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Executive Summary

Additional uprates are planned for both Brunswick Plant units over the next few years. A
report dated October 1996 detailed the results of the stability assessment for the first five
percent uprate of the units planned at that time and currently in place. It showed that the
Brunswick Units would be stable for a double-line-to-ground fault with backup clearing.
While limited Out-of-Step protection was deemed desirable for the first five percent
uprate, it was not required since the probability of instability was extremely small.

This present report details the analysis of transmission and plant stability for the extended
power uprates now planned for the Brunswick Plant. The analysis assumed gross outputs
for each unit of 1000 MW. The study results show that Out-of-Step (OOS) protection
(blocking) is required on all transmission lines terminating in the Brunswick Plant
switchyards. This should mitigate loss of off-site power issues resulting from tripping of
the lines for any occurrence of plant instability. Instability of one Brunswick unit can
result in instability in the second Brunswick unit also. Out-of-Step protection (tripping)
and an anticipatory OOS fast trip scheme on each generator will remove the unstable
unit(s) as quickly as feasible and mitigate issues of generator damage from instability and
loss of other area generation and transmission facilities.

The extended power uprates will worsen existing potential problems with oscillations.
The installation of power system stabilizers on both Brunswick units is needed to provide
the necessary damping for oscillations occurring after a system disturbance.

The extended power uprates are not anticipated to degrade grid voltage support for a
LOCA condition at the plant.

The following recommendations will allow the extended power uprates to be made while
providing adequate protection to the grid and plant.

e Install Out-of-Step protection and associated fast tripping protection on each BNP
unit prior to it beginning to operate at its Phase I output.

e Install a power system stabilizer on each BNP unit prior to it beginning to operate at
its Phase I output. Installation of a PSS on BNP1 can be deferred until the Phase II
uprate if the outputs of both BNP units are reduced to levels sufficient to maintain
adequate damping during known or planned remote line outages.

o Revise and expand the operating procedure for reducing BNP outputs during line
outages.

e FEnsure no automatic reclosing from the BNP terminal for a line fault until 15 seconds
or longer after the initial fault.
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Introduction

This report describes how the planned extended power uprates of the Brunswick Plant
generators will impact the stability of the transmission system and the plant. The
extended power uprates will reduce overall system stability, but measures are outlined
which mitigate problems created by the reduced stability margin. Out-of-Step (OOS)
protection to block opening of the transmission lines will be relied upon to mitigate loss
of off-site power issues. OOS tripping will be relied upon to mitigate potential generator
damage and disruption to other grid facilities remote from the faulted line. An additional
fast trip relay scheme will be used on each BNP unit which will trip the unstable BNP
unit connected to the faulted line faster than is feasible with OOS tripping alone. This
will be relied upon to limit instability to the unit connected to the faulted line. Power
system stabilizers will be relied upon to mitigate potential problems from post-
disturbance oscillations.
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Description of Brunswick/Wilmington Area Transmission System

The transmission grid serving the Brunswick Plant and the Wilmington area has changed
very little in the past fifteen years. Little change is anticipated for the next several years,
certainly over the period that the extended power uprates (EPU) will be completed. Each
Brunswick Unit has four 230 kV lines terminating in its switchyard. The lines emanating
from the Unit 1 switchyard terminate in the Castle Hayne, Delco, Jacksonville, and
Weatherspoon Plant substations. The lines from the Unit 2 switchyard terminate at the
- Castle Hayne, Delco, Wallace, and Whiteville substations. The Castle Hayne and Delco
substations are major stations in the Wilmington area. Three additional transmission
lines also connect the Wilmington area into CP&L’s Eastern System. These are the
Castle Hayne-Jacksonville, Cumberland-Delco, Sutton Plant-Wallace 230 kV Lines. The
Sutton Plant 230 kV switchyard is connected to the Castle Hayne and Delco stations and
also to the Wallace station. There is also some Sutton generation connected to the 115
kV lines connected into the Castle Hayne and Delco substations. The only other
generation in the vicinity is at Southport Cogentrix whose stub is connected to the
Brunswick Plant Unit 1 — Delco 230 kV East Line about 0.1 miles from the BNP 1
switchyard

Review of Previous Uprate Stability Results

A report produced in October, 1996 detailed the results of the assessment on plant
stability for the first uprate (105%) stage. The decreasing order of fault severity for the
Brunswick generation was: three-phase fault with delayed clearing, double-line-to-
ground (DLGR) fault with delayed clearing, three-phase fault with normal clearing, and
single-line-to-ground (SLGR) fault with delayed clearing. The report showed that the
plant was stable for a DLGR fault with delayed clearing (stuck breaker) condition when
the fault was close-in to the unit switchyard (>0.6 miles from the switchyard). It detailed
the need for limited Out-of-Step (OOS) protection to mitigate the consequences of unit
instability. The stability simulations done for that study showed that instability in one
Brunswick unit could also cause instability in the other unit. Several or all of the lines
into the unit switchyard(s) could also be tripped if the unstable unit was not removed
from the grid as quickly as possible. The installation of OOS protection (tripping) on the
unit step-up transformers and generators was recommended in the report.

Stability simulations done after the first uprate and with additional hypothetical
generation installed in the Eastern System showed potential problems with prolonged
oscillations. The installation of Power System Stabilizers (PSS) on the Brunswick Plant
units was shown to be an effective method to improve damping of these prolonged
oscillations, especially in light of known interest in further uprates to the Brunswick
units.
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Evaluation of Stability for Extended Power Uprates

Simulations have been run at peak and minimum off-peak load periods to envelope the
impact of EPU on plant and grid stability. Simulations for peak load periods use an
Eastern Control Area Load (ECAL) of 12000 MW. Minimum off-peak load cases use an
ECAL of 4000 MW. Unless otherwise noted, the gross outputs for both uprated
Brunswick Units are assumed to be 1000 MW. Preliminary assessment showed that
Brunswick Plant cannot remain stable for a DLGR fault with delayed clearing as seen in
the previous uprate. After obtaining a more accurate model for the Brunswick unit
excitation systems, preliminary simulations were re-run with the new model. These
simulations resulted in an increase in the magnitude of oscillations seen in the
preliminary simulations. Plots of the re-run simulations are in Appendices A1-A6.

Appendix A1 shows that one or both uprated Brunswick units can become unstable for a
DLGR fault for a fault just outside the unit switchyard if the fault is cleared by backup
protection (breaker-failure protection). This is due to the continued restriction on
maximum MVAR levels after EPU. The study done in 1996 for the first uprate of the
Brunswick units showed that a fault resulting in unit instability might also cause the other
Brunswick unit to become unstable and possibly result in the loss of one or more lines
connected to the unit switchyards. Simulations done for the EPU shows that OOS
protection is critical due to the increased risk from reduced stability margin. OOS
blocking is proposed at both terminals for all of the lines connected at the Brunswick
Plant switchyards. This should mitigate loss-of-offsite power issues. An OOS protective
scheme that will detect the out-of-step condition in the lines or unit step-up transformers
is proposed for the purpose of tripping the unstable unit(s) as quickly as feasible.
Because the OOS tripping protection may be too slow to prevent instability in generators
remote from the fault, an additional protective scheme will be used to give faster tripping
of the BNP unit connected to the faulted line. The additional protection will detect the
presence of a breaker-failure condition, a multi-phase fault, and a fault within a given
distance from the unit switchyard. It will use these conditions to anticipate that an
unstable condition exists for the protected generator. The protected generator can then be
tripped up to 0.5 seconds faster than possible with the OOS tripping protection alone.
The OOS protective schemes and the additional relay protection should mitigate damage
to the unstable generator(s) and disruption to other grid facilities in the
Brunswick/Wilmington area.

Appendix A2 contains the plots for simulations of normally cleared three-phase faults on
the Brunswick lines. The uprated Brunswick units do maintain transient stability (first
swing stability) for three-phase faults with normal clearing and SLGR faults with delayed
clearing for all postulated system conditions. A three-phase fault with normal clearing
envelopes a SLGR fault with delayed clearing for the Brunswick units. Even though the
Brunswick units will remain transiently stable for the three-phase faults with normal
clearing, prolonged oscillations of significant magnitude can occur for some system
conditions after the fault is cleared. Examination of the plots and Table I show that the
worst three-phase fault is on the Brunswick Plant-Weatherspoon 230 kV Line.
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Category C of Table 1A of the NERC Planning Standards shows that the grid should
remain stable for a SLGR fault with delayed clearing (Category C.7) and for a three-
phase fault with normal clearing during the outage of another transmission circuit
(Category C.3). This Category C.3 scenario has not been studied previously (for design
purposes) for evaluating the stability of the Brunswick Plant. (Stability simulations for
planned line outage conditions have been run for system operating studies, with the
criterion here typically being delayed clearing of a DLGR fault on a Brunswick line.) As
mentioned above, simulations show higher magnitudes for oscillations with the recently
acquired and more accurate BNP excitation system model than with the older and more
generic excitation system model. These results revealed that Category C.3 scenarios are
a concern at present plant output levels. Since an existing operating procedure, DTRM —
TP-12, requires a Brunswick unit to reduce its MW output during the outage of a
transmission line connected to its switchyard, simulations done outside the scope of the
EPU study were run to identify other lines whose outage would significantly impact
Brunswick Plant stability. Simulations of the enveloping three-phase fault (on the
Brunswick Plant-Weatherspoon line) during an outage of the Cumberland-Delco, Castle
Hayne-Jacksonville, or Sutton Plant-Wallace 230 kV Lines showed the worst outage was
the Cumberland-Delco 230 kV Line. Appendices A3-A6 include plots of oscillations at
peak and minimum off-peak load periods using the enveloping three-phase fault and line
outage condition. The pre-fault line outage increases the magnitude and decreases the
damping of the oscillations that occur after the fault is cleared.

Damping ratio is a measure of how well the magnitude of an oscillation decreases with
time. A stable oscillation with decreasing magnitude has a positive damping ratio.
Damping ratios between .01 (1%) and 0.0 (0%) are considered very poorly damped in
this report. Damping ratios between .01 (1%) and .03 (3%) are considered poorly
damped. A damping ratio of zero means the magnitude of the oscillation remains
constant over time. A negative damping ratio means that the oscillation’s magnitude will
increase over time and the system is unstable. Plans are to use a 3% damping ratio as the
minimum criterion for future generation projects. Future generation projects whose post-
fault oscillations have a damping ratio less than 3% will be required to install power
system stabilizers.

Appendix A3 shows plots for the enveloping three-phase fault with normal clearing
during the enveloping line outage condition at peak load periods. Table I shows a
damping ratio of 0.0027 for such a fault. Installing a PSS on Sutton 3 increases the
damping ratio to 3.61%. Putting the PSS on BNP2 or on BNP 1&2 increases the
damping ratio to 3.94% and 7.03%, respectively.

Appendix A4 shows plots for the enveloping three-phase fault condition at minimum off-
peak load periods. Damping is almost non-existent at a damping ratio of 0.02%.
Installing a PSS on BNP2 only or on BNP 1&2 increases the damping ratios to 3.09%
and 5.86%, respectively.

Appendix A5 shows plots for the enveloping three-phase fault and line outage condition
at minimum off-peak load periods. Brunswick Plant is transiently unstable for outputs
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above 930 MW (gross). BNP is transiently stable (1™ swing stable) at 930 MW gross
output on each unit, but becomes unstable when reclosing from the BNP terminal at 15
seconds after the initial fault. Putting a PSS on BNP2 (non-faulted unit) or on BNP 1&2
results in the BNP units remaining stable even after the 15 second reclosure. The
damping ratios of 2.78% and 5.76% show the potential of the PSS to improve overall
plant stability following the initial first swing.

Appendix A6 shows plots for the enveloping three-phase fault, both with and without the
enveloping line outage condition, at minimum off-peak load periods. BNP output
corresponds to that after Phase I of the BNP 1 extended power uprate. Without the line
outage, BNP1 rotor angle damping is poor with a damping ratio of 1.28%. Outaging the
Cumberland-Delco 230 kV Line prior to the fault decreases the damping ratio to 0.01%.
Installing a PSS on BNP1 brings the damping back within adequate range with a damping
ratio of 4.45%.

Replacement Generator Step-up Transformers

Stability simulations show that the impedance of any replacement generator step-up
transformers should have the same impedance on a 100 MVA base as do the present unit
step-up transformers. Significantly higher impedances will result in the BNP units being
unstable for a three-phase fault with normal clearing after EPU.

Output Levels During Line Outages

An existing system operating procedure, DTRM-TP-12, requires a BNP unit to reduce its
MW output for the outage of a line terminated at its switchyard. Utilization of this
procedure will continue after EPU. Post-EPU simulations show BNP1 will remain stable
for a three-phase fault with normal clearing at gross outputs of 750-880 MW, depending
upon the pre-fault line outage. Similarly, BNP2 will remain stable at gross outputs of
840-900 MW, depending upon the pre-fault line outage. Simulations also show it will be
necessary to reduce BNP unit outputs during some remote line outages, the most
enveloping case being reduction to 930 MW (gross) on each unit for outage of the
Cumberland-Delco 230 kV Line.

Pre-uprate simulations utilizing the more accurate BNP unit excitation system model,
discussed previously, revealed that power reductions on both units (to approximately
750-775 MW) might be required during a remote line outage.

LOCA Voltage Support and Reactive Issues

System operating procedures, DTRM-GP-24, exist to help maintain adequate voltage
support for a LOCA condition at the Brunswick Plant. These procedures restrict the
maximum gross MVAR outputs to 170 MVARs for Unit 1 and 130 MVARs for Unit 2.
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The maximum gross reactive capability anticipated after EPU is 220-240 MVARs.
Restrictions on unit MVARs for LOCA support are anticipated to continue even after the
uprates. Unit operation in the 220-240 MVAR range is only expected to occur for a short
time following a contingency until unit outputs can be adjusted to new system operating
conditions. Such a contingency may involve tripping one of the Brunswick lines,
tripping generation at the Brunswick or Sutton Plants, or tripping a 230 kV capacitor
bank. Area transmission and distribution capacitor banks will operate after any
contingency to restore area voltage to adequate levels. No additional capacitor banks are
required in the Brunswick/Wilmington vicinity specifically to offset the reduced MVAR
capability of the generators after the extended power uprate.

Operating the BNP units at the present generation voltage schedules will allow the units
to remain stable for three-phase faults with normal clearing after EPU. Assuming the
BNP voltage schedules and LOCA loads remain unchanged after EPU, the anticipated
EPU LOCA switchyard voltage is .0002-.0007 pu higher than at present output levels.
Thus the EPU is not anticipated to degrade grid LOCA voltage support.

Transmission Lines Ratings and Loading I.evels

Loadflow cases were run to determine the MVA loadings on the BNP lines at the plant
switchyards under various system conditions. The maximum MVA loadings here are
with BNP1 or 2 reduced as needed for line outages. The facility ratings are the minimum
line or equipment ratings from the BNP switchyards out to the first load points along the
lines.

Min. Line Max Line

Rating (MVA) Loading (MVA)
BNP1 - Castle Hayne East Line 637 567
BNP1 — Delco East Line 557 527
BNP1 — Jacksonville Line 590 370
BNP1 — Weatherspoon Line 557 226
BNP2 — Castle Hayne West Line 637 525
BNP2 — Delco West Line 557 484
BNP2 — Wallace Line 557 331
BNP2 — Whiteville Line 557 298

While there are facilities beyond the first load points with ratings lower than these given,
their ratings should not be a problem since the line loadings will be less at those facilities.
Analysis of the anticipated maximum loadings shows that any overload problems during
the outage of a Brunswick line will be of short duration. Reduction of the unit output in
accordance with operating procedures should correct any overload condition.
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Conclusion

Stability studies for the five percent uprate and for the EPU show the need for OOS
protection for the BNP units and its associated transmission lines. This OOS protection
becomes more critical for EPU because of the significantly reduced stability margin
compared to the five percent uprate. The OOS blocking protection for the lines will
mitigate loss of off-site power issues for the plant. The OOS tripping scheme and
additional protection scheme to speed up tripping of the unstable generator connected to
faulted line will mitigate damage to the unstable generator(s) and disruption to other grid
facilities in the Brunswick/Wilmington area.

A tabulation of the conditions studied and the damping of the resulting oscillations is
given in Table I. The damping ratios for faults for which BNP will remain transiently
stable after EPU are 0.02% - 2.16%. These values represent poor to very poor damping
of post-fault oscillations and demonstrate the necessity for power system stabilizers on
the BNP units. While there is a benefit to installing a PSS on Sutton 3, the benefit will be
lost when Sutton 3 is shutdown during low load periods. Installing a PSS on both BNP
units provides the most benefit to damping post-disturbance oscillations at all load levels.
This will also allow adequate damping should one PSS be temporarily out-of-service.
Installation of the PSS on the BNP units increases the output level at which BNP can be
operated and still remain stable during line reclosure attempts from the BNP terminals
following fault clearing. No automatic line reclosures from the BNP switchyards should
be attempted until 15 seconds or longer after the initial fault. This is necessary to
maintain transient stability and is the current design. Adequate control design will ensure
that this feature is not modified in the future.

Installation of a PSS on BNP1 for Phase I will allow adequate damping of post-
disturbance oscillations on the transmission system. The alternative to this will be to
have an additional operating procedure to reduce the outputs of both BNP units to levels
sufficient to maintain adequate damping during known or planned remote line outages.
Some preliminary simulations show BNP unit outputs may have to be reduced to 750-775
MW outputs (gross) each to maintain poor damping levels of oscillations for the
enveloping three-phase fault and line outage condition.

Any replacement generator step-up transformers should have the same impedance on a
100 MVA base as do the present unit step-up transformers.

The operating procedure requiring a reduction in BNP outputs during BNP line outages
will continue after EPU. Actually, the procedure will probably need to be expanded to
include additional line outages remote from the plant, but this will require smaller
reductions in unit output levels. Further study will be required to develop appropriate
output levels for the various remote line outages. The present procedure of operating so
as to maintain stability for delayed clearing of a DLGR fault on a BNP line during a
remote line outage lasting longer than a few hours should continue until OOS protection
is installed on the generator served by the faulted line.
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Restrictions on BNP reactive output levels will continue after EPU due to equipment
limitations and to LOCA support requirements. EPU is not anticipated to reduce grid
LOCA support capability.

Analysis of the anticipated maximum loadings on the transmission lines connected to the
BNP switchyards shows that any overload should be of short duration and manageable
through administrative controls.

Recommendations

Install Out-of-Step protection on each BNP unit prior to it beginning to operate at its
Phase I output. This should include the additional scheme to allow faster tripping of an

unstable generator than is possible with the OOS tripping scheme alone.

Install a power system stabilizer on each BNP unit prior to it beginning to operate at its
Phase I output.

Revise and expand the operating procedure for reducing BNP outputs during line
outages.

Ensure no automatic reclosing from the BNP terminal for a line fault until 15 seconds or
longer after the initial fault. This is critical for transient stability.
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BNP UPRATE FAULT DAMPING VALUES

Table 1

All faults are three-phase faults with normat clearing, with fault located just outside BNP switchyard

Oscillation parameters are for rotor angle for faulted BNP unit for t=20-40 seconds

BNP1/BNP2 Pre-fault
CaselD ECAL Gross Outputs Outages
BPEPRO1_A1.0UT 12000 1000/1000 none
BPEPRO1_A2.0UT 12000 1000/1000 none
BPEPRO1_A3.0UT 12000 1000/1000 none
BPEPRO1_A4.0UT 12000 1000/1000 none
BPEPRO1_A5.0UT 12000 1000/1000 none
BPEPRO1_A6.0UT 12000 1000/1000 none
BPEPRO1_A7.0UT 12000 1000/1000 none
BPEPRO1_A8.0UT 12000 1000/1000 none
BPEPRO1_A9.0UT 12000  1000/1000 Cumb-Delco
BPEPRO1_A16.0UT 12000  1000/1000 Cumb-Delco
BPEPRO1_A17.0UT 12000  1000/1000 Cumb-Delco
BPEPR01_A24.0UT 12000  1000/1000 Cumb-Delco
BPEPRO1_A18.0UT 4000 1000/1000 none
BPEPRO1_A19.0UT 4000 1000/1000 none
BPEPRO01_A20.0UT 4000 1000/1000 none
BPEPRO1_A13.0UT 4000 930/930 Cumb-Delco
BPEPRO1_A14.0UT 4000 930/930 Cumb-Delco
BPEPRO1_A15.0UT 4000 930/930 Cumb-Delco
BPEPR01_A21.0UT 4000 924/865 none
BPEPR0O1_A22.0UT 4000 924/865 Cumb-Delco
BPEPRO1_A23.0UT 4000 924/865 Cumb-Delco

Rev. 1

Faulted
Line
BNP1-Wsp
BNP1-Jax
BNP1-CH
BNP1-Del
BNP2-CH
BNP2-Wal
BNP2-Del
BNP2-Wht

BNP1-Wsp
BNP1-Wsp
BNP1-Wsp
BNP1-Wsp

BNP1-Wsp
BNP1-Wsp
BNP1-Wsp

BNP1-Wsp
BNP1-Wsp
BNP1-Wsp

BNP1-Wsp
BNP1-Wsp
BNP1-Wsp

Damping Oscillation Oscillation
Frequency Magnitude Miscellaneous Comments

Ratio

0.0091 0.87 12.4
0.0174 0.9 5.2
0.0188 0.9 5
0.0216 0.9 4.2
0.0209 0.9 4.1
0.0191 0.9 4.6
0.0207 0.9 4.4
0.0096 0.88 9.1
0.0027 0.81 15
0.0394 0.83 11.8
0.0703 0.87 27
0.0361 0.82 14.2
0.0002 0.88 11.1
0.0309 0.9 7.7
0.0586 0.87 0.7
0.0278 0.87 9
0.0576 0.88 1.4
0.0128 0.93 8.2
0.0001 0.85 11.7
0.0445 0.88 5.8

enveloping case

enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault
enveloped by BNP1-Wsp line fault

PSS on BNP2
PSS on BNP1&2
PSS on Sut3

PSS on BNP2
PSS on BNP1&2

reclosure attempt caused instability
PSS on BNP2
PSS on BNP1&2

Phase | uprate
Phase | uprate
Phase | Uprate; PSS on BNP1
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ECAL 400¢: BNP12l000+J)146 [GROSS): BNP2eI000+J1I19
SUT].2.,3 & SPTCGN DOWN; THREE PHASE FLT W/ NORMAL
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ECAL 4000:
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ECAL 400Q: BNP12930+J129
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