io) element. The correct sequence of events

following this breaker failure should have been:

Sequence Event

$29:16:020 PCB 4131 restrike on A-phase

$29:16:020 A-phase to ground fault at Grizzly

$29:16:030 PCB 52/a contacts open. Ground relay polarizing (open
torque)

$29:18: Rest of the 500-kV lines coming into John Day relay at
their remote end terminals one by one in accelerating
order

$29:20: John Day Substation is dead.
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APPENDIX B

The Effect of CCVT Transients on Differential VYoltage Measurements

Quring the glose/reclose cycle of the PCB shown on Figure 15. when a line CCVT
1§ reenefglzed, there is a high frequency voltage component in the
differential voltage A4V oscillating for approximately 8 cycles until the

line CCVT is fully charged.

BUS PT LINE PT
4 | ®

- ~

Figure 15. PCB One line Diagram.

The effect of this high frequency AV oscillation during the trip cycle is
minimal. However, during the close operation there is a false indication of
heating, a ‘'phantom energy' measurement through the close resistor. To reduce
the CCUT transient effects, we have added additional digital filtering of the
AV data with a first order differentiator smoother, and a settable dead time
delay A3:62 to the Mode A3 and the Mode B2 logic.

The oscillograph of the high frequency CCVT transients of the differential

voltage  AVy, AVg  and  AVp measured during the 128/mile 500-=kV
Ashe-Marion line pickup test, is shown on Figure 16.
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MARPLZ
Currents

(amps)

IA IB
17 -117
167 ~6&7
—-dy 133
154 83
13 -117
167 -71
O 133
~154 &8
17 ~117
167 -67
0 133
~154 83
8 -96
146 21
29 8
-~113 8
8 4
121 8
O 8
-113 8
13 8
125 8
G 8
-117 8
13 8
125 8
0 8
-117 8
i3 8
126 8
0 13
-117 8
13 8
125 8
0 8
=117 8
13 8
129 8
0 8
=121 8

125
-67
108

8&

125
~67
-104
83

125
~-67
~104
88

117
~88
~75
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APPENDIX C

Date:/05/18/87
Voltages
(kV)

VB Ve
0.4 ~0.4
0.4 g.0
0.4 0.0
0.0 0.0
0.4 =04
0.4 0.0
0.4 g.0
0.0 G.0
0.4 ~0.4
0.4 0.0
0.4 0.0
6.0 0.0
4.8 =04
~10.5 0.0
~7.5 0.0
8.3 -9.0
g.4 6.8
-8.3 7.9
-5.0 -7.1
8.6 -7.8
9.4 6.8
~8.3 7.5
-9.0 -7.1
8.6 7.9
3.8 5.8
~8.3 7.9
~9.,0 ~7.1
8.6 -7.9
9.8 6.8
-8.3 7.9
~9.0 -7.5
8.6 7.9
9.8 6.8
~-8.3 7.9
-9.4 7.6
9.0 8.3
3.8 6.8
-8.3 7.8
-9.0 -7.6
8.0 -8.3
24

Time:/ 14:38:23

State
/event

SESESE
AABBCC

303030
303030
303030
303030

303030
303030
303030
303030

373730
373730
373730
373737

373737
373737
373737
373737

373837
373838
373838
373838

373838
373838
373838
373838

373838
373838
373838
373838

" 373838

373838
373838
37383D

3C3D3D
3C3D3D
3C3D3D
3C3D3D

3C3D3D
3C3D3D
3C3D3D
3C3D3D

Aux
532558325554
076907760087
AAABABBBC @
133341222NNN

el
e l7.n
A7

bl
ol f o

L
e o e @
d G e
e e e e

ool 7 0.
N A
7.
77,

x s s
= e & &
i B B RN
# & 2 @

wedl 7.
eed7..
col7e
eol7..

s s e
e 2 2 =
e N I
s e e

Y S
eo2700.772.
ced27..772.

00 272.772.

ves562..665,
51000115,
eeebles.115.

..512..115.

».515,.115.
..512..115.
..512..115.
..512..115.

...512..115.
...512,.115.
..512..115.
..512..115.

...512..115.
...012..115.
seebla..115.
s..51...115.

«.51...115.
...512..115.
..512..115.
..512..115.

..512..115.
...512..115.
..512..115.
..512,.115.

Outs Ins
88M5PA TTTCHM
6602FL PPPLZO
TRDB ABC AD
Ps v

...... TTT.5M
...... TTT.5M
...... TTT.5M



MARPLZ
Currents

(amps)

Ia IB
13 8
129 8
o &
-~117 2]
13 8
129 8
0 8
-117 8
13 8
129 8
0 8
-117 g
13 8
129 8
8 8

o 8

i3 8
129 8
8 a

] 8

4 ]

4 8

4 8

4 8

Types:/ TRIP3

AlE=Y
AZE=Y
A3ZE=Y
ALE=Y
BlE=Y
B2E=Y
C2E=Y
El1E=Y
DRetrip=Y
CTR=400.00
Topen=3.00
TIMEL1=5.00

Date:/05/18/87

APPENDIX C cont
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Time:/ 14:38:23

Voltages State Aux
(V) /event 532558325554
076907760097
IC VA VB vC SESESE AAAAABBBC Q
AABBCC 133341222NNN
13 .0 9.8 6.8 323F3F  ...512..115.
8 0.0 -8.3 7.9 5F5F5F ...512..115.
8 0.0 -9.4 ~7.5 S5FS5F5F «.512,.115.
13 0.0 8.6 ~7.9 SFS5F5F e512..115,
8 0.0 9.8 7.1 5F5F5F ...512..115.
8 0.0 -8.6 7.9 5F5F5F ...512..115.
8 0.0 -9.0 -7.5 SF5F5F ...512..115.
13 0.0 8.6 -8.3 S5F5F5F ...512..115.
13 0.0 9.8 7.1 5F5F5F ...512..115.
8 0.0 -8.3 7.9 5F5F5F ...512..115,
8 0.0 -9, 4 ~7.5 5F5F5F ...512..115.
13 0.0 9.0 ~8.3 S5F5F5F ..512,.115.
8 0.4 9.8 7.1 SF5F5F ...512..115.
8 0.0 ~8 .6 7.9 5F5F5F ...512..115,
8 3.0 ~7.9 -5.8 5F5F5F ...515..115.
8 0.8 9.0 -7.9 5F5F5F «o51...115.
8 0.4 9.8 7.1 5F5F5F ..512..115,
8 6.0 -8.6 7.9 5F5F5F ...512..115.
8 3.0 ~7.9 -6 .8 5F5F5F ...515..115,
8 0.8 9.0 ~7.9 5F5F5F .e51...115,
8 -10.5 6.4 4.1 5F5F5F R 5
8 0.0 -8.6 7.9 S5F5F5F P 7
8 10.1 -6.0 ~4.9 5F5FSF Towsonn 7
8 0.0 9.0 ~7.9 S5F5F5F 7eeeone 7
524 (cyele)y 2.00 IV/Time: (cycle) 12.25
50=10577. 62pu=6.00
62pu:l=6.00 62pus2=0.50 62do:2=15.00
59=5.00 26=2,00 RTC=1.00
50=70.00 62pu=8.00
62puzl1=15.00 62pus2=63.75 87=16.00
26=2.00 PF:26=67.00 RTC=1.00
50=70.00 62pu:1=300.00 62pu:2=300.00
62pu:2=5.00
PF:62=20.00
PTR=4500.0
Tecloge=13.00 Vwarn=3.00
TIME2=(.00 AUTO=2.00 RINGS=3.00

Outsg Ins
88M5PA  TTTCS5M
6602FL PPPLZO

TRDB ABC AD
PS V

Teeeoe senen M
Teveos sease M
Teveen oieen M
Tovnee covas M
T M
Teoeer cevee M
Tavose aenen M
Teooeo suuee M
Teooes onses M
Teeerns aevns M
Tooeee cusas M
Toveve ouees M
Teeoee cuens M
Teooee ceows M
Teeeer  venns M
Teoaee ovaas M
Tocoee oo M
Teveeo cuces M
N M
Teeoes viuen M
Toowee cavas M
Tecove wssus M
Toveee cunnn M
Tooewe oo0o.M

Energy (MJ):0.04

62pu=10.00

47Q=90.00



