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OUT-OF-STEP BLOCKING AND TRIPPING AT
BRUNSWICK NO. 1 AND 2 NUCLEAR PLANTS

Steve Turner
Progress Energy — Carolinas
Raleigh, North Carolina USA

INTRODUCTION

Out-of-step relaying improves transient stability in the greater Wilmington area of
North Carolina after the output of both nuclear generators at Brunswick plant was
increased. The stability criterion is to prevent cascading outages following phase-to-
phase-to-ground faults with delayed clearing close to either generator high side bus.

CASTLE
HAYNE 70
WALLACE

A

DELCO

70O
T WHITEVILLE

WEATHERSPOON

WEST LINE

EAST LINE

EAST LINE
WEST LINE

SOUTHPORT

TO
JACKSONVILLE COGENTRIX

S

960 MVA 230 kv 960 MVA 230 kv

AN NAS A AN NA A

Fom VYTV L oM VYTV L

235 kV 235 kV

UNIT No. 1 Unit No. 2

FIGURE 1. BRUNSWICK NUCLEAR PLANT/GREATER WILMINGTON AREA ONE LINE

Each unit has four outgoing 230 kV overhead transmission lines to export power. The
two generators are located inside the same building but are electrically isolated from
one another. An independent power producer is connected to one of the outgoing lines
on unit number one.
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A separate numerical generator relay provides out-of-step tripping (OST) at each
generator. Individual numerical line relays were installed at each 230 kV line terminal
(both the plant and remote ends) to provide out-of-step blocking (OSB).

These OST and OSB relays function as a complete relaying system. The OST relay
protecting each generator trips the unit when an unstable condition is detected. Tripping
the generator protects the unit from damaging electromechanical forces and minimizes
wide fluctuations in system voltage and current that accompany power system
instability. The OSB relays block tripping of the phase distance relays for both stable
and unstable swings. Blocking prevents cascading outages on the transmission system
and preserves the integrity of offsite power sources to the nuclear plant.

All faults referred to in this paper are balanced three-phase unless otherwise noted.
OUT-OF-STEP BLOCKING (OSB)

The numerical line relay provides the following functions:
e Backup distance protection

e Backup time-overcurrent protection
Out-of-step blocking

The existing electromechanical directional comparison-blocking scheme was left in
place for all the 230 kV transmission lines. The OSB function starts carrier and blocks
Zone 1 phase distance elements.

Progress Energy chose a traditional approach using inner and outer characteristics to

block tripping during power swings. Figure 2A illustrates the OSB scheme that was
applied at each 230 kV transmission line terminal.
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FIGURE 2A. OSB CHARACTERISTICS FOR 230 kV TRANMSISSION LINES

OSB Functional Description

The numerical line relay measures the apparent positive-sequence impedance (Z; =
V1/l1). The OSB function starts a time delay on pickup timer (tosg) when Z; crosses into
the outer characteristic. The OSB function blocks tripping for selected zones of phase
distance protection if the timer expires before Z; crosses into the inner characteristic
(that is, the impedance trajectory is due to a stable swing). If Z; crosses into the inner
characteristic before the timer expires no blocking occurs (that is, the impedance
trajectory is due to a fault). Therefore, the relay discriminates whether to block or not
based on the speed of the apparent positive-sequence impedance as it crosses from
the outer to inner characteristics.
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FIGURE 2A. OSB TIMING
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OSB Settings Philosophy

The right-hand resistance reach setting of the outer characteristic is based on maximum
conductor ampacity and a conservatively low power factor. The right-hand resistance
reach setting of the inner characteristic is set just beyond the reach of Zone 2 phase
distance protection. This setting philosophy provides more time for the OSB function to
distinguish between a fault and a power swing.

The apparent impedance trajectory due to a fault typically requires less than one cycle
to move from the pre-fault load position to the post-fault position (assuming the
numerical line relay has a one cycle window for digital filtering). In comparison, the
apparent impedance trajectory due to a fast swing typically takes several cycles longer
to move from pre-fault to post-fault position. Therefore, setting tosg between these two
margins helps the OSB function properly distinguish between a fast swing and a fault.

OUT-OF-STEP TRIPPING (OST)
The numerical generator relay provides the following:
e Backup distance protection

e Inadvertent energization protection (generator no. 2 only)
Out-of-step tripping

The numerical generator relay operates in parallel with the existing electromechanical
generator protection.

Progress Energy chose a traditional approach using an offset mho characteristic and
one set of blinders to trip the generator during unstable swings. Figure 3A illustrates the
OST scheme that was applied for each nuclear generator.
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FIGURE 3A. OST CHARACTERISTICS FOR NUCLEAR GENERATORS
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OST Functional Description

The offset mho element and blinders operate on Z; as viewed looking out from the
protected generator terminals. The offset mho element (MHO_Z1) asserts when Z; is
inside its characteristic. The right-hand resistance blinder (RR_Z1) asserts when Z; is
on the left-hand side of its boundary. The left-hand blinder (RL_Z1) asserts when Z; is
on the right-hand side of its boundary.

The scheme detects an out-of-step condition by tracking the path of the positive-
sequence impedance trajectories as they pass through the operating characteristics:

e The scheme detects a swing when Z; moves into the region between the offset mho
circle and the right-hand blinder (labeled region A in Figure 3A).

e The scheme detects an unstable swing when Z; moves between the two blinders
and is bounded by the offset mho element (labeled region B in Figure 3A).

e The scheme starts a rising-edge-triggered timer (tost) when Z; exits the offset mho
circle (via region C in Figure 3A).

The numerical generator relay trips the corresponding unit after tost times out. The relay
protecting unit number one also sends a direct transfer trip to the local independent
power producer.

OST Settings Philosophy

Calculate the transfer impedance to construct the OST characteristics. The transfer
impedance is the equivalent positive-sequence impedance between the power system
on the high side of the step-up transformer and the nuclear generator terminals:

e Equivalent 230 kV system (Zs)
e Step-up transformer (jXr)
e Nuclear generator (jXq4', transient reactance)

Figure 3B is the transfer impedance (Zsys), which is the sum of the three impedances
listed above. The relay is located at the origin of the impedance diagram.
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Blinders
Draw lines at 30 degrees with respect to points A and B for Zsys as shown in Figure 3C
below. These lines intersect at an angle of 120 degrees on either side of Zsys. Blinders
RR_Z1 and RL_Z1 intersect the R-axis of the impedance diagram and pass through the
intersecting lines at an angle of 120 degree. The straight line in Figure 3C that bisects
the transfer impedance at an angle of 90 degrees corresponds to the positive-sequence
impedance trajectory.
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FIGURE 3C. DETERMINING THE REACH OF THE BLINDERS

The left-hand blinder reach was set closer to the origin after review of the transient
stability simulations revealed there were a few cases where the positive-sequence
impedance trajectory exited the mho circle but remained inside the operating region of
the left-hand blinder.
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Offset Mho Element

The offset mho element prevents unwanted operation during periods of light/no load, or
during any disturbance not associated with the nuclear generating unit. The forward
reach looks into the generator, and the reverse reach looks into the step-up transformer.
Both reaches are set with respect to the origin. The offset mho characteristic should
detect unstable swings due to the generating unit it is protecting. Typically the electrical
center of an unstable swing passes through the step-up transformer. For a weak system
the electrical center may pass through the transmission line(s) connected to the high
side of the step-up transformer.

Rising Edge Triggered Timer

After reviewing the positive-sequence impedance trajectory for each of the simulated
unstable trajectories, Progress Energy observed both the shortest and longest travel
times from RR_Z1 to RL_Z1. The OST function should adequately be able to detect
unstable swings due to the generating unit it is protecting.

The timer was set such that there is a small system angle across the generator circuit
breakers when they open to reduce shock. This delay is still fast enough to prevent the
unstable generating unit from dragging other parts of the adjacent area with it.
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FIGURE 3E. SMALL ANGLE ACROSS GENERATOR BREAKER WHEN TRIPPING

FAST TRIP SCHEME

The preliminary transient stability study revealed that phase-to-phase-to-ground
and three-phase faults close-in to either 230 kV bus coupled with circuit breaker failure
drives the corresponding generator unstable. A unique fast trip scheme was developed
to quickly trip the generator offline.

Each numerical line relay that provides OSB for the local 230 kV line terminals has a
dedicated scheme to detect the double contingency condition mentioned above and
initiate tripping. The nuclear generator on the same bus is cleared and a direct transfer
trip is routed to the independent power producer if unit number one is tripped. This
preventive action prevents the other unit and the adjoining area from also going out-of-
step.

Bus Arrangement
Each nuclear generating unit has double bus — double breaker arrangement for the 230
kV switchyard.

Single Contingency

A 230 kV circuit breaker failure at either nuclear generating unit constitutes a single
contingency. Suppose one circuit breaker fails to open for a fault. The corresponding
breaker failure scheme trips all the circuit breakers on the same bus as the failed
breaker to clear the line fault, and the three unfaulted transmission lines remain in-
service. The breaker failure trip asserts six cycles after the initial trip from the line
protection scheme; the corresponding circuit breakers require two cycles to open.
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Double Contingency

The double contingency occurs when the line fault mentioned above is close-in to either
nuclear generating unit and the fault type is phase-to-phase-to-ground or three-phase.
The close vicinity of the multi-phase fault for that duration (that is, nine cycles) drives
the generator unstable.

If a double contingency trip occurs, the nuclear generator goes out-of-step. The purpose
of the fast trip scheme is to prevent the unstable unit from dragging the other unit and
other parts of the immediate area out-of-step also. The fast trip scheme clears the
nuclear generator and sends a direct transfer trip to the independent power producer if
the fault is on a 230 kV line connected to unit number one.

Sequence-of-Events
Figure 4A below illustrates the sequence of events that must occur for a fast trip to
assert.

0 t1 t2 t3
1 | | |
I I I I
Line Line Relays Breaker Failure FQ§t
Foult Uperate Trip Trip

FIGURE 4A. SEQUENCE-OF-EVENTS FOR FAST TRIP SCHEME

e At time equal to ty, a close-in phase-to-phase-to-ground or three-phase fault occurs
on one of the 230 kV transmission lines terminated at either nuclear generating unit.

e Attime equal to t;, the corresponding 230 KV line protection operates and initiates
tripping of the line breakers for the faulted line. The circuit breakers should open
approximately two cycles later.

e If either line circuit breaker fails to open, the breaker failure scheme trips the circuit
breakers on the corresponding 230 kV bus at time equal to t,. The breaker failure
scheme is set to trip six cycles after the line protection operates.

e The fast trip scheme asserts at time equal to t3. The fast trip will occurs at the same
time the breaker failure trip occurs; therefore, t, and t; actually occur at the same
moment in time.

Fast Trip Scheme Logic

Each 230 kV transmission line terminal is equipped with a numerical line relay. Each of
these relays has been programmed to quickly trip the generator for a specific set of
conditions. The fast trip scheme asserts when the following two conditions occur:

e A phase-to-phase-to-ground or three-phase fault takes place close-in on a 230 kV
transmission line terminated at either unit,
e A breaker failure operation clears the multi-phase fault.

Page 9 of 166



ZUNE 4 PHASE

FAULT TYPE / t \__[0 ASSERT

IDENTIFICATION T1D0 TRIP

—te

T2D0

BREAKER FAILUREJ
TRIP

FIGURE 4B. SCHEME LOGIC DIAGRAM |

Figure 4B above illustrates the overall scheme logic. Zone 4 phase distance elements

are set to detect multi-phase faults close enough to the 230 kV bus such that they will

drive the nuclear generator unstable if not quickly cleared. Stability studies were run to
determine the appropriate Zone 4 reach settings for each 230 kV transmission line.
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FIGURE 4C. ZONE 4 REACH

Fault type identification logic verifies the fault type is either phase-to-phase-to-ground or
three-phase. If the multi-phase fault is cleared due to a breaker failure trip, the fast trip
scheme asserts a trip output to clear the corresponding nuclear generator. If unit
number one is tripped, the relay also sends a direct transfer trip to the independent
power producer.

Set time delay on pickup timer #1 (T1PU) equal to the breaker failure time delay (that is,
6 cycles). Time delay on dropout timer #1 (T1DO) ensures that a trip output asserts if a
breaker failure trip occurs. Additional time delay on dropout (T2DO) latches the trip
output.
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Detailed Description
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FIGURE 4D. SCHEME LOGIC DIAGRAM II
The fast trip scheme logic works as follows:

An output from AND Gate #1 indicates that Zone 4 phase distance elements (AB, BC,
and CA loops are all asserted) have detected a three-phase fault.

An output from OR Gate #1 indicates that Zone 4 phase distance elements (AB, or BC,
or CA) have detected a multi-phase fault. Fault type identification logic (internal to the
numerical line relay) prevents the phase distance elements from operating when a
single phase-to-ground fault occurs.

Ground is involved in the fault when the ground fault current level detector (50G)
asserts.

An output from AND Gate #2 indicates that Zone 4 phase distance elements detect a
phase-to-phase-to-ground fault.

An output from OR Gate #3 indicates a close-in phase-to-phase-to-ground or three-
phase fault occurs.

The output from OR Gate #3 starts a time delay on pickup timer (T1PU). The time delay
on pickup is set equal to the breaker failure time delay on pickup (that is, six cycles).
There is also a dropout timer (T1DO) to ensure the fast trip scheme asserts a trip output
if a breaker failure trip occurs; the delay on dropout is set equal to six cycles.

An output from AND Gate #3 indicates that a double contingency has occurred. The
output from AND Gate #3 asserts the trip output from the fast trip scheme. Use time
delay on dropout (T2DO) to latch the scheme trip output.

A nuclear generating unit must output 800 MW or more for instability to occur during this

double contingency. Therefore, each numerical line relay is supervised by the
corresponding numerical generator relay. A normally open output contact from the
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generator relay asserts when an underpower level detector picks up and disables the
fast trip scheme (input to AND Gate #3).

CT Saturation

CT saturation can occur at the plant for close-in faults on the 230 kV transmission lines
since the nuclear plant is a strong source. When both breakers are in-service at a line
terminal, each CT measures one-half total fault current during a line fault. If one line
breaker fails to open, its CT measures total fault current when the other breaker opens.
If a line breaker is out-of-service (for example, maintenance), the other CT measures
total fault current during a line fault.

230 kV BUS #1

BK1A [ ]

BK1B

T~

230 kV BUS #e
FIGURE 4E. BREAKER BK1A CT SATURATES DURING CLOSE-IN FAULT

Computer simulation demonstrated CT saturation occurs during close-in faults at the
plant when one breaker measures total fault current. CT saturation can adversely affect
the numerical line relay fault type identification logic; therefore, Zone 4 phase distance
elements are unreliable since the scheme may incorrectly operate for the wrong fault
type. Security is also compromised if the scheme logic incorrectly identifies the fault
type as three-phase or phase-to-phase-to-ground when the CT saturates.

Since CT saturation can occur during a breaker failure operation, the fast trip scheme
logic had to be modified to preserve both security and reliability. Figure 4F below
illustrates the modifications that were made.
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FIGURE 4F. SCHEME LOGIC DIAGRAM lli

If the fault type is single phase-to-ground or phase-to-phase for at least two cycles, the
output from OR Gate #2 is latched for 25 cycles. Therefore, if CT saturation occurs
unwanted tripping is prevented. This modification increases the security of the scheme.

If the fault type is three-phase or phase-to-phase-to-ground for at least two cycles, the
output from OR Gate #3 is latched for 20 cycles. Therefore, if CT saturation occurs
during a double contingency, the generator is still tripped. Should a breaker failure
operation occur, the generator trip signal coincides with the breaker failure trip since it is
in series with the breaker failure lockout relay auxiliary contact. This modification
increases the reliability of the scheme.

FUNCTIONAL TESTS

The relay settings for each 230 kV line terminal were tested to determine the
fastest swing the OSB function could detect. The test results were then compared with
the output from transient stability studies to check for proper operation.

Swing voltage and current were injected into the relays to test the OSB and OST
functions. This method helps determine the fastest slip frequency the relay can detect
(that is, boundary test).
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FIGURE 5A. OUTPUT FROM NUMERICAL LINE RELAY DURING OSB TEST

Figure 5A above illustrates the OSB test. As voltage decreases and current increases,
Z1 moves in towards the phase distance operating characteristics. Z; crosses inside the
outer characteristic (X6ABC) and starts the timer. The timer expires and asserts a
blocking signal (OSB) one relay processing interval prior to Z; crossing inside the inner
characteristic (X5ABC). Zone 2 (M2P) and Zone 3 (M3P) phase distance elements
assert later when Z; passes through the operating characteristics.
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Figures 5B1 and 5B2 above illustrate the generator slipping a pole. Here is the
sequence-of-events:

Initially the left-hand blinder (78R2) is asserted since Z; is to the right of the
boundary.

The relay recognizes a swing is in-progress (SWING) as voltage decreases and
current increases; that is, Z; crosses inside the offset mho element characteristic
(7821).

The relay declares the swing unstable (OOS) when Z; crosses to the left of the right-
hand blinder (78R1).

The left-hand blinder (78R2) drops out as the voltage begins to increase and current
decreases.

Z; exits to the left of the offset mho element characteristic (78Z1) and the time delay
on pickup timer starts.

The relay trips (OOST and TRIP) five cycles later when the timer expires.

CONCLUSIONS

Out-of-step relaying helps improve system stability.

Out-of-step blocking and tripping using traditional methods (for example, blinders)
have been successfully implemented in numerical relays. These techniques use
positive-sequence impedance measurements since power swings are typically
balanced three-phase events.

The blocking scheme described here blocks tripping of the 230 kV lines whether or
not a swing is stable. Blocking prevents cascading outages and preserves the
integrity of offsite power sources for the nuclear plant.

The first tripping scheme described here prevents one unstable generator from
dragging the other one along with it. The second tripping scheme provides
redundancy and fast tripping for close-in faults at the plant coupled with a breaker
failure.

Measure the fastest swing OSB relaying can properly detect by injecting swing
voltage and current. This is a boundary test.
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