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ABSTRACT

The offsite electric power supply, delivered via the electrical transmission grid and nuclear
power plant (NPP) switchyard, is the preferred source of power for normal and emergency NPP
shutdown. Since the deregulation of the electric power industry, NPP electrical distribution
systems have become more vulnerable to the effects of external transmission system faults
because most of those switchyards and transmission lines are no longer owned, operated, or
maintained by the same companies that own and operate the nuclear plants. Also, with the
exception of the North America Electric Reliability Corporation (NERC) standard NUC-001-2,
there is a lack of detailed industry-wide technical standards for (1) the interface between NPPs
and transmission/subtransmission networks; (2) the protection systems for the interface; and (3)
the maintenance of the primary and secondary equipment in the interface.

As part of a research program sponsored by the NRC Office of Nuclear Regulatory Research,
the effects that electrical faults and other disturbances originating on the electric power grid can
have on the availability of offsite power sources and the performance of the NPP are studied. A
review of NPP switchyard configurations, transmission grid interface configurations, and their
electrical protection systems was undertaken to better understand the dynamics of the
interconnection between the NPP onsite and offsite power systems.

Several simulation models were developed based upon actual NPP power distribution systems,
their transmission system interfaces, and electrical protection systems using power system
analysis software. An event tree type approach was followed in developing the simulation study
scenarios and contingencies in the analyses. The importance of maintenance on the response
of the electrical protection systems to external fault events was considered.

Conclusions and observations are presented for improving the response of electrical protection

systems to an external fault in order to minimize the occurrence of a loss-of-offsite power and
nuclear plant trip.






FOREWORD

The offsite electric power supply, delivered via the electrical transmission grid and nuclear
power plant (NPP) switchyard, is considered to be the most reliable electric power source for
safe operation and accident mitigation in nuclear power plants (NPPs). It is also the preferred
source of power for normal and emergency NPP shutdown. If the loss of the offsite electric
power system is concurrent with a main turbine trip and unavailability of the onsite emergency
ac power system, a total loss of ac power occurs, resulting in a station blackout (SBO) condition,
which is one of the significant contributors to reactor core damage frequency.

Since the deregulation of the electric power industry, NPP electrical distribution systems have
become more vulnerable to the effects of external transmission system faults because most of
those switchyards and transmission lines are no longer owned, operated, or maintained by
companies that have an ownership interest in the nuclear plants. Instead, the switchyards are
now maintained by local transmission and distribution companies, which may not fully
appreciate the issues and regulatory requirements associated with NPP safety and security.
Maintenance practices may also be inconsistent among these companies. In addition, circuit
breaker components (i.e., relays, contacts, and circuit breaker opening/closing mechanisms)
and other Transmission and Distribution (T&D) equipment may not have the level of
maintenance that would be available through a NPP owner/operator. Inadequate maintenance
of these components could affect the detection and mitigation of faults, which could, in turn,
delay protective actions at NPPs.

A review of NPP switchyard configurations, transmission grid interface configurations, and their
electrical protection systems was undertaken to better understand the dynamics of the
interconnection between the NPP onsite and offsite power systems. In addition, the various
types of protection systems for the main generators, electrical buses, power transformers, and
electrical transmission lines were reviewed.

Examples of recent transmission system fault events that resulted in NPP trips and/or Loss of
Offsite Power (LOOP) were studied in detail to identify the potential system design, operation
and maintenance vulnerabilities that may have contributed to these outcomes. Several of these
examples were selected for more detailed study using power system analysis software tools.
Simulation models were developed using Electric Transient and Analysis Program (ETAP)
software based upon the actual plant distribution systems, switchyard design, and transmission
system interconnections. An event tree type approach was followed in developing the
simulation study scenarios and potential contingencies.

The Federal Energy Regulatory Commission (FERC) is the federal agency responsible for the
regulation of wholesale interstate electric power transactions on the transmission system. In
this role FERC approves and enforces the electric reliability standards developed by the North
American Electric Reliability Corporation (NERC). NERC provided input to this report.

NERC Standard NUC-001-2 specifically requires coordination agreements between the
operators of nuclear generating stations and transmission owners/operators for the purpose of
ensuring that reliable sources of offsite power are available for the safe operation and shutdown
of NPPs. The conclusions and observations in this NUREG/CR will serve as a reference to
NERC in the future development and revision of standards that address the interface between
nuclear power plants and the electric power grid.



In light of the above issues, this research evaluates the effects that electrical faults originating
on the offsite electric power grid can have on the availability of offsite power sources and the
performance of the NPP. The objectives of this research project are to: 1) develop a better
understanding of the current power system protection in NPP electrical switchyards, 2) identify
the electrical system vulnerabilities that contribute to electrical fault propagation into the nuclear
plant’s switchyard, and 3) serve as a knowledge base for NRC staff to evaluate events that take
place on the electric transmission system beyond the regulatory reach of the Nuclear
Regulatory Commission (NRC).

Vi
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EXECUTIVE SUMMARY

The offsite electric power supply, delivered via the electrical transmission grid and nuclear
power plant (NPP) switchyard, is considered to be the most reliable electric power source for
safe operation and accident mitigation in nuclear power plants (NPPs). It is also the preferred
source of power for normal and emergency NPP shutdown. When offsite power is lost, standby
power supplies, such as emergency diesel generators, provide onsite emergency alternating
current (ac) power. If the loss of the offsite electric power system is concurrent with a main
turbine trip and unavailability of the onsite emergency ac power system, a total loss of ac power
occurs, resulting in a station blackout (SBO) condition, which is one of the significant
contributors to reactor core damage frequency.

Since the deregulation of the electric power industry, NPP electrical distribution systems have
become more vulnerable to the effects of external transmission system faults because most of
those switchyards and transmission lines are no longer owned, operated, or maintained by
companies that have an ownership interest in the nuclear plants. Instead, the switchyards are
now maintained by local transmission and distribution companies, which may not fully
appreciate the issues and regulatory requirements associated with NPP safety and security.
Maintenance practices may also be inconsistent among these companies. In addition, circuit
breaker components (i.e., relays, contacts, and circuit breaker opening/closing mechanisms)
and other T&D equipment may not have the level of maintenance available through a NPP
owner/operator. Inadequate maintenance of these components could affect the detection and
mitigation of faults, which could, in turn, delay protective actions at NPPs.

The current research project, being performed under contract to the United States Nuclear
Regulatory Commission’s Office of Nuclear Regulatory Research (NRC/RES), takes a detailed
look at the effects that electrical faults and other disturbances originating on the offsite electric
power grid can have on the availability of offsite power sources and the performance of the NPP.
The objectives of this research project are to: 1) develop a better understanding of the current
power system protection in NPP electrical switchyards and 2) to identify the electrical system
vulnerabilities that contribute to electrical fault propagation into the nuclear plant’s switchyard.

The purpose of this study is to demonstrate and verify through modeling and simulation that
precise and faster clearing of faults can in fact limit damage and improve plant ride-through,
which is one of the main reasons for developing and deploying telecommunication-based relay
schemes. The practical application of this approach into an existing protection scheme, which
would be the equivalent of upgrading to a faster protective relay, would of course have to be
analyzed carefully to take into consideration the coordination of all affected protection system
timing intervals as well as the effects that the tripping of transmission element(s) can have on
system stability. The high speed, precision, and reliability of telecommunication-based
protection now being deployed allows I1SOs, utilities, and NPP operators to take advantage of
the potential improvements that faster clearing times can provide as we have shown in the study.

A review of NPP switchyard configurations, transmission grid interface configurations, and their
electrical protection systems was undertaken to better understand the dynamics of the
interconnection between the NPP onsite and offsite power systems. In addition, the various
types of protection systems for the main generators, electrical buses, power transformers, and
electrical transmission lines were reviewed.

Examples of recent transmission system fault events that resulted in NPP trips and/or LOOPs
were studied in detail to identify the potential system design, operation and maintenance
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vulnerabilities that may have contributed to these outcomes. Several of these examples were
selected for more detailed study using power system analysis software tools. Simulation
models were developed using ETAP® power system analysis software based upon the actual
plant distribution systems, switchyard design, and transmission system interconnections. An
event tree type approach was followed in developing the simulation study scenarios and
potential contingencies. Typical protection schemes were assumed for comparison when
performing the simulation scenario analyses.

In addition, the importance of electrical protection system maintenance on the performance of
the electrical protection system response to external fault events was considered. Several of
the recent operating experience examples of significant NPP trip and LOOP that were studied
during this project were the result of inadequate electrical protection system maintenance.

Several of the important observations and conclusions that were identified during the NPP
reviews and the power systems modeling and analyses conducted for this project are:

¢ Simulation studies confirmed that the faster an external transmission grid fault could be
detected and isolated (without compromising the balance between security and
dependability), the less severe the effect of the transient experienced at the NPP
switchyard bus. The closer a fault is to the NPP switchyard the greater the effect on the
NPP.

¢ Rapid detection and clearing of grid electrical faults helps to minimize the effects of a
prolonged electrical transient that could lead to a NPP trip. The sudden loss of the
voltage and real/reactive power support provided by the nuclear plant’'s main generator
is itself a potentially destabilizing event that can potentially lead to an extended
degradation of system voltage at the NPP switchyard and resulting in a LOOP following
a trip of the plant.

o Electrical protection schemes using telecommunications (pilot relay schemes) provided
the fastest and most reliable protection for transmission line circuits, and per the results
of the simulation studies, they helped to minimize the effects of external faults as seen
from the NPP switchyard. Improvements in the performance and reliability of multi-
function digital protective devices, together with the lower costs and high reliability of the
various modern communications links that are currently available, have made relaying
protection schemes using telecommunications the preferred method for transmission
protection.

¢ In general, protective schemes have already been designed and coordinated to detect
and isolate faults as rapidly as the equipment will allow. It may be possible to adjust the
settings of existing Zone 2 and Zone 3 protective relays and minimize intentional time
delays in the protective schemes to achieve a more rapid protection system response.
In this case, Zone 3 protective schemes will function as an anticipatory trip, as discussed
in Section 4.3.2.3. As a point of emphasis, consideration of anticipatory Zone 3
protection schemes must be very carefully analyzed to be balanced against coordination
with neighboring protection schemes to ensure that disruption to the system is minimized.

Based on the reviews and analyses of the simulation model studies with regard to the effects of
external electrical faults on nuclear power stations, the following observations are offered to
maintain the highest reliability of the electric power grid while continuing to maintain and
improve the safe and reliable operation of nuclear power plants. Any change or actions taken
on the bases of the conclusions and observations put forward in this document must be
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carefully analyzed for the specific application to assure that the balance between security and
dependability is not compromised.

Simulation studies confirmed that the faster an external transmission grid fault could be
detected and isolated, the less is the effect of the transient experienced at the NPP
switchyard bus. Reviewing the settings of protective relays and intentional time delays
in existing electrical protection schemes may be practical to determine whether
modifications can be made to achieve a more rapid protection system response without
compromising the balance between security and dependability. In particular, when the
primary protection scheme fails, the backup scheme becomes critical to isolate the
fault(s) and the intentionally built-in time delay of the backup scheme significantly
prolongs the clearing time. Under this situation, if the time delay can be minimized, the
impact that a fault at or close to the NPP switchyard will have on the normal operation of
NPPs can be significantly reduced.

In general, analyzing the impacts that various protection system scenarios will have on
the ability to meet the Nuclear Power Interface Requirements (NPIRs) presented in
NUC-001-2 for nuclear power plants may improve the technical basis when altering or
upgrading existing electrical system protection schemes. Faster fault clearing generally
results in improved system performance, but this enhancement may only be valid if other
transmission system elements are not tripped in addition to the faulted element.
Therefore, careful consideration must be given to the proper setting and coordination of
the time delays for tripping transmission and switchyard components to ensure a
balance between security and dependability.

Electrical protection schemes using telecommunications (pilot relay schemes) provide
the fastest and most reliable protection for transmission line circuits, and per the results
of the simulation studies, they helped to minimize the effects of external faults as seen
from the NPP switchyard. Therefore, incorporating protection schemes using
telecommunications is an option worth considering when replacing or upgrading existing
transmission line protection systems, particularly for lines that are in the zone of
influence of the NPPs.

The use of electrical protection systems using telecommunications as part of the breaker
failure and backup protection schemes for NPP switchyards and associated
transmission circuits may improve the reliability of the protection system. The high
speed, sensitivity, and reliability of protective relaying using telecommunications in
backup protection helps to minimize the effects of primary protection failures.

Reliability in switchyards incorporating the breaker-and-a-half bus arrangement could be
improved for the most critical transmission circuits and the main generator connection by
modifying the circuit breaker arrangement for those connections to a full double-bus,
double-breaker arrangement.

Incorporating the NPIRs into transmission system studies affecting NPPs as stated in
NERC Reliability Standard NUC-001-2 may identify and address contingencies that
require the application of mitigation plans to avoid loss of offsite power events (LOOPS).

Improving the reliability of primary protection of the NPP switchyard protection systems
can help them cope with the fault more effectively. This can be achieved by using
redundant protective equipment such as dual relays, circuit-breakers, and
telecommunication channels.
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It also needs to be pointed out that redundancy is often defeated by common cause
failures even for the redundant equipment of diverse designs. Hence, adjusting the
settings of existing protection systems to reduce and/or avoid time delays, especially
those of the backup protection schemes, is still considered necessary and very important
even while increasing the redundancy of NPP switchyard protection systems.

Conducting grid transient analyses to identify those relays and contacts that can have a
significant impact on conditions at the NPP switchyard buses may provide valuable
insights when reviewing or updating the protection schemes at or near the NPP
switchyard.

As a consequence of the above observations, it follows that protection systems and
equipment in selected nearby switchyards, transmission lines, substations, and large
generating units (that have been shown by analysis to have a significant impact on
nearby NPPs), may be subjected to a more frequent and augmented level of inspection,
testing, and preventive maintenance without compromising the balance between security
and dependability. This would be in keeping with the offsite power reliability and grid
stability objectives that NRC, in cooperation with FERC and NERC, has been trying to
achieve.

Several recent events examined as part of this study were caused by or exacerbated by
inadequate protection system maintenance. A comprehensive review of external fault
events may be worthwhile to update the results of earlier studies that compared grid
reliability and performance prior to, and after deregulation of the electric utility industry.
This would help to verify the effectiveness of FERC and NERC efforts to improve grid
reliability through standards, regulatory enforcement, and cooperative activities with
NRC. It would also provide a quantitative measure of the current status and
performance trends of the electrical transmission grid with respect to the negative effects
of aging T&D components and equipment, overloading of limited existing transmission
resources, aging degradation electrical protection systems, increased overall demand,
increased peak demand, and inadequate development of new transmission system
capacity.

Efforts to identify necessary changes to the FERC/NERC standards that address
protective relaying schemes and the nuclear plant interface with the transmission grid
may be worthwhile. Combined efforts from the NRC, FERC/NERC, the nuclear industry,
and affected transmission system operators could lead to the development of industry-
wide standards for: 1) the interface between NPPs and the transmission (or
subtransmission) networks, 2) the electrical protection schemes for the interface, and 3)
the maintenance of the primary and secondary protection equipment at the interface.

In this study, blocking of automatic reclosing of circuit breakers in the electrical
protection zones immediately adjacent to the NPP was found to minimize the risk of
tripping the NPP due to an uncleared permanent fault. Experience has shown that in
many applications automatic reclosing, when supervised by a synchronism check relay,
may improve electrical grid stability and continuity of the offsite power supply by
improving the availability of stabilizing transmission system elements. In practical
application, the decision to enable or block automatic reclosing in the vicinity of a NPP
should be based upon a technical analysis and evaluation of the risks of reclosing into a
fault versus the risks of prolonged operation with a transmission line out of service.
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Monitoring the switchyard and transmission line protection system relays and fuses that
would alert operators of the occurrence of failures in the protection system may lead to a
more robust level of protection. Several of the operating experience examples of NPP
trip and LOOP in this study could have been avoided if circuit failures in the protection
system had been detected immediately and corrected before they were challenged.

It is important that the NPP switchyards be reviewed and treated differently than the
regular switchyards/substations in the transmission network in terms of design,
operation, and maintenance in order to achieve improvement in the reliability of the
NPPs and subsequently reducing the risk associated with tripping NPPs due to external
electrical faults.

Since the transmission system and the grid are owned and operated by other entities, it
is the responsibility of the NPP owners to ensure that NPP design requirements,
modification, and enhancements required to maintain a reliable and stable electric power
system including inadvertent trip of NPPs are identified and communicated promptly to
the respective transmission and grid operating entities.
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1 INTRODUCTION

The offsite electric power supply, delivered via the electrical transmission grid and nuclear
power plant (NPP) switchyard, is considered to be the most reliable electric power source for
safe operation and accident mitigation in NPPs. It is also the preferred source of power for
normal and emergency NPP shutdown. When offsite power is lost, standby power supplies,
such as emergency diesel generators, provide onsite emergency alternating current (ac) power.
If the loss of the offsite electric power system is concurrent with a main turbine trip and
unavailability of the onsite emergency ac power system, a total loss of ac power occurs,
resulting in a station blackout (SBO) condition [10 CFR 50.63], which is one of the significant
contributors to reactor core damage frequency.

Since the deregulation of the electric power industry, NPP switchyards have become more
vulnerable to the effects of external transmission system faults because most of those
switchyards are no longer owned, operated, or maintained by companies that have an
ownership interest in the nuclear plants. Instead, the switchyards are maintained by local
transmission and distribution companies, which may not fully appreciate the issues and
regulatory requirements associated with NPP safety and security. Maintenance practices may
also be inconsistent among these companies. In addition, circuit breaker components (i.e.,
relays, contacts, and circuit breaker opening/closing mechanisms) and other T&D equipment
may not have the level of maintenance available through a NPP owner/operator. Inadequate
maintenance of these components could affect the detection and mitigation of faults, which
could, in turn, delay or fail protective actions at NPPs.

The electrical transmission grid protection system is designed to isolate or clear electrical faults
as rapidly as possible in order to prevent the propagation of a minor electrical disturbance into a
more serious and wide-reaching system transient that challenges system stability and affects
large portions of the transmission grid. Severe system transients can potentially lead to tripping
of nuclear generating units and/or losses-of-offsite power (LOOPSs), which are the preferred
power source during normal and emergency NPP operation. Mitigating the effects of external
electrical faults is therefore an important factor in maintaining nuclear plant safety. This study
will examine electrical protection schemes in NPP switchyards in order to identify ways to more
rapidly identify and isolate external electrical transmission system faults to improve NPP plant
safety and help to maintain system stability. Rapid detection and isolation of remote electrical
faults by the grid electrical protection system without the unnecessary actuation and response of
the NPP electrical protection system can potentially reduce the number of unnecessary nuclear
plant trips and/or LOOP events.

1.1 Background

The current fleet of nuclear power plants designed, built, and licensed prior to deregulation of
the electric utility industry were exclusively owned and operated by the same utility company
that owned and operated the NPP switchyard and the local transmission grid. A single utility
therefore maintained direct control over the nuclear plant operation, the configuration of the
transmission grid, operation of other nearby non-nuclear generation, the delivery of electric
power, and the design and coordination of the electrical protection system for the grid, the NPP
switchyard, and the NPP distribution systems. The single utility operator could thus provide
assurance that the regulatory requirements for the supply of electric power to the nuclear station
were satisfied.



The design criteria requirements for supply of electric power to NPPs, GDC 17, “Electric power
systems,” are set forth in Appendix A to 10 CFR 50 [10 CFR 50, Appendix A, GDC 17], which
states, in part, that:

“An onsite electric power system and an offsite electric power system shall be provided
to permit functioning of structures, systems, and components important to safety. The
safety function for each system (assuming the other system is not functioning) shall be
to provide sufficient capacity and capability to assure that (1) specified acceptable fuel
design limits and design conditions of the reactor coolant pressure boundary are not
exceeded as a result of anticipated operational occurrences and (2) the core is cooled
and containment integrity and other vital functions are maintained in the event of
postulated accidents...

“Electric power from the transmission network for the onsite electric distribution system
shall be supplied by two physically independent circuits... Each of these circuits shall be
designed to be available in sufficient time following a loss of all onsite alternating current
power supplies... One of these circuits shall be designed to be available within a few
seconds following a loss-of-coolant accident to assure that core cooling, containment
integrity, and other vital safety functions are maintained...”

In addition, pursuant to the “station blackout (SBO) rule,” 10 CFR 50.63, “Loss of all alternating
current power,” licensed NPPs are required to be able to withstand a SBO for a specified
duration and recover from the SBO [10 CFR 50.63]. NRC Regulatory Guide 1.155 [USNRC RG
1.155] provides guidance for licensees to use in developing their approach for complying with
10 CFR 50.63. A series of tables in the RG define a set of pertinent plant and plant site
parameters that have been found to affect the likelihood of a plant experiencing an SBO event
of a given duration. Using the tables, a licensee can determine their plant’s relative vulnerability
to SBO events of a given duration and identify an acceptable minimum SBO coping duration for
the plant. Typically, NPP coping times range from 4 hours up to 8 hours. The use of an
alternate ac source was indicated in sites where the coping and recovery of offsite power
exceeded 4 hours.

1.1.1 Deregulation of the Electric Utility Industry

Following deregulation of the electric utility industry via the National Energy Policy Act of 1992
and FERC Order 888 in 1996, NRC expressed concerns that, “Deregulation has the potential to
challenge operating and reliability limits on the transmission system and could affect the
reliability of the electric power system including the reliability of offsite power to nuclear plants
[SECY-99-129 — May 1999].” Under a deregulated electric utility industry, the compliance with
regulatory requirements of GDC 17, for the electric power system, and for 10 CFR 50.63,
addressing station blackout became dependent on entities that were outside of the direct
regulatory jurisdiction of the US NRC.

In 2003, NRC Office of Nuclear Regulatory Research (RES) completed an assessment of the
performance of the electric power grid with respect to its effect on NPPs [Raughley — April 29,
2003]. The RES assessment compared the performance of the grid before and after
deregulation of the electric utility industry to identify changes in grid operation and to determine
the impact that deregulation has had on the supply of electric power to NPPs. Some of the
major post-deregulation changes in the electric grid related to LOOPs included the following:

1) “the frequency of LOOP events at NPPs has decreased,



2) the average duration of LOOP events has increased — the percentage of LOOPs longer
than four hours has increased from approximately 17 percent to 67 percent,

3) where before LOOPs occurred more or less randomly throughout the year, for 1997-
2001, most LOOP events occurred during the summer, and

4) the probability of a LOOP as a consequence of a reactor trip has increased by a factor of
5 (from 0.002 to 0.01).”

NRC continues to address the problems of deregulation and grid reliability through

e regular interaction with grid regulators, FERC and NERC,

e information notices (e.g., IN 1998-07, IN 2004-15, IN 2005-15, IN 2005-21, IN 2006-06,
IN 2006-18, IN 2007-14, IN 2008-12),

e generic letter correspondence (e.g. GL 2006-02),

¢ revisions to Chapter 8 (Electric Power) of the Standard Review Plan [NUREG-0800,
Revision 4, March 2007],

¢ the Maintenance Rule [10 CFR 50.65], and

e regulatory guidance (e.g. RG 1.155, RG 1.180, and RG 1.182).

In RIS 2004-05, the NRC indicated the importance of grid reliability issues because of the
impact on plant risk and the operability of the offsite power system.

Combined efforts by the NRC, FERC/NERC, the nuclear industry, and affected transmission
system operators could lead to the development of industry-wide standards for: 1) the interface
between NPPs and the transmission (or subtransmission) networks, 2) the electrical protection
schemes for the interface, and 3) the maintenance of the primary and secondary protection
equipment at the interface [Lindahl-2011].

Further details on the deregulation of the electric utility industry and the resulting nuclear
regulatory concerns stemming from this action are described in Appendix B.

1.1.2 Operating Experience — Examples of Grid Disturbances Affecting NPPs

The aforementioned 2003 NRC/RES study assessing the performance of the electric power grid
with respect to its effect on NPPs [Raughley — April 29, 2003] presented numerous examples of
grid disturbance events occurring before and after the deregulation of the electric industry up
through 2001. Since that time, several notable grid transient events have occurred that had a
significant impact on NPP performance. This subsection describes several of these events.

On August 14, 2003, an electrical power disturbance in the northeastern part of the United
States caused nine NPPs in the US to trip because of voltage and frequency fluctuations
experienced in the initial stages of the blackout [Kirby, Kueck, et. al. ORNL 2007]. Eight of
these plants, along with one other nuclear plant that was already shutdown at the time,
experienced a loss of offsite power (LOOP). Several of these nuclear plants were located in
transmission corridors operating at that time under conditions of inadequate reactive power and
were thus required to supply reactive power at their maximum capability in order to support grid
voltage. Because the regional power grid was operating at the limits of its capacity and
capability, the trip of a large nuclear generating unit and the resulting sudden removal of the
local reactive power support it had been providing to the transmission grid inevitably led to



degradation of voltage at the NPP switchyard below Technical Specification limits. The August
2003 event, which was initiated by an overgrown tree coming into contact with electrical
transmission lines, resulted in cascading outages, caused trips of nuclear stations, and disabled
offsite power supplies. The incident highlighted the importance of the design and maintenance
practices for NPP switchyard protection systems and demonstrated how the operational
interaction between the power grid and large nuclear generating units can affect the reliability
and availability of NPP offsite power sources.

The significance of external transmission system electrical faults affecting the safe operation of
nuclear power stations is substantial. As an example, the licensee event report (LER) for Event
Number 40815, "Reactor Trip Due to Loss of Offsite Power," which occurred on June 14, 2004,
reported the occurrence of a ground fault to one phase (C) of a 230 kilovolt (kV) transmission
line between two substations located 47 miles from the Palo Verde Nuclear Generating Station.
That fault cascaded and caused a number of 230kV and 500kV transmission lines to trip
protectively, leading to concurrent trips of all three Palo Verde units and a loss of all offsite
power sources to the site [IN 2005-15; LER 40815; & Lindahl — Comments to BNL 9/17/2010].

Another example of a remote transmission line fault resulting in losses of offsite power sources
occurred on September 15, 2003, at the Peach Bottom Atomic Power Station. In this event,
offsite power to the emergency buses at Peach Bottom Units 2 and 3 was lost for about

16 seconds when two of the three offsite power sources were briefly lost as well as the station
blackout power source. All four emergency diesel generators (EDGs) automatically started and
supplied power to the emergency buses. The third offsite power source remained available to
two of the four non-emergency plant buses throughout the event. Both units automatically
tripped when power was lost to the reactor protection system motor generator sets. Prior to the
event, Unit 2 was operating at full power and Unit 3 was operating at 91 percent of full power. It
was later determined that the loss of offsite power was the result of a lightning strike on a
transmission line approximately 35 miles northeast of the site that did not clear properly due to
malfunctions in the protection system [IN 2004-15; AIT 05000277&278/203013; LER 277/2003-
004].

On May 20, 2006, both units of Catawba Nuclear Station tripped automatically from 100%
power following a LOOP event (See the LER for Event Number 413/2006001, "Loss of Offsite
Power Event Resulted in Reactor Trip of Both Catawba Units from 100% Power”). That event
began when an electrical fault occurred within a current transformer associated with one of the
switchyard power circuit breakers. A second current transformer failure, along with the
actuation of the bus differential relays associated with both switchyard buses de-energized both
switchyard buses and separated both of the nuclear units from the grid [IN 2007-14; AIT
05000413&414/2006009].

On February 15, 2007, a breaker failure occurred in the Jocassee Hydroelectric Station
switchyard causing one phase to fault to ground (see Event Number 43169 and LER
269/2007001). The Oconee Nuclear Station has two switchyards that contain transmission lines
that interconnect to other switchyards on the Duke Power Company electric grid. The phase-to-
ground fault was isolated by protective relays at the Oconee 230 kV switchyard, but the
resulting prolonged (less than 1 second) grid disturbance unexpectedly resulted in a main
generator lockout, main turbine trip, and bus transfer from normal to startup sources at unit 1
and unit 2. [LER 269/2007-001]

On February 26, 2008, Turkey Point Nuclear Plant unit 3 and unit 4 automatically tripped from
100% power due to a momentary power fluctuation caused by grid instabilities. Each reactor



tripped when both channels of safety-related 4 kV bus undervoltage relays actuated after a one
second time delay. Protection against a momentary grid disturbance is a feature of Turkey
Point's electrical system; however, the duration of the condition exceeded the time delay
resulting in the actuation of the 4 kV bus undervoltage relays. The source of the grid
disturbance was a short circuit to ground on a substation in Dade County, Florida, compounded
by human error in troubleshooting the substation protection system [LER 250/2008-001-00].

In addition to the aforementioned examples of domestic power transmission grid transient
events, there have been numerous occurrences outside of the US involving external electrical
faults that resulted in NPP trips. Notable examples include the Forsmark Nuclear Power Station
— Unit 1 (Forsmark-1) in Sweden on July 25, 2006, and the Maanshan Nuclear Power Station —
Unit 1 (Maanshan-1) in Taiwan on March 17 and 18, 2001. The Forsmark-1 event was initiated
by a line-to-line arcing fault on a 400kV disconnect switch that was erroneously opened under
load during maintenance activity at the offsite 400kV switchyard. The ensuing transient caused
the generator bus voltage to drop as low as 50 percent of nominal voltage for approximately 300
milliseconds until power circuit breakers on the high-voltage side of the main transformers
tripped on low voltage. The load dump caused the main generator bus voltage to surge to 120
percent of nominal voltage for approximately one second, seriously challenging the voltage
limits of solid-state UPS systems in multiple redundant reactor safety trains [IN 2006-18; IN
2006-18, Supplement 1].

In the Maanshan-1 incident in Taiwan, fog and misty weather acting on salt-contaminated
insulators caused the interruption transfer of the normal offsite power source resulting in an
automatic reactor shutdown and transfer from its preferred 345kV offsite system to the backup
161kV system on March 17, 2001. Maanshan-1 is a PWR plant designed to and built to US
standards. On March 18, with the reactor shutdown, the 345kV transmission system serving the
plant was restored; during subsequent bus transfer operations to realign the plant’s safety
buses from the 161kV backup to the 345kV preferred source, an insulator failure on the supply
side of one of the 4160V safety-related switchgear buses resulted in a high-energy arcing fault
[IN 2002-01, January 8, 2002]. The explosion, fire, and smoke accompanying the energetic
arcing switchgear fault resulted in a LOOP, loss of one EDG, and extensive damage to the
switchgear supply breakers and five adjacent switchgear compartments, electrical buses, and
supply cables [Raughley & Lanik, February 2002; NUREG/CR-6850, October 2007].

1.2 Purpose and Scope

The purpose of this research project is to: 1) develop a better understanding of the current
power system protection in NPP electrical switchyards and 2) to identify the electrical system
vulnerabilities that contribute to electrical fault propagation into the nuclear plant’s switchyard
causing plant trips and LOOP.

From the regulatory viewpoint, the tripping of a NPP as a result of distant electrical faults on the
electrical grid should be avoided for the following reasons: 1) it challenges the safety
systems/equipment of the NPP and therefore, increases the overall risk and 2) it may worsen
the electrical transmission grid conditions due to a sudden loss of a significant amount of real
and reactive power generation. Recent operating experience, including the examples described
above, has shown that the mitigation of external electrical faults is important to nuclear plant
safety because external faults can cause nuclear plant trips and have had an adverse effect
upon the availability of offsite power, which is the preferred source of power for NPP core
cooling systems for both normal and emergency shutdown. Many electrical grid transient
events indicate that disturbances originating in the grid often were not identified and isolated



rapidly enough by the grid protection systems, due to various reasons (e.g., failure of protection
relays), to avoid a nuclear unit trip or a loss of one or both of the offsite power sources.

This study has reviewed the typical configurations of NPP switchyards and their interface with
the offsite power grid to try to identify significant specific events, categories of events, or other
factors that may involve similarities to the adverse grid transient events described above in the
operating experience discussion. Quite often, the response of the NPP switchyard protection
systems to a persistent external electrical fault is to quickly isolate the switchyard from the grid
upon sensing the transients; unfortunately, this can have a further destabilizing effect on the
electric power grid due to the sudden removal of the significant reactive power support provided
by the nuclear station generator. The result can be further degraded local grid voltage and grid
voltage instability as the system tries to compensate for the sudden demand for reactive and
real power. This can lead to losses-of-offsite power sources and potentially cause tripping of
other nuclear plants connected to the regional grid that is being affected by the transient event
[Russell & Kueck — Dec 91]. The operation parameters of electrical protection systems
associated with NPP switchyards and transmission connections were studied to determine
whether the response of the NPP switchyard protection system can be augmented or improved
to minimize the number of nuclear plant trips and losses-of-offsite power (LOOPS).

Analytical models were developed for selected nuclear power stations and their grid
interconnections using the ETAP software tool. These models were then used to study the
operation of the NPP electrical protection systems during grid transients in order to identify the
causes, vulnerabilities, unusual configurations, or operational parameters that may have
contributed to the tripping of the nuclear plant and/or the loss-of-offsite power sources. The
models were also used to demonstrate the effects of external grid faults and transients on the
voltage and frequency conditions at the nuclear plant switchyard buses, main generator bus,
and safety systems buses. The effects of proposed protection system improvements on the
response of the NPP switchyard protection system to external electrical system faults and
disturbances were evaluated using sensitivity studies and system simulations.

The purpose of this study is to demonstrate and verify through modeling and simulation that
precise and faster clearing of faults can in fact limit damage and improve plant ride-through,
which is the one of the main reasons for developing and deploying telecommunication-based
relay schemes. The practical application of this approach into an existing protection scheme,
which would be the equivalent of upgrading to a faster protective relay, would of course have to
be analyzed carefully to take into consideration the coordination of all affected protection system
timing intervals as well as the effects that the tripping of transmission element(s) can have on
system stability. The high speed, precision, and reliability of telecommunication-based
protection now being deployed allows I1SOs, utilities, and NPP operators to take advantage of
the potential improvements that faster clearing times can provide as we have shown in our
study.

1.3 Organization of this Report

Section 1 of the report provides brief introductory remarks about the purpose and functional
requirements of the offsite power system serving a NPP. This includes a discussion of the
regulatory requirements for NPP offsite electric power systems and a description of the station
blackout rule and its purpose. A condensed history of the deregulation of electric utility industry
is presented along with a summary of the concerns of NRC about the possible erosion of the
reliability of the electric power transmission grid and the potential effect that it may have on
nuclear safety. Several examples are presented of recent incidents in which electrical faults



originating on the transmission grid have had a significant impact on NPP safety, operation, and
performance.

The offsite power system is described in Section 2. This covers the regulatory requirements of
the offsite power system, common nuclear plant switchyard bus arrangements, and typical
electrical protection systems for switchyard buses, transmission lines, power transformers, and
the main generator.

Section 3 presents BNL'’s approach to studying the impact that the response and timing of the
electrical protection system can have on the NPP response to external fault events. The event
fault tree analytical approach is described which involves the creation of sets of contingency
scenarios, transient simulations to study grid response, identification of grid responses that
affect NPP performance (plant trips and/or LOOP), and evaluation of potential protection system
improvements to avoid NPP trips and/or LOOP.

The development and analysis of three selected NPP simulation models are covered in Section
4. The details of the individual models are described along with the definition of sets of
analytical scenarios, transient stability simulations that were conducted, and analyses of the
results of the simulation studies. Transient analyses are presented and the resulting responses
of the grid and the electrical protection system are demonstrated. In this section a discussion is
provided of the parameters that are varied to demonstrate the value of proposed protection
system modifications and improvements.

The importance of rigorous periodic maintenance for electrical protection systems and
equipment associated with NPPs and their offsite power supplies is emphasized in Section 5.
During the review of operating experience it was noted that many of the external fault events
that affected NPPs were directly attributable to or were exacerbated by inadequate transmission
system maintenance. Consequently, examples are given in this section of inadequate
maintenance as a cause of external faults events that have affected NPPs. The importance of
cooperative agreements for operation and maintenance, between nuclear plant operators and
transmission ISOs is discussed, including the implementation of the NERC/FERC requirements
for grid reliability as it applies to NPPs.

Section 6 presents a summary and conclusions of the study.






2 NUCLEAR PLANT OFFSITE POWER SYSTEM

This section provides a basic description of the offsite power system of a typical NPP and its
interface with the electric power transmission grid. The major electrical equipment, the plant
switchyard arrangement, transmission interconnections, and their electrical protection systems
are presented. These main electrical system components will be incorporated into the analytical
models, using the ETAP software, to perform the simulations of the plant electrical distribution
systems and grid interfaces for several nuclear power stations as described in Sections 3 and 4
of this report.

The general requirements for nuclear plant electric power systems are presented in General
Design Criterion (GDC) 17 of Appendix A to 10 CFR 50 [10 CFR 50, Appendix A, GDC-17],
regarding on-site and offsite power supplies, independence and redundancy, safety functions,
and design basis accident performance. In addition, certain nuclear station electrical systems
will often include provisions for an alternate ac (AAC) power source to satisfy the requirements
of the station blackout (SBO) rule, 10 CFR 50.63, “Loss of all alternating current power,”

[10 CFR 50.63] which are further described in Regulatory Guide 1.155, “Station Blackout,” [RG
1.155]. IEEE Std 765-2006 [IEEE Std. 765-2006], “Preferred Power Supply (PPS) for Nuclear
Generating Stations” provides detailed design criteria for the preferred power supply used in
NPP electrical supply and distribution systems, and the interface with the NPP’s Class 1E
distribution system whose criteria are described in IEEE Std. 308-2001 [IEEE Std. 308-2001].
In most cases, to satisfy the specific design requirements of GDC 17 and the aforementioned
regulations and IEEE standards, NPP distribution system configurations will incorporate the
basic features and characteristics suggested in IEEE Std. 765-1995, with minor variations due
to plant-specific transmission system interfaces and voltage levels, multiple-unit plants, and the
incorporation of increased levels of redundancy.

2.1 NPP Electric Power Distribution Systems

The electrical power distribution system in a NPP consists of three interfacing systems: the low-
voltage system, the medium-voltage system, and the high-voltage system. The low-voltage
system and the medium-voltage system are usually referred to as the onsite power system, as
described in Chapter 8 of the Standard Review Plan [NUREG-0800], which includes the Class
1E, redundant, safety-related power systems and standby emergency generators. The offsite
power system is comprised of the plant’s main generator and its connections to the high-voltage
power system. A typical NPP electrical distribution system is illustrated in the one-line diagram
in Figure 1.

2.1.1 Onsite Power System

The low-voltage electrical distribution system in a nuclear power station supplies plant loads
having operating voltages of 600 V or lower, e.g. 480 V, 240 V, 208 V, and 120 V. The low-
voltage system typically includes 480 V electrical buses that are fed from the medium-voltage
distribution system via 4160 V/480 V transformers. These 480 V buses supply power to the
majority of the in-plant electrical equipment.
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The medium-voltage distribution system supplies plant loads ranging from 600V up to 35 kV.
Typically this will include equipment operating at 6.9/13.5 kV, such as the reactor coolant pumps,
as well as other large plant electrical loads that operate at 4160 V. It also supplies power to the
low-voltage distribution system. The preferred source of electrical power for the medium-
voltage system can be the output from the plant’s main generator during normal power
operation, through the unit auxiliary transformer(s), or the offsite power grid, via the startup
transformer(s), during plant startup or shutdown. In the event of the loss of offsite ac power, on-
site emergency diesel generators (EDGs) are used to supply medium-voltage power to selected
Class 1E safety-related equipment. To satisfy the requirements of the station blackout rule, a
separate independent SBO generator and/or an alternate ac (AAC) power source may be
included in the system, as shown in Figure 1.

The boundary between the nuclear power station’s onsite power distribution system and the
offsite power system is the interface of the medium-voltage in-plant distribution system with the
high-voltage portions of the plant’s distribution system. As seen in Figure 1, this typically occurs
at the unit auxiliary transformer(s) and the startup transformer(s). Note that the NPP main
generator and its step-up transformer are considered part of the offsite ac power system as
described in Section 8.2 of the Standard Review Plan [NUREG-0800]. As described in the SBO
Rule [10 CFR 50.63], IEEE Std. 765-2006, and Chapter 8 of the Standard Review Plan
[NUREG-0800] the AAC source(s) for SBO are considered separately for adequacy and
independence from both the onsite and offsite power systems of the nuclear plant.

2.1.2 Offsite Power System

The offsite power system is comprised of the electric power grid, the NPP high-voltage
distribution system, and the unit main generator. The high-voltage portions of the nuclear plant
electrical distribution system include the components in the plant’s switchyard, e.g., power
circuit breakers, disconnect switches, and buses, and the short transmission link that connects
the main generator to the electrical transmission grid outside the plant. This system operates at
very high voltages to minimize current flow and, thus, minimize transmission line losses.

The output of the plant’s main generator is lower than the transmission grid voltage. Typical
generator output voltage may be 22 kV to 25 kV. The plant’s main generator typically is
connected via an isolated-phase bus duct to a main step-up power transformer to match the grid
operating voltage. The step-up transformer output is fed through high-voltage power circuit
breakers via a short transmission link to the nuclear plant’s high-voltage switchyard.

The utility power grid is the normal preferred source of offsite power, via two or more physically
independent transmission circuits to the plant’'s medium-voltage distribution system, in
accordance with GDC 17. In some plant designs, such as the one shown in Figure 1, offsite
power is delivered to the plant electrical distribution system via a startup auxiliary transformer
during plant shutdown and startup modes, before the plant is able to supply its own power
needs; once the unit generator is producing power, the plant can transfer its source of power
from the startup supply over to its unit generator output bus via a unit auxiliary transformer. In
other nuclear station designs, plant loads always remain connected to the offsite power sources
under all plant operating modes, thereby avoiding the need for a manual bus transfer during
startup and shutdown operations, or a fast bus transfer in the event of a generator trip
[NUREG/CR-6950 and Mazumdar & Chiramal-Oct 1991].
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2.2 Switchyard Bus Arrangements

There are four basic switchyard bus arrangements that may be found in nuclear power station
high-voltage switchyards: 1) the main and transfer bus, 2) the ring bus, 3) the breaker-and-a-
half bus, and 4) the double-bus, double-breaker arrangement. Detailed descriptions of these

switchyard configurations are provided in Appendix C.

Most NPPs have incorporated either the ring bus or the breaker-and-a-half configuration into
their basic switchyard arrangements. In the ring bus arrangement, such as the 345kV plant
switchyard shown in the example NPP electrical distribution system in Figure 1, each circuit
breaker is shared by adjacent transmission line connections. With this arrangement, it is
possible to perform maintenance on any circuit breaker without interrupting service to the
transmission line or transformer on either side of it.

In the breaker-and-a-half switchyard arrangement, for every pair of circuits there are three
power circuit breakers, with the center circuit breaker being shared by the two circuits in each
substation bay. This arrangement allows any circuit breaker to be removed from service without
interrupting service to the circuits in the affected substation bay. Reliability and operational
flexibility are improved because there is a double feed to every circuit and a fault on either of the
buses can be isolated without losing any circuit. Another advantage of the breaker-and-a-half
arrangement is that all switching operations may be accomplished using power circuit breakers.

These two switchyard arrangements are commonly utilized in NPP applications because they
offer the best combination of operational flexibility, high reliability, and reasonable cost.
Typically, the cost of a breaker-and-a-half bus arrangement is about the same as an equivalent
switchyard using a ring bus arrangement and these are about 12%-15% more expensive than
an equivalent switchyard using a main and transfer bus arrangement [McDonald — 2003].

In special cases where it is necessary to assure higher reliability for one or more extremely
critical transmission circuits or generator connections in a breaker-and-a half switchyard, the
switchyard bay(s) containing the critical connections can be modified to a double bus, double-
breaker arrangement. In this way, each of the critical circuits is served by two circuit breakers,
such as shown in Figure 2. A higher level of reliability and operational flexibility is thus provided
for the two critical main generator connections in Figure 2 while the overall cost of the
switchyard is held in check by utilizing the breaker-and-a-half arrangement for the remainder of
the transmission connections.

2.3 Electrical Protection Systems

The analyses performed for this study concentrate on the electrical protection systems found on
the offsite power system and how the protective relays and control schemes that comprise
these systems will respond to external electrical faults. The study will examine how the speed
and sensitivity of the protection system in the detection and isolation of switchyard and
transmission system faults can affect the magnitude and duration of the voltage, current, and
frequency transient conditions that appear at the nuclear station switchyard buses, at the plant’s
safety-related buses, and at critical non safety-related buses, such as those supplying the
reactor coolant pump (RCP) motors.
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Figure 2 Breaker-and-a-half switchyard with main generators connected in a double-bus,
double-breaker arrangement

This subsection will describe the basic protective relaying and controls for offsite power system
components, such as the transmission lines, switchyard buses, power transformers, and the
main generator. The various types of transmission line protection systems will be described in
the most detail since these devices will be a focus of the analytical study. Some of the onsite
power system protective devices for the plant’'s medium-voltage safety-related buses, and at
critical medium-voltage non safety-related buses will be discussed briefly with respect to their
plant safety response.

2.3.1 Transmission Line Protection Systems
Most electrical faults (60% or more, depending on the isokeraunic level) occurring on power

systems will be located along the transmission lines connecting generating sources to their
electrical loads. The characteristics of these lines vary in length, configuration, capacity, effect
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on grid stability, and importance. Consequently, there are a number of different transmission
line protection schemes that may be applied to their protection. These may include: 1)
overcurrent protection schemes, e.g., instantaneous/time-overcurrent or directional
instantaneous/time-overcurrent protection, typically used for simple radial lines, on
subtransmission or distribution circuits, or simple transmission loops with a single generating
source; 2) distance relaying, in which impedance relays, reactance relays, or mho relays are
applied where the trip settings of these types of relays correspond to the effective impedance of
the line being protected; and 3) electrical protection systems using telecommunications, in
which a telecommunications circuit (such as a power line carrier signal, a dedicated wire or fiber
optic communication link, or a radio transmission signal) is used to compare system conditions
at both ends of a transmission line to initiate selective high speed clearing of all faults on the
protected line.

A typical transmission line protection scheme may apply a combination of zone distance
relaying phase protection and directional ground overcurrent protection, with auxiliary protective
features such as automatic reclosing or a breaker failure scheme, as presented in Figure 3,
depicting a typical protective relaying schematic diagram for a transmission line at its substation
terminus. In this example, an automatic reclosing scheme (Device 79) is included that will, after
a suitable delay, reclose the circuit breaker that has just been tripped. Experience has shown
that reclosing transmission and distribution circuits following a protective trip has a success rate
of 80% on the first attempt and 5% on the second attempt; single-line-to-ground faults have a
higher reclosing success rate than 3 phase faults [Daume — Feb2007]. The reclose delay
should be long enough to allow arc deionization at the site of the fault and provide enough time
for the remote terminal to clear: a suitable reclose delay should at least be greater than (10.5 +
kV/34.5) cycles [Daume — Feb2007]. The line protection scheme in Figure 3 also includes
breaker failure protection (Device 50BF). In the event that the local circuit breaker protecting
the transmission line fails to trip to isolate a fault on line, the breaker failure scheme will initiate
the tripping of backup circuit breakers at the substation to interrupt the fault current.

SUBSTATION BUS

f———————

—— TRANSMISSION
LINE

Figure 3 Typical protective relaying schematic at one end of a high-voltage
transmission line
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2.3.1.1 Distance Relaying Schemes

Distance relays, which calculate the impedance of the line by measuring the voltage and current,
are the most commonly used relays to protect relatively long transmission lines. Distance relays,
which may include impedance relays, reactance relays, and mho relays, are usually configured
to include three sets of relays at each end of a transmission line to provide for three protective
zones [Kundur 1993 & IEEE Std. C37.113-1999]. Zones 1 and 2 are used to provide the
primary protection of the transmission line while Zone 3 acts as a remote backup for the
adjacent line(s). The typical parameter settings for the Zones 1 - 3 relays installed at each end,
or terminal bus, of the transmission line are the following:

e Zone 1 relays: A Zone 1 relay usually covers from 80% to 90% of the line length or the
impedance from the bus where the relay is installed, and there is no intentional time
delay to open the circuit breaker once the fault is detected;

e Zone 2 relays: A Zone 2 relay covers around 120% of the protected line length (i.e.,
beyond the end of the protected line), and a typical time delay of between 0.3 and 0.5
seconds is set for the relay to open the circuit breaker once the fault is detected. A Zone
2 relay is mainly used to protect the rest of the line beyond the reach of the Zone 1
relays and should be adjusted such that it can respond to even an arcing fault at the end
of the line [Mason 1958].

e Zone 3relays: A Zone 3 relay overreaches the adjacent transmission line(s) as the
remote backup for the protection system of the adjacent line(s); a typical 2 second delay
is set for the Zone 3 relay if the fault occurring on the adjacent line(s) is not cleared in
time.

Note, Zones 1, 2, and 3 relays located at the two ends of a transmission line reach in the
opposite direction, i.e., they “look” out onto the transmission line from the two opposite end
terminals. Therefore, it can be seen that if the Zone 1 relays at both ends of a line fail, the Zone
2 relays are expected to respond to the uncleared fault (within the range of the Zone 1 relays at
both ends) and open the circuit breakers after a time delay of between 0.3 and 0.5 seconds. If
the fault occurred beyond the range of the Zone 1 relay at one end, the failure of the Zone 1
relay at the other end will lead to the response of the Zone 2 relays at both ends, which will
again open the circuit breakers after the time delay of between 0.3 and 0.5 seconds. Therefore,
it is a reasonable assumption that a transmission line fault that was not cleared by the Zone 1
relays will be cleared within 0.5 seconds (which may include the opening time of the circuit
breakers) by the Zone 2 relays.

Depending on the types of faults (e.g., three phase, phase-to-phase, phase-to-ground, and
double phase-to-phase) to be covered by the distance relaying, the number of relays at each
end of the line changes. In general, one set of relays is provided for phase faults and one for
ground faults, respectively [Kundur 1993].

For distance relaying, if a fault occurs near one end of the line (i.e., less than 20% of the
distance of the line from that end), the fault should be cleared at the near end instantaneously,
i.e., without any intentional time delay, but with a time delay of between 0.3 and 0.5 seconds at
the far end bus. The reason for this is that the difference of the measured impedances for faults

near a bus but on different sides of the bus, e.g., faults F, andF; in Figure 4.
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Figure 4 A Distance Relaying Scheme

To summarize the protective response of a distance relaying scheme, the fault F,will be cleared
instantaneously by Zone 1 relays at both ends. The fault F, will be cleared instantaneously by
Zone 1 relays at end B and with a time delay of between 0.3 and 0.5 seconds by Zone 2 relays
at end A. For the fault F; between ends B and C, the Zone 2 relays at end A will respond to it
with a time delay of between 0.3 and 0.5 seconds if it is not cleared by the protection relays of
line BC. For the fault F,, the Zone 3 relays at end A will clear it with a time delay of around 2.0
seconds if it is not cleared by the protection relays of line BC.

Note, for fault F,, Zone 3 relays at bus A will clear the fault after 2 seconds of its occurrence if

the primary relays (Zone 1 and Zone 2 relays) at bus A are failed. This apparently has more
severe impact than a case where the time delay of Zone 3 relays at bus A is shorter. Reducing
the time delay effectively makes the protection devices operate in a less coordinated manner
but may benefit the capability of fault rejection in the sense that primary relays of line BC may
malfunction. This anticipatory trip scheme of Zone 3 relays will be further discussed and
demonstrated in Section 4.

From the above description, it is easy to conclude that, in case of no breaker failure protection
scheme if the circuit breakers and/or Zone 1 relays at the near end should fail:

1. the fault clearing time for the fault F, is between 0.3 and 0.5 seconds because the fault
has to be cleared by the zone relays at end A and the Zone 2 relays at end C (CBs
and/or Zone 1 relays on line AB near B fail);

2. the fault clearing time for fault F; is also between 0.3 and 0.5 seconds because it has to

be cleared by Zone 2 relays at end A and the Zone 2 relays at end C (CBs and/or Zone
1 relays on line BC near B fail);

Similarly, it can be further concluded that, in case of no breaker failure protection scheme, if the
circuit breakers at both ends of the protected line fail:

3. the clearing time of fault F; (or F,) is around 2 seconds.
If simultaneous high-speed tripping at both ends is required or in an application where a

distance relaying scheme is very difficult to apply (e.g., a very short transmission line), a
telecommunications-based relaying scheme, with telecommunication channels between the
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relaying equipment at the two ends of the protected line, is a more suitable choice. This
scheme will be discussed in detail in the next subsection.

2.3.1.2 Electrical Protection Schemes Using Telecommunications

The high speed simultaneous clearing of all line terminals provided by an electrical protection
scheme using telecommunications (pilot relaying) has a number of important advantages. The
possibility of electrical overload damage to transmission line conductors, and to all components
of the transmission line, in general, is minimized by rapid isolation of the fault. The fast clearing
of faults by the telecommunications-based relaying also helps to improve transmission grid
stability by minimizing the magnitude and duration of transient events. High speed clearing of
transmission line faults provided by telecommunications-based relaying in turn permits rapid
reclosing, which if successful, also helps to improve transmission grid stability and to minimize
the adverse effects caused by electrical disturbances on the power system.

The principle of operation for telecommunications-based relaying is that the circuit breakers at
all ends of the protected lines will trip for an internal fault but will not (i.e., the tripping is blocked)
for an external fault. Whether a fault is internal or external is determined by the relays at both
ends of the protected line using either the directional comparison (by using distance relays and
directional relays) or phase comparison (by comparing the relative phase displacement of
currents entering and leaving the protected line). Due to the fast development of modern
communication technologies and reductions in costs, protective relaying using
telecommunications has become increasingly popular in transmission system protection. The
high speed and reliability of telecommunications links are an important part of achieving the
rapid fault clearing times offered by telecommunications-based protection schemes. Signal
propagation time in these systems is typically only a very small part of the overall clearing time
for most applications. For example, if a power line carrier signal over the transmission line is
used for communication, each 186 miles of transmission line will only introduce about 1 ms
delay [GER-3965] (note, this 1 ms is only a minor part of the operating time of a
telecommunication-based protection system). Dedicated fiber optic communication links or
radio signal transmission can potentially yield even faster communications.

A number of electrical transmission protection schemes using telecommunications links have
evolved in the industry. The most important of these schemes include: 1) intertripping
underreach protection, 2) permissive overreach protection, 3) accelerating underreach
protection, 4) permissive overreach protection, 5) blocking overreach protection, 6) deblocking
overreach protection [CIGRE JWG 34/35.11-2001 & Lindahl-2011]. Some of these are
described in the following subsections.

2.3.1.2.1 A Permissive Overreaching Scheme

An example of the permissive overreaching scheme is described in [Kundur 1993], which is
similar to the distance relaying scheme. The differences between the permissive overreaching
scheme and the aforementioned distance relaying are that: 1) the permissive overreaching

scheme does not have Zone 3 relays and 2) if a fault occurred, such as F, shown above in

Figure 4, the circuit breakers at both ends of the protected line will be tripped without any
intentional time delay, i.e., circuit breakers at both ends will be opened at high speed.

This permissive overreaching scheme is better illustrated in the example presented in Figure 5.
The fault F| is picked up by Zone 1 relays at both ends and will be tripped immediately and no
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communication is involved. The fault /2 is picked up by the Zone 1 relays at end B and the
circuit breakers will trip instantaneously. The fault /> is also picked up by the Zone 2 relays at
both ends and permissive signals will be sent to each other. The Zone 2 relays will trip the
circuit breakers at end A upon receiving the permissive signal (the communication channel time
is usually less than 20 ms). The Zone 2 relays at end A picks up the fault F3 but will not open
the circuit breakers since the Zone 2 relays at end B is not picked up and do not send any
permissive signal to the Zone 2 relays at end A. However, the Zone 2 relays at end A will trip
the circuit breakers if fault F3lasts more than 0.4 seconds (e.g., if the circuit breakers of line BC
near B fail to open). Fault £ will only be picked up by protection relays of line BC.

1. Therefore, for fault, F; failures of Zone 1 relays at both ends have very minor impact on
the clearing time because Zone 2 relays will trip the circuit breakers almost
instantaneously (with a delay of communication channel time).

2. Atime delay of around 0.4 seconds is expected if both zones 1 and 2 relays at both
ends fail for fault £, in case of no breaker failure protection scheme.
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Figure 5 A Permissive Overreaching Relaying Scheme

2.3.1.2.2 Blocking-type Relaying Scheme

A blocking-type relaying scheme is the most preferable of the telecommunications-based
relaying methods and the directional comparison scheme, shown in Figure 6 is the most popular
application of this approach. An example of telecommunications-based blocking-type protection
with a directional comparison scheme is also presented in [Kundur 1993]. By default, the relays
will trip the breakers once an internal fault is detected unless a blocking signal is received for a
blocking-type relaying scheme. In general, the Zone 1 and Zone 2 relay settings are similar to
the permissive overreaching relaying scheme previously shown in Figure 5 except that the
Zone 2 relays will trip if a blocking signal is not received within 25 ms (the communication
channel time). The Zone 3 relays, which are reverse blocking directional relays set in a
direction opposite to the protected line to detect whether the fault is external or internal, will
generate and send a blocking signal to the Zone 2 directional relays at the remote end once it is
determined that the fault is external to the protected line. The Zone 2 relays will trip anyway
irrespective of any blocking signal if the fault lasts for more than 0.4 seconds.

As shown in Figure 6, fault F; will be detected and cleared by Zone 1 relays at both ends A and

B (Z" ana Zy. Fault F, will be cleared by Zone 1 relays at end B (Z) and Zone 2 relays at
end A (Z;) after 25 ms since there is no blocking signal from Zone 3 relays of end B
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Figure 6 A Directional Comparison Protective Scheme Using Telecommunications

(Z2). Note, the same fault is also seen by Zone 2 relays at end C (Z; ) but Z; relays tripping
will be blocked by the Zone 3 relays at end B watching the opposite direction of line BC (Zf ),
unless the fault lasts more than 0.4 seconds. Although the Zone 2 relays at end A (Z;') sees
fault F,, they will not trip since they are blocked by the Zone 3 relays at end B (Z) ) watching
the opposite direction of line AB.

1. Therefore, for fault F,, failures of Zone 1 relays at both ends have very minor impact on
the clearing time because Zone 2 relays will trip the circuit breakers almost
instantaneously (with a delay of communication channel time).

2. Atime delay of around 0.4 seconds is expected if both zones 1 and 2 relays at both
ends fail for fault £, in case of no breaker failure protection scheme.

Blocking overreach protection systems have been one of the most frequently applied schemes
in the past but more recently a potential disadvantage of this type of protection system has been
observed more and more. There is a risk that the blocking signal, particularly when the signal is
transmitted over a power line carrier link, can be interrupted by disturbances resulting from
electrical faults or transients on adjacent transmission lines. As a result, there is the chance
that the blocking signal transmitted over a functional transmission line can be interrupted by an
adjacent line disturbance causing the overreaching protection to actuate and inadvertently trip
the healthy transmission line. [Lindahl-2001]

2.3.1.3 Breaker Failure Backup Protection

Breaker failure protection schemes were not considered in the above discussions. Breaker
failure protection is relied on to take appropriate action to clear a fault when the circuit
breaker(s) that is expected to clear the fault fails to do so [IEEE C37.119-2005]. A breaker
failure protection can either be a local backup (i.e., on the same substation or busbar as the
primary protection) or a remote backup protection. A local breaker failure protection receives a
signal directly from the protection relays at the same busbar or substation as the faulted circuit
breaker and needs only to wait for the breaker (the faulted one) interrupting time to trip the local
backup breakers.

For a remote breaker failure protection, an intentional time delay (usually 0.5 seconds or 30
cycles) has to be set before the remote backup breakers are opened without a communication
channel. Also, a separate set of relays has to be installed at the substation or the busbar where
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the impaired breaker is located in order to detect the fault and signal the remote circuit breakers
to trip [IEEE C37.119-2005].

A communication channel that can directly send trip signals generated by the local relays at the
busbar or substation of the impaired breaker(s) to the remote breakers can be used in remote
breaker failure protection scheme and allows for high speed remote clearing. With the
assistance of the communication channel, the breaker failure timer setting does not need to be
as long as 0.5 seconds. Instead, it is typically assumed to be 90 ms for a 2-cycle circuit breaker
and 150 ms for a 3-cycle circuit breaker [Kundur 1993].

For a typical distance relaying scheme, as shown in Figure 4, a communication-based remote
breaker failure protection is unnecessary considering the time delay setting of between 0.3 and
0.5 seconds for the Zone 2 relays. For the telecomunications-based protection scheme like the
directional comparison blocking scheme shown in Figure 6, breaker failure at any end will cause
the fault clearing time near that end to be delayed for a sum of communication channel time and
the intentional time delay between 90 ms and 150 ms. In addition, depending upon the
remedial trips specified in a particular breaker failure scheme, a larger number of components
need to be tripped as a result of the breaker failure. An example of such a breaker failure
scheme can be found in [Kundur 1993] and further details will not be discussed here.

2.3.1.4 An Example Transmission Line Protection System

A modern transmission line protection system is often equipped with duplicated distance and/or
differential protection relays [Lindahl-2011], as shown in Figure 7.

Block 1 in Figure 7 represents the first main protection zone, Main 1, while Block 2 represents
the second main protection zone, Main 2. One core of the common current transformer feeds
Main 1 and another core feeds Main 2. A common voltage transformer feeds both Main 1 and
Main 2 but there are two separately fused groups. One group feeds Main 1 and the other one
feeds Main 2. Block 3 represents the teleprotection equipment for Main 1 while Block 4
represents the teleprotection equipment for Main 2. Block 5 represents the telecommunication
equipment for Main 1 while Block 6 represents the telecommunication equipment for Main 2.
The network owner may use: (1) power line carrier links, (2) radio links, (3) microwave links, or
(4) fiber optical links for the transfer of information between the terminals of a transmission line.
Often there are two telecommunication links between the terminals of a transmission line. If
there are two telecommunication links, Main 1 uses one link while Main 2 uses the other one.
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Figure 7 An Example Transmission Line Protection System

A breaker failure protection element is included in the line protection system. Such a protection
system provides instantaneous trip of the line circuit-breakers even if one element in the
protection system fails to operate. The fault clearing time will be about 80 milliseconds for
close-up faults and about 100 milliseconds for faults near the remote end if the line circuit-
breakers operate correctly. The fault clearing time may range from 200 to 250 milliseconds if
one of the line circuit-breakers fails to operate. The backup clearing time depends on the delay
in the breaker failure protection. The setting of the delay in the breaker failure protection is the
result of balancing the advantage of having a short backup clearing time and the risk of having
an unwanted operation when the circuit-breaker operates and interrupts the current.

The delay of Zone 2 and Zone 3 may not be as important in such a protection system as that in
the protection systems without redundancy. However, redundancy is often defeated by
common cause failures even for the redundant equipment of diverse designs. Hence, adjusting
the settings of existing protection systems, especially those time delay of the secondary and/or
backup protection systems or the breaker failure schemes, is still considered necessary and
valuable.

2.3.2 Switchyard Bus Protection

The most sensitive and reliable method for the protection of switchyard buses is differential
protection. The basic principle in this approach is to measure the net flow of current into and
away from the station bus that is being protected. The net current measured by the differential
protection relays will balance out to zero for all conditions unless a fault condition exists
anywhere on the station bus within the zone of the monitoring current transformers. This
method is very reliable and can operate very fast. Details of the application of bus differential
relaying to actual station switchyard bus protection can be found in several sources on the
subject, such as the Westinghouse “Applied Protective Relaying” [Blackburn, et. al. — 1976],
General Electric’s “The Art and Science of Protective Relaying” [Mason — 1956], and IEEE Std.
C37.234-2009, “IEEE Guide for Protective Relay Applications to Power Systems Buses” [[EEE
C37.234-2009].
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Electrical protection specialists recommend that duplicate bus protection be provided in
substations using the double-bus, double-breaker arrangement and the breaker-and-a-half
arrangement. This is necessary to avoid the severe consequences that might occur in the event
of a bus fault at a substation with a non-redundant bus protection scheme, should the bus fault
be combined with a failure to operate of the non-redundant bus protection system. The bus
fault would then be detected by Zone 2 protection of the distance relays in the adjacent
substations and would therefore not be cleared for perhaps 450 to 500 milliseconds. All
transmission lines connected to the substation would be tripped at their remote ends to finally
clear the fault. [Lindahl — 2011]

The type and location of the current transformers must be considered when establishing the
protection coverage for substation buses. Dead-tank circuit breakers, in which the circuit
breaking mechanism is contained within the enclosure tank that is connected to electrical
ground, are usually equipped with a pair of bushing current transformers. With this CT
arrangement, overlapping protection zones at the bushing transformers provide complete
coverage for the substation buses. Live-tank circuit breakers, where the enclosure is at line
potential, are not usually equipped with bushing CTs instead being used in conjunction with
single freestanding current transformers. It is possible, particularly on substations using the
main and transfer bus arrangement, to incur a fault between the freestanding CT and the circuit
breaker that could initiate primary protection zone tripping of all circuit breakers in the substation
without interrupting the fault. The fault would then not be cleared until the backup protection
initiates and opens remote circuit breakers. [Lindahl —2011].

A potential vulnerability in the bus protection of substations using the double-bus, double-
breaker arrangement was identified by B. Svensson in 2005 [Svensson-2005 and Lindahl-2011]
related to freestanding current transformers as discussed above. There is a small risk in this
bus arrangement that a single fault occurring between the circuit breaker and the freestanding
current transformer combined with a failure to operate of the circuit breaker would trip out the
entire substation. Breaker failure protection would correctly trip all circuit breakers in the
substation. However, because of the location of the fault, fault current would continue to flow
via the transmission line to the adjacent remote substation until Zone 2 transmission line
protection tripped the line at the remote adjacent substation end. Depending on the time-delay
setting of breaker failure protection, the backup clearing time would be on the order of 400
milliseconds before the remote line end circuit breaker trips. Comparative reliability studies
between the double-bus, double-breaker arrangement and the breaker-and-a-half arrangement,
performed by Gothia Power AB in Sweden, have indicated that for certain NPP switchyard
configurations, the breaker-and-a-half arrangement can be more reliable [Lindahl-2011].

In addition to the station bus differential relaying, the switchyard bus and circuit breakers will
also fall into the various overlapping protective zones for the transmission lines that originate in
the switchyard. These transmission line protective zones were described previously in
subsection 2.3.1.

Most nuclear plant switchyards will incorporate a breaker failure protection scheme for the

circuit breakers connected to the switchyard bus, as described above in subsection 2.3.1.3.
The failure of a switchyard circuit breaker to trip in the presence of an electrical fault on any of
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the feeders into or out of the switchyard is a severe challenge to the power grid with several
adverse consequences:

e it can have a severe impact on power system stability,

e can exacerbate the damage to electrical conductors and equipment caused by a fault,

e can spread the effects of a fault-related outage to a larger area of the transmission
system, and

e can lengthen the outage time required to implement repairs and restore service due to
excessive damage.

Normally, transmission line relaying located at the switchyard will detect a fault on the line and
actuate the trip coil of the local circuit breaker. Should the circuit breaker at the plant switchyard
fail to operate, the breaker failure relaying will detect continued fault current and initiate a retrip
signal to the second trip coil of the breaker (if so equipped). After a time delay (equal to the
normal trip time of the local circuit breaker), breaker failure relaying also will initiate trip signals
to adjacent local circuit breakers at the switchyard, to remote circuit breakers at the far end of
the faulted line, and any other remedial actuations associated with the specific application.

Stability analyses for some system configurations may indicate that the maintenance of system
stability demands rapid clearing time for transmission faults in proximity to the NPP substation.
In some cases, the clearing time resulting from the actuation of backup protection schemes,
such as beaker failure protection, is longer than the clearing time necessary to maintain system
stability [Lindahl-2011]. This condition is addressed in IEEE Std C37.119-2005, “Guide for
Breaker Failure Protection of Power Circuit Breakers” [IEEE C37.119-205] as follows:

In those cases where stability studies show that the critical clearing time is less than the
shortest backup clearing time attainable with high-speed breaker failure protection
schemes, the only solution may be to install two identical breakers in series, with both
breakers being tripped simultaneously by the protection schemes. With this arrangement,
and fully redundant protection schemes, instrument transformers, and control power
sources, it can be assumed that at least one of the breakers will successfully interrupt
the fault. Thus, the total clearing time will be the same as the primary clearing time, and
no breaker failure scheme is necessary.

The NERC report, “Technical Paper on Protection System Reliability-Redundancy of Protection
System Elements” [NERC-Jan 2009], compiled by the System Protection and Control
Subcommittee of NERC, states:

Breaker Failure clearing time is a mode of operation that considers the Protection
System to be fully functional and will operate as designed and intended. However, it
also considers that a breaker needed to isolate the fault failed to operate (remained
closed or stuck). Planning engineers determine the critical clearing time for stuck
breaker and/or breaker failure conditions. The protection engineer will account for this
time when designing the breaker failure relaying protection. For example, the planning
engineer might determine that the critical breaker failure clearing time is 12 cycles and
this might result in the protection engineer setting the breaker failure timer at 8 cycles (2
cycles for relay time, 8 cycles for the breaker failure timer, and 2 cycles for breaker
tripping). In some cases the protection engineer may determine that the critical clearing
time cannot be achieved without compromising security of the Protection System. In
such cases, the planning engineer must design the electric system around this constraint
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(e.g., installing two breakers in series to eliminate the breaker failure contingency or
constructing additional transmission elements to improve system performance, thereby
increasing the critical clearing time) [Lindahl-2011].

Consequently, in such cases as described above where the fault clearing time, and in particular
the response of the backup protection, is determined to be a critical factor in system stability,
“...the installation of two circuit breakers in series would reduce the backup clearing time to
approximately 100 milliseconds, which is very desirable for transmission (subtransmission) lines
connected to NPP substations” [Lindahl-2011].

2.3.3 Onsite Medium-voltage Bus Protection

One of the main areas studied in this research program is the effect that external faults can
have on conditions at the onsite medium-voltage buses. Specifically, this will include voltage
and frequency at the plant’s safety-related buses and at critical non-safety buses, such as the
reactor coolant pump buses. This subsection describes some of the bus protection features
that are applied on these buses.

Each division of the Class 1E medium voltage system is provided with an independent scheme
for the detection of degraded voltage and loss of voltage detected directly from the bus that is
connected to the standby power source. Degraded voltage relays (DVRs) will sense
degradation of the voltage on the preferred power supply and should initiate an alarm in the

NPP main control room to alert the operators of the condition. The operator’s response to this
alarm will vary according to specific system design and plant operating philosophy. If the DVRs
sense that the voltage of the preferred power supply has degraded to an unacceptable level, i.e.,
the Technical Specifications allowable values and time delays for degraded voltage function and
loss of voltage function, the affected preferred power source shall be disconnected from the
Class 1E buses.

Considerations regarding the selection of DVR setpoints and operator responses to degraded
voltage conditions are discussed in various technical articles, such as “A Discussion of
Degraded Voltage Relaying for Nuclear Generating Stations” [Kueck, et. al. — 1998], [SRP BTP
8-6], and [RIS 2011-12]. (note that IEEE Std. 741-2007, Annex A, discusses degraded voltage
protection in NPPs but this standard has not been endorsed by the USNRC.) Note: Alarms
setpoints associated with DVR actuation (dropout) indicates voltages well below normal grid
voltages and are generally indicative of a collapsing grid such that operator actions are limited.
Alarm setpoints set at higher voltages (associated with grid normal voltage) would allow
operators time to actually take actions concerning voltage recovery to prevent separation from
the offsite power system.

Similarly, some plants may include overvoltage sensing relays on the preferred power supply to
monitor for the occurrence of excessively high voltage on the Class 1E buses. The overvoltage
monitoring relays typically initiate an alarm in the main control room, but no automatic actions
are initiated.

Critical non-safety buses, such as the power supply bus to the reactor coolant pumps (RCPs)
may be monitored for degraded voltage and/or frequency. These degraded power conditions
can affect the capability of the RCPs to supply rated flow and could potentially cause a reactor
trip. In particular, PWR plants cannot tolerate much voltage and frequency variations from
nominal values since it can cause flow-biased reactor trips. Typically, monitoring for these
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parameters will initiate an alarm in the main control room to alert the operators to the condition,
but no automatic actions are initiated.

2.3.4 Power Transformers Protection

Typical protection and control relaying for the unit auxiliary transformers (UATs) and the station
startup transformers (SSTs) include differential relaying, sudden pressure relaying, hot spot
alarms, and loss of cooling alarms. The isolated phase bus duct feeds directly to the primary
side of the UAT at the output voltage level of the main generator. Because of the close
proximity of the high output main generator (and associated high available fault current), and the
excellent physical protection afforded by the isolated phase bus duct, there is no circuit breaker
on the primary side of the UAT. Phase overcurrent, ground overcurrent, and bus differential
relaying provide fault protection for the isolated phase bus up to the primary side terminals of
the UAT. Transformer differential and sudden pressure relaying protect the UAT against
internal faults. UAT faults will cause a main generator trip, opening of the generator output
circuit breaker at the high-voltage switchyard, and opening of the MV supply breaker (on the
secondary side of the UAT) after a time delay to prevent spurious tripping of the main generator.
[NUREG/CR-6950 and IEEE C37.91-2008]

The SSTs are connected via disconnect switches to a local terminal overhead bus structure
which in turn is supplied from the main switchyard by way of a short length of overhead
transmission line. This interconnecting line is protected by phase overcurrent relaying and
differential relaying from the switchyard circuit breaker to the primary side of the SST.
Transformer differential and sudden pressure relaying protect the SST against internal faults.
Internal SST faults and faults on the short overhead interconnecting transmission line from the
switchyard will cause a trip of the high-voltage circuit breaker at the station high-voltage
switchyard. The station electrical distribution system is protected from overvoltage surges
originating on the external transmission grid, the station switchyard, or the short overhead
interconnecting transmission line by lightning arresters located at the primary (high-voltage) side
of each of the startup transformers. [NUREG/CR-6950 and IEEE C37.91-2008]

The medium-voltage feeder cables from the secondary side of the UATs and SSTs, typically
consisting of multiple paralleled power cables (for example, 2 - 3/C #750 MCM cables), are
routed through metallic conduits and cable raceways to the individual medium-voltage
switchgear enclosures. Fault protection for the UAT and SST feeder cables is provided by
telecommunications-based differential relaying and/or overcurrent relaying. [NUREG/CR-6950]

2.3.5 Protection for the Main Generator and Unit-Connected Step-up Transformer

In most nuclear power stations, the main generator is linked to its unit-connected step-up
transformer via isolated phase bus duct with no automatic power circuit breaker between them.
Consequently, the electrical protection scheme for the main generator and the unit transformer
will treat these components together as a unit. For example, current differential relaying will be
provided for the main generator and main transformer separately to detect internal faults, but a
differential monitoring scheme may also be applied that encompasses both the generator and
its transformer together.

Typical NPP main generator and output transformer protection, operating, and control relaying
devices and their functions are tabulated in Appendix D, Table D-1, for a 1525 MW generator at
a BWR plant. These devices protect the generator against problems such as, internal faults in
the generator winding, overload, overheating of windings and bearings, overspeed, phase
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sequence, directional power flow, loss of excitation, motoring, and single-phasing or unbalanced
operation [NUREG/CR-6950].

Some of these problems do not require tripping of the generator since adjustments may be
made by station operators while the unit is operating to correct the off-normal condition. In a
unit-connected generating station, electrical faults occurring at the generator output bus, main
generator transformer, main switchyard, and unit-connected auxiliary transformers (i.e., those
faults occurring between the generator and the circuit breakers at main switchyard) will usually
require prompt tripping of the main generator.

The electric power output from the main generator is typically transmitted to the main generator
step-up transformers and the unit auxiliary transformers via isolated phase bus ducts. In an
isolated phase bus duct, the bus conductor for each phase is enclosed in an individual metal
housing separated from the other adjacent conductor housings by an air space. The bus may
be self-cooled or, more typically for the high output NPP generators, forced-cooled by circulating
air, gas, or liquid. Because of this physical arrangement, phase-to-phase bus faults cannot
occur unless there is catastrophic damage inflicted on the entire bus duct structure. Phase-to-
ground faults within the bus duct are detected by main generator protective relaying, isolated
phase bus differential relaying, and directional overcurrent relaying at the switchyard. Even with
the isolated phase bus duct, there always a minute chance that an electrical fault could occur at
the termination enclosures at the main generator, step-up transformer(s), and auxiliary
transformers. The nuclear power station electrical distribution system is protected from lightning
and transient overvoltage surges originating on the external transmission grid or the station
switchyard by lightning arresters located at the high voltage side of the main generator output
transformer.
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3 ANALYTICAL APPROACH TO STUDYING THE IMPACT OF
PROTECTION SETTINGS ON NPP RESPONSE TO AN EXTERNAL
FAULT

3.1 Overview

The objectives of the electrical protection systems in NPPs are to: (1) detect and isolate external
transmission grid faults as quickly as possible; (2) maintain the availability of both offsite ac
power sources (or at least one) to the nuclear plant during the transmission system protective
response; and (3) minimize the grid transient to the NPP to the extent that NPP protective
relaying is not actuated resulting in a trip or any other protective action.

It is desirable that the protection system in a NPP switchyard isolate faults as rapidly as possible
so that the nuclear station can ride through transients caused by faults external to the NPP
switchyard without a nuclear unit trip. It is thus suggested that protective relaying at NPP
substations/switchyards and associated transmission lines be treated differently than
transmission line and substation relaying on the general transmission grid because a longer
clearing time for a fault at or near the NPP switchyard has more negative impact on the system
operation. The protective logic and schemes proposed to achieve these objectives, which may
differ from the basic objectives of traditional transmission system protection logic and protection
schemes, must be constrained by the requirements of the nuclear plant operational
requirements and the design basis accident analyses for the plant.

Transmission system equipment and substation configurations at NPP switchyards may also
incorporate design features to improve the reliability and response time of the power system
and the electrical protection system. These may include: dual voltage check and synchrocheck
equipment at both ends of lines originating at the NPP substation; breaker-and-a-half or double-
bus, double-breaker bus arrangements; and dual series power circuit breakers to assure rapid
fault clearing times and improve system stability. In addition, upgrading to newer high-speed
protection system equipment and redundant transmission system equipment and component
configurations can also improve reliability and fault clearing times. These improvements and
upgrades may include: redundant substation bus protection schemes; redundant high-speed
digital transmission line protection; redundant telecommunications channels for transmission
line protection systems; dual breaker failure protection schemes; redundant independent dc
power control power; and redundant circuit breaker trip coils. The overall goal of these
upgrades is to assure that, when required, the protection system will initiate a trip signal to at
least one of the two circuit breaker trip coils within 20 ms for faults in close proximity to the NPP
substation and within 30 ms for remote faults, even if a single element of the electrical
protection system fails to operate [Lindahl - 2011].

An analytical approach is proposed in this study in order to verify the hypothesis that shortening
the delay time of the primary and backup protection systems in the switchyard and/or the
neighboring substations can significantly reduce the chance of NPP tripping without affecting
the protective performance across the rest of the grid. The approach is implemented by
evaluating the impacts of varying the settings and/or schemes of the protection systems in the
switchyard and/or neighboring transmission network of a NPP and its responses to faults
occurring in the switchyard or nearby transmission systems.
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3.2 A Generic Approach to Evaluate Impacts of Protection
Settings/Schemes on NPP Response

3.2.1 An Event Tree Type Approach

A general approach has been proposed to perform the detailed study based on the plant models.
An initial state is assumed for the NPP as the starting point. Subsequently, one additional
component failure is considered each time. Availability of individual systems that are needed for
mitigating the fault may change the impact that the event will have on NPPs and the offsite
power system.

A reasonable assumption for the initial state of NPPs can be a steady-state at full power
operation without any failure. For each of the selected sets of power system components that
are considered critical to the normal grid operation, faults may be postulated. The grid
responses can then be evaluated under the postulated faults by considering the availability and
settings of the required protection and control systems. The steady-state of NPP post-fault
response directly reflects the performance of the protection/control systems.

The suggested approach is similar to the event tree (ET) method used in probabilistic risk
assessment (PRA) and the faults and abnormal conditions are characterized by the conditions
and events below [Lindahl 2010]:

Operating state of the power system, such as: (a) all relevant power system components
are in service, (b) one generating unit is out of service, (c) one busbar is out of service,
(d) one network (system) transformer is out of service, or (e) one transmission line is out
of service.

Fault location, such as (a) generator faults, (b) generator step-up transformer faults, (c)
busbar faults, or (e) line faults.

Fault type or failure mode of components [Lindahl, 2010], such as: (a) three-phase faults,
(b) phase-to-phase-to-earth faults, (c) phase-to-phase faults, (d) phase-to-earth faults,
(e) no power system fault.

Operation and failure modes of the protection system, such as: (a) correct operation of
all elements in the protection system, (b) failure to operate of one protective relay, (c)
failure to operate of a tele-protection channel, or (d) unwanted operation of a protection
system.

Operation and failure modes of the circuit-breakers, such as: (a) correct operation of all
circuit breakers, (b) failure to interrupt the fault current in all three phases, (c) failure to
interrupt the fault current in one phase, or (d) unwanted operation of a circuit-breaker.

The approach in fact suggests that the analysis be performed in an exhaustive manner.
Depending on the level of detail of the analysis, i.e., treating the protection system as an entity
or decomposing the protection system further into relays, circuit breakers, and communication
channels, etc., when considering failure modes, the analysis can be of completely different
complexity. As can be easily seen, the branches of the event tree, i.e., the number of scenarios,
can be expanded exponentially with consideration of more options and/or failure modes of the
protection systems and will soon make the evaluation very different to handle. Therefore, it is
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necessary to limit the scenarios to be included in the study. Some engineering judgment has to
be exercised for this purpose. The selection of contingencies should be based on: (1)
susceptible components, (2) failure rate of the power system components, (3) properties of the
power system components, (4) design of the protection systems, (5) the probability of failure to
operate of protective relays, tele-protection channels, and circuit-breakers, and (6) frequency of
unwanted operation of protective relays or circuit-breakers.

In this study, the number of scenarios that need to be included is further limited by considering
the goal and scope of the study and a simplified generic approach is adopted. Starting from the
normal state of an NPP, a component fault is assumed to each of the selected grid components
(mainly the high voltage components). The conventionally equipped control systems such as,
turbine governors and power system stabilizers, are assumed available all the time but the
major issue here is to evaluate the grid responses for different fault clearing times that are
directly related to the protection schemes/settings.

Therefore, the proposed approach for this study includes: (1) creation of a set of contingency
scenarios (i.e., a fault in transient analysis), which represent the progressively degraded grid
conditions as a result of the fault occurrence and malfunction of the associated protection relays
of concern for the NPP normal operation; (2) performing transient simulation to obtain the grid
responses; (3) review of the grid transient responses, especially the measurements at places
where a degraded voltage or frequency condition or other conditions (e.g., a reverse power flow
at a generator) might cause a reactor trip; and (4) identify and evaluate potential feasible
changes of the protection settings that will isolate the faults more quickly and delay the reactor
trip such that the reactor is more likely to ride-through the fault without violating the operational
requirements in plant technical specifications.

The implementation of the approach heavily relies on the NPP model that contains sufficient
details to capture both the NPP onsite distribution network and the neighboring transmission
network nearby the NPP, which will be elaborated in Section 4. The details of the approach are
further discussed in the following sections.

3.2.2 Development of Contingencies

To implement the proposed approach, the first step is to identify all the credible component
faults that pertain to the study. As an example, the distribution of faults that occurred during a
five-year period on the CEGB (Central Electricity Generating Board, UK) system [Lindahl-2011]
is shown in Figure 3-1, where it can be seen that more 60% of the faults are associated with
overhead transmission lines and cables. The percentage of faults on transmission lines in the
US should be higher because the isokeraunic level in the US is between 10 and 100
thunderstorm-days per year while it ranges only from 5 to 10 in England and Wales[Lindahl-
2011] . Therefore, the faults of interest are mainly related to the transmission grid and the NPP
switchyards, i.e., faults at high voltage levels. Faults of interest are all assumed to be
permanent ones, i.e., the faults will persist unless being isolated by the protection systems.

The major components include the generators, transformers, bus bars, and transmission lines.
Each type of component may have different failure modes. A generation unit may experience a
three-phase or a phase-to-ground fault, a loss of generation (or deletion of the generator), or a
loss of excitation system.

It is assumed that a generator step-up transformer consists of three single-phase transformers
connected to the generator by means of an isolated phase bus duct. Each phase conductor is
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enclosed by an individual metal housing separated from adjacent conductor housings by an air
space. This means that a three-phase fault on the generator side (or the primary side) winding
or on the isolated phase bus duct is not a credible fault. It is assumed that phase-to-phase-to-
earth faults and phase-to-phase faults on the primary winding of the generator step-up
transformer are less severe than and covered by the umbrella of a three-phase fault on the
generator terminal. However, a three-phase fault at the secondary winding, i.e., the side of the
switchyard, is a credible fault.

DISTRIBUTION OF SYSTEM FAULTS, CEGB
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Figure 8 Distribution of faults on the CEGB system [Lindahl-2011]

A busbar and transmission line may undergo a three-phase, a single-phase-to-ground, or a
phase-to-phase-to-ground fault. For a transmission line fault, the location of the fault may also
be variable along the transmission line.

For a generator fault or a transformer fault on the generator side, clearing the fault always
means that the generator has to be taken offline, which will directly lead a turbine trip and thus a
NPP tripping event. For a transformer fault on the switchyard side, it may be considered the
same type of faults as the switchyard busbar faults and are thus covered by the busbar fault
scenarios to be studied. Since the purpose of this study is to study how to improve the fault ride-
through capability of a NPP, only the faults of busbars and transmission lines will be further
studied in detailed.

These credible component faults are considered the single contingencies that must be
evaluated in the study.

3.2.3 Development of Simulation Scenarios

The N-1 criterion is required to be satisfied in power system design. The single contingencies
identified in Section 3.2.2 or sometimes even double contingencies would not cause any issue
with the grid operation provided that the associated protected systems work properly. On the
other hand, high order failures are less likely to occur simultaneously. Therefore, the major
challenge is a single contingency combined with the failure of the primary protection system or
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by the failure-to-operate of a circuit-breaker [LER 40815, AIT 05000277&278/2003013], which
not only prolongs the fault clearing time, but also leads to disconnection of more components
and makes the power system even weaker. Many NPP tripping events are caused by such
combinations (see Section 1.1.3). The failure of the protection system is the major consideration
in developing the contingency simulation scenarios for the study.

When developing simulation scenarios, typical protection relaying schemes are assumed for
faulted transmission lines and busbars such as, distance relaying and telecommunications-
based relaying, and will guarantee transient stability of the system upon a single contingency.
The single contingencies are considered Type | scenarios in this study. The protection system
failure then needs to be included in the simulation of the single contingencies, which are
considered the Type Il scenarios in this study. Based on different protection schemes, the fault
clearing time and the extra components that have to be isolated will be different and need to be
accounted for. As a potential improvement to the existing protection schemes, breaker failure
protection is assumed to be available and will also be included in the simulation. The additional
failure of the breaker failure protection scheme constitutes Type lll scenarios, which basically
assume that all the components that are immediately connected to the faulted component will
be isolated within a certain time period determined by the protection schemes/settings.

The scenario development process indicates that the critical variables that must be considered,
regardless of the types of component faults and protection schemes, are the fault-clearing times
of various protective relays and circuit breakers that are determined by utility-specific practices
and the circuit breakers that must be opened. Including these critical variables in simulation
gives the grid responses for different types of scenarios. Accounting for these variables in
scenario simulation is equivalent to modeling the relaying schemes and the actual settings and
the current/voltage measurements used to detect a fault and open the circuit breakers in the
right places.

Depending on the transmission voltage level, there are generically accepted values for fault-
clearing times that vary with voltage levels. Take a typical distance relaying protection scheme
as an example: in the faulted zone, the normal relay times range from 1 to 2 cycles and circuit
breaker times range from 2 to 4 cycles on high voltage and extra-high voltage transmission
systems. For the Zone 2 protection that overreaches the faulted zone, their relays are generally
set to trip after a time delay of a typical value between 0.3 and 0.5 seconds. For effective
protection system time coordination, usually a 2.0-second-delay is set for the Zone 3 protective
relays. Therefore, if the utility-specific protection settings are not available, the above generic
distance relaying settings can be used in the study and the results are not expected to deviate
too much from the protection system response that would actually occur.

For a transmission line with distance relaying scheme, Type | scenario considers just the fault
with the correct operation of the relays and circuit breakers. The Type Il scenario considers the
additional breaker failure (failure of the breaker at the near end bus is preferred in the study
since failure of clearing fault at near end bus has a more severe impact on the system and the
response of the remote backup while the Type Ill scenario will simulate the grid responses after
isolating of all components that are immediately connected to the faulted line after two seconds
delay). Scenarios can be created for other types of relaying schemes of transmission lines and
busbars.

In order to bound the number of cases that had to be considered, the detailed evaluations

performed in this study were limited to Type Ill scenarios because of the exponentially
increasing number of scenarios and an assumption that higher order failures are much less
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likely to occur simultaneously. Note, Type | scenarios should not have any negative impact on
the normal NPP operation, according to plant FSARs. Performing Type | scenarios is
considered a part of the model validation process as well as providing the basis for
understanding and building upon our analyses of Type Il and Ill scenarios.

3.3 Discussion and Remarks

Note, the proposed approach is a natural solution to the unavailability of the details of the
utility/plant-specific settings for their protection systems across the transmission grid. It is also
believed that, even with all of the actual settings, not every single type of power system relay
and/or circuit breaker model is available in a particular power system simulation software. In
addition, since we are interested in how the fault clearing time may affect the NPP responses,
knowing all of setting information and modeling every single protective relay and/or circuit
breaker becomes unnecessary. More importantly, sensitivity studies of the response times of
protection relays in different zones can be and were performed.

Since the majority of the grid-related NPP events [LER 40815, AIT 05000277&278/2003013] are
due to combinations of a single contingency and failure of protection system relays, the first step
of the proposed approach for each NPP that we are evaluating is to create: (a) basic single
contingencies, Type | scenarios, i.e., a complete set of single contingency scenarios for all of
the high-voltage level faults, which will be cleared by the primary/backup protections in the
faulted zone according to the their settings; (b) Type Il scenarios, i.e., variations of Type |
scenarios containing the same contingencies that are not cleared by the protection systems due
to the breaker failure in the faulted zones but instead are picked up by the breaker failure
backup protections of the immediate neighboring zones; and (c) Type lll scenarios, i.e., the
scenarios with the same single contingencies but the faults are cleared after a sufficient long
time delay by isolating all the components that are immediately connected to the faulted
component. For both Types Il and Ill scenarios, additional components have to be tripped as
well as the faulted one in the simulation.

If the settings of the time delays for protective relaying in zones that are close to the NPP
switchyard are reduced, the impact of the faults occurring in transmission system nearby NPPs
can be reduced. Even if one of the primary offsite power supplies has to be disconnected in
order to isolate the fault, the alternate offsite power source may still be maintained to minimize
the chance of tripping the NPP. In this study we are proposing that in the overall approach to
transmission system protection, NPP switchyards be considered as a special case compared to
transmission substations located away from the NPP.

An example is the ongoing project of refurbishing and upgrading of two NPP substations in
Sweden [Lindahl — 2011]. A double-bus double-breaker arrangement with disconnecting circuit-
breakers will be used in the two ongoing projects. This will be the standard arrangement, which
will replace the double-bus single-breaker arrangement that was used previously, in all NPP
substations when refurbishing, or building new, substations in Sweden. The protection system
will be upgraded as follows:

e Dual busbar protection systems will replace single busbar protection systems

e New dual digital line protections will replace line protection systems consisting of one
electromechanical line protection system and one static line protection system or one
first generation digital line protection system
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o Dual teleprotection channels will replace single (common for both Main 1 and Main 2 line
protection system) teleprotection channels

e Dual circuit-breaker failure protections will be used

¢ Dual DC systems completely isolated from each other and with some degree of physical
separation will be used as previously

o Circuit-breakers with two trip-coils will be used as previously

The philosophy is that the line protection system should issue a trip signal to at least one
of the two trip coils of the associated circuit-breaker within 20 milliseconds for close-up
faults, and within 30 milliseconds for remote faults even if one element of the protection
system fails to operate.

In general, by reducing fault clearing time at or near the NPP substation we hope to achieve a
reduction in the number of reactor trips while reducing the number of losses of offsite power
sources during transmission system transients. More specifically, in order to reduce the fault
clearing times, fast response relays/breakers, telecommunications-based protective relaying,
and breaker failure backup protection are obviously preferred. In keeping with the philosophy of
upgrading the reliability and protection system response times at NPPs, the relatively small cost
of including the breaker failure protection element in a modern protection system terminal is
easily justified. For Zone 2, Zone 3, or breaker failure backup protection, time delay is
intentionally built into the relay setting in order to coordinate with each other and with the Zone 1
protection. To address the issue of Zone 1 protection failure, more cost-effective options could
be: (1) a reduction in the built-in time delays in the Zone 2 relays; (2) an anticipatory trip by the
Zone 3 relays, i.e., significantly decrease the time delay of the Zone 3 relay settings; (3) a
shorter time delay in the breaker failure backup protection; and (4) a more comprehensive and
rigorous maintenance program, on an optimized scheduled frequency, including rigorous
inspection, test, calibration, etc., to reduce the failure probability of the protective devices at the
NPP switchyards. The rationales behind the first three options is that, regardless of the issues
of (1) the potential racing between Zone 1 and Zone 2 and Zone 3 protection and/or (2) the
potential disconnection of more components between the NPP switchyard and the fault location,
the impact of primary protection failure can be less severe. Even if the primary offsite power
supply is lost due to tripping of extra components, the chance of the alternative offsite power
supply being available could be high. Also note that an anticipatory Zone 3 trip scheme,
depending on the settings of time delay relative to those of primary relays, does not have to trip
more components than necessary when primary protective relays function properly. Utilities
may be more receptive to the concept of modifying protection settings at the NPP switchyards
for not requiring the changes to the rest of the transmission system protection schemes that are
traditionally used by individual utilities.

The simulation tool ETAP provides the capability of simulating a large number of pre-defined
scenarios in a batch mode, based on the fault scenario Types |, I, and Il discussed previously,
and generating reports for each scenario, as defined. The various scenarios have to be created
manually within the simulation model as we consider the occurrences of faults at each possible
location in the power transmission grid around the nuclear plant.
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4 NPP MODELS AND ANALYSES

4.1 Overview

Realistic models of NPPs are needed for performing the study of the electrical responses. The
plant models were created using ETAP software developed by Operations Technology Inc.
(OTI) based on electrical system information from various sources including the Federal Energy
Regulatory Commission (FERC), NPP Final Safety Analysis Reports (FSARs), plant inspection
reports and documentation, individual plant examinations (IPEs), information obtained from the
Internet, and other sources. A total number of three plant models, designated A, B, and C in this
report, were created. Based on the approach proposed in Section 3, a set of Types |, I, and IlI
scenarios have been defined for each of the plant models. Example results of the typical
scenarios are shown and briefly discussed for each plant model.

The general modeling approach and assumptions that are used throughout the studies are
discussed and an overview of modeling selected NPPs is provided in Section 4.2. Section 4.3
focuses on defining and simulating scenarios and analyzing the simulation results. In Section
4.3.2, the faults for both buses and lines at different distances from the NPP switchyards of the
selected plant models are evaluated to determine the severity of their impacts. The comparison
of grid responses to faults under different protection schemes is studied in detail in Section 4.3.2.
Section 4.3.2.1 describes parameters for generic protection schemes including distance relaying
(DR), distance relaying with breaker failure protection (DRBF), protective relaying using
telecommunications (PR), and telecommunications-based breaker failure protection (PRBF). A
set of scenarios is defined for each of the three NPP plant models. The simulation results of
these scenarios are presented in Section 4.3.2.2. An anticipatory Zone 3 protection scheme is
evaluated in Section 4.3.2.3 by a simulation using Plant B as an example. More scenarios are
postulated and analyzed without simulation in Section 4.3.2.4 but these analyses also provide
important insights on how to improve the performance of NPP switchyards by identifying the
most critical circuit breaker(s) under certain fault conditions. A preliminary study of the
interaction between two NPP switchyards that are electrically close to each other is performed
in Section 4.3.3. The modeling and simulation studies are summarized in Section 4.4.

4.2 ETAP Model Description of NPPs

4.2.1 Modeling Approach and Assumptions
The following general assumptions were made in modeling the NPPs for this study:

1. The scope of an NPP model includes the NPP 480V or above distribution network (both
class 1E and non-class 1E), generators, switchyards, all offsite power supplies,
neighboring substations and generating units (both nuclear and non-nuclear units
nearby);

2. All 4kV or above voltage level buses and generation of an NPP are modeled in detail;

The onsite distribution network is modeled down to the voltage level that is immediately
below the 4 kV buses, which could be 480 V or 600 V depending on the plant’s design.

4. All 480V (or 600 V) or below voltage level buses and the associated loads powered by a
4kV or 13 kV bus are aggregated based on the observation that losses of these loads or
faults at these buses do not lead to a reactor trip. Where exact loads were unknown,
bus loading was estimated from information that was available for an equivalent plant.
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5. All loads are grouped according to type (e.g., inductive motors or static loads);

In general, neighboring substations are modeled as buses that are powered by a utility
grid except in the model that was used for studying the interaction between protection
systems of multiple NPPs. The rest of the power system, the utility grid, is modeled as
short-circuit capacity (steady-state basis) of utility supply [IEEE Std. 399, Brown Book];

7. Sub-transient generator models are used and the generators are assumed to be
equipped with necessary control systems including excitation, turbine governor, and
power system stabilizers;

8. The switchyard of a substation is assumed to be of a breaker-and-a-half configuration
when performing transient analyses unless other bus and circuit breaker arrangement
information is available;

9. Typical parameter values were used if system-specific information could not be
obtained. Typical parameter values include 1) the typical short-circuit capacity of a
220 kV utility can be between 4,000 and 10,000 MVA with an X/R ratio of 20 [IEEE Std
399-1997, “IEEE Recommended Practice for Industrial and Commercial Power Systems
Analysis (Brown Book)]; 2) a damping ratio of 5% [Kundur 1993]; (3) an inertia constant
between 4 and 10 seconds for a 4-pole 1,800 rpm thermal unit, and between 2 and 4
seconds for a hydraulic unit [Kundur 1993]; 4) the sample data for various control
systems associated with a generator provided by ETAP; and 5) bundled 2,500 kcmil
conductors for 230 kV cables [Seman 19985].

In general, this study used these assumptions when detailed information about the specific NPP
distribution network and grid was not available. Aggregating the low voltage loads (and
separating the dynamic and static loads) is a common practice in simulation studies of power
systems. The difference in the system responses between the load aggregation and separate
modeling of various loads is trivial based on some preliminary simulation results performed in
this study. The breaker-and-a-half switchyard described in Section 2.2 is commonly adopted in
NPP designs. Although the specific plant and utility grid data differ from each other, it is
anticipated that these assumed data, based on general principles in power engineering, will not
deviate significantly from the typical data that have been widely adopted in power industries.

4.2.2 Overview of the NPP Models

For the Plant A model, the switchyard is of a breaker-and-a-half configuration. A portion for the
switchyard of each of nearby NPPs (i.e., plants D and E) including one generator of each NPP
has been modeled in order to study the interactions between switchyards of different NPPs that
are close to each other. The two 1,450 MW generation units at Plant A are modeled in detail.
Each generator is connected to the switchyard via two 750 MVA transformers. The generator
also provides power supply to the onsite load during normal operation. The 4.16 kV Class 1E
buses of each unit may also be powered from 4.16 kV Class 1E buses of the other unit. There
are four 6.9 kV RCP pumps for each unit. Four emergency diesel generators are connected to
four 4.16 kV buses (two for each unit). Note, the onsite distribution network and load of plants D
and E are not explicitly modeled considering the purpose of this study. The nearby substations
are also modeled either as a switchyard or a single bus. For the substations, the neighboring
generation units are modeled as a single generator with an aggregated generating capacity, as
shown in Figure 4-1.
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Plant B consists of three generation units with a capacity of 1,560 MVA each. A single 525 kV
switchyard of a breaker-and-a-half configuration interfaces the transmission network with the
NPP. Each generator terminal bus (24 kV) is connected to the switchyard via a main
transformer and feeds partial onsite loads including 13.8 kV reactor coolant pumps (RCPs) via a
unit auxiliary transformer while the majority of the distribution network for a single unit is
supplied by the offsite power system via a startup transformer connected to the switchyard.
Note, the startup transformers can cross feed each other via bus transfer. There are a total
number of eleven (11) 525 kV transmission lines from the neighboring substations to the Plant B
switchyard. Four generators of a total capacity of 3,130 MVA near the NPP were modeled. In
addition, two utility grids of 230 kV and 525 kV, respectively, were modeled to power the
neighboring substations. The detailed model of Plant B is shown in Figure 4-2.

Plant C model has two 1,112 MW generation units; each with a 500 kV switchyard of a ring-bus
configuration, as shown in Figure 4-3. The two switchyards are cross-connected to each other.
The majority of the non-safety related loads for each unit including two 13.8 kV RCPs are
powered by one generation unit. In case of the generation unit tripping, a bus transfer can
continue to power the non-safety related loads from the offsite power system via the start-up
transformer. In general, the two offsite power supplies (one of 230 kV and another one of 500
kV) provide the ac power source to the safety-related loads of the two units, respectively. The
two power supplies cross-tie to each other at the secondary and tertiary windings of the startup
transformers with the circuit breakers normally open. In case of loss of one offsite power supply,
the safety-related loads can be cross-fed by the other one. Four 2.6 MW emergency diesel
generators are shared by the distribution network of the two units. A total number of four
generators including a hydro plant near the Plant C plant were included in the model. Five 500
kV transmission lines are connected to the two switchyards from the transmission network.

All of models were created using ETAP software. The detailed parameters for all of the
components and control systems utilized in the simulation model cannot all be shown here,
which, in general, are typical values for the type of component/control systems that are
extracted from manufacturers' data and provided as part of the ETAP software package. Based
on detailed system information and data collected from various sources such as FERC and
plant documentation, the models developed in this study are expected to be very close to the
operating NPPs and the grid.

Note that the generator output circuit breakers shown in the model do not represent actual
circuit breakers in the plants that are modeled. In other words, these breakers will not be
opened in any of the simulation studies if the installation of such breakers on the specific
generators is not confirmed. In addition, it is understood that a switchyard with breaker-and-a-
half configuration has three breakers and five disconnected switches (disconnect switches are
not modeled in our study) per switchyard bay. Inthe ETAP model for this kind of switchyard,
sometimes five breakers were modeled. The reason is that a bus must be inserted between two
breakers in order to connect to another bus, and a bus cannot be connected without a breaker
(or a transmission line) between them. When performing simulation, attention has been paid to
this issue to avoid any violation.
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4.3 Scenario Definition, Simulation, and Analysis
4.3.1 Comparison of Grid Responses to Faults at Different Locations

In this section, sets of scenarios are defined for the individual plant models representing the
same type of faults at different locations measured in terms of distance from the switchyards.
The developed scenarios are defined in Table 4-1. For each plant model, both permanent and
transient faults are defined for the selected lines. For buses, only permanent faults are defined
since the selected buses are all part of the switchyard buses. Failed bus will be taken over by
the other bus for a breaker-and-a-half configuration. Therefore, permanent faults for these
buses should not make any difference from the transient faults as long as the failed bus is
isolated. For plants of breaker-and-a-half configuration switchyards, i.e., Plant A and Plant B
models, the frequency and voltage at the two buses of the switchyards are plotted in the figures.
For the plant of a ring-bus configuration switchyard, i.e., Plant C model, the frequency and
voltage at two of the ring buses are plotted in the figures.

The simulation results for Plant A Cases 1 - 6 are shown in Figures 4-4 through 4-10. The
voltage and frequency transients at two switchyard buses SWYDBus-1 and SWYDBus-2 were
plotted such that the responses to faults at different distances from the switchyard can be
compared meaningfully. The simulation results for the rest of the scenarios defined in Table 4-1
can be found in Figures A-1 through A-15 Appendix A.
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43



Bus Frequency

— SWTDBuw-1 — SWTDAw-3

Fim %

1} 5 10 15 20
Time (5ec)

—  SWEDBuw-! —  EWEDBuw-?

B
3
5
3
%
&

1
Time (e )

Figure 13 Plant A-Case-2 for Bus Sub1-1 Permanent Fault (Medium)
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Figure 16 Plant A-Case-5 for Line10 Permanent Fault (Far)
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From the simulation results shown in Figures 4-4 through 4-10 (also the simulation results of
similar cases for Plants B and C, as shown Figures A-1 through A-15), it can be concluded that
it is generally true that for a fault originated in the transmission network, the closer the fault is to
the NPP switchyard, the more severe impact it has on the NPP. While this might be well-known,
it may not be common for a NPP switchyard owner or a transmission network owner to
recognize that a different or a tighter protection scheme is warranted for the NPP switchyard or
transmission lines/substations nearby a NPP switchyard considering the fact that a utility tends
to use the uniform protective schemes settings across the entire network owned by the utility.

The performance variation of different protective schemes/settings becomes obvious in the next
section, especially when an additional breaker failure is considered following a fault occurrence.
Note, a transmission line fault followed by the failure of the protection system is not rare at all,
e.g., see Section 1.1.3.

Also, note that none of the fault scenarios indicates that the NPP will be challenged under the
faulted conditions considered above. This also partially serves the purpose of validating the
NPP plant models created in the study.

4.3.2 Comparison of Grid Responses to Faults with Different Protection
Schemes

4.3.2.1 Parameters for Generic Protective Schemes

The scenarios of interest are developed to study the grid responses to individual faults under
different protection schemes. As shown in Section 4.3.1, the closer the faults originated in the
transmission network to the NPP switchyard, the more severe are the impacts that a longer fault
clearing time has on the plant responses. Therefore, clearing the faults with minimum or without
any intentional time delay becomes critical in order to reduce the NPP susceptibility to the
external faults.

For transmission line protection schemes, as described in Section 2, the primary protection
relaying scheme using telecommunications does not have any intentional time delay once an
internal fault is detected. The only intentional time delay is built into the remote breaker failure
protection scheme, which is also considered to be required for protective relaying coordination.
For a telecommunication-based remote breaker failure backup scheme, this time delay is very
small, i.e., around 90 ms, as shown in Section 2. Considering the severity of the impact of the
fault that is near the NPP switchyard, the postulation is that it is therefore ideal to apply the
telecommunications-based protective relaying in conjunction with the telecommunications based
breaker failure backup schemes on the transmission lines at and/or near the NPP switchyard,
as will be shown in this section.

The parameters used in the study for different protection schemes are summarized in Table 4-2.
The parameters defined in the table are generic and can be basically applied to develop
scenarios that can be simulated to compare the performance evaluation of the protection
schemes for different plant models.
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Table 4-2 Generic Parameters for Simulating the Responses to a Fault with Different
Protective Schemes

Protective Types Near End Bus Far End Bus Near End Remote Backup
Clearing Time(s) | Clearing Time(s) | Breaker Failure Breaker(s)

Opening Time(s)

Distance Relaying (DR) 0.08 0.58 None --

Distance Relaying with

Breaker Failure Protection 0.58 -- Yes 0.58

(DRBF)

Telecom-based protective

Relaying (PR) 0.08 0.1 None

Protective Relaying with

Telecommunication-based 019 _ Yes 0.1

Breaker Failure Protection
(PRBF)

Table 4-2 provides generic parameters for simulating the responses to a fault with the
transmission line and/or with the failure of an additional breaker at one end (the near end) of the
transmission line for different protection schemes that are popular in HV/EHV transmission
protection. The clearing time in the table refers to the total time it takes for the circuit breakers to
actuate and clear a fault after the fault has occurred. Note, the fault assumed here is detectable
by the near end Zone 1 relays and the far end Zone 2 relays, e.g., a fault at 90% of the line
length. The reason we are interested in this type of faults is that a transmission line fault near a
bus is more severe than the fault in the middle of a transmission line because the power flow at
the bus will be almost totally blocked for the former case. If the fault is detectable by both of the
Zone 1 relays at the two ends of a transmission line, e.g., a fault at 50% of the line length, the
time it takes to clear the fault is different. This kind of situation is not considered in this study.

Also note, if multiple lines are connected to one end of a transmission line, that end has multiple
circuit breakers. Failure of each breaker may have to be considered due to the different effects it
may have, as will be illustrated in Examples 2, 3, 5, and 6 in Section 4.3.2.2.

4.3.2.2 Example Scenario Definition for NPP Models and Simulation Results

Three sets of example scenarios were developed for the three NPP models and the simulation
results are presented and briefly discussed in this section.

A set of example scenarios was developed to simulate the grid responses to a 90% three-phase
transmission line (Line 13 of a length of 24.5 miles in the model) fault with the switchyard bus
SWYDBus-1 of Plant A as the near end bus of the fault under different assumptions of
protection schemes. The fault is assumed to occur at 0.2 seconds.

In the first example, it is assumed that a distance relaying scheme (DR) is used with three
protection zones defined. The fault at the near end bus (bus 14) is assumed to be cleared in 80
ms (relay time 30 ms plus circuit breaker clearing time 50 ms), i.e., the circuit breakers CB16
and CB18 are opened at 0.28 seconds. Since the fault is out of the reach of the Zone 1 relays at
bus 14, the fault is detected by the Zone 2 relays at substation Sub3 in the model and will be
cleared with an intentional time delay of 0.5 seconds, i.e., CB54 is opened at 0.78 seconds. The
frequency and voltage transients at buses SWYDBus-1 and Sub3 are shown in Figure 4-11.
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The second example assumes a remote breaker failure protection scheme (no communication
channel) as a backup protection of the distance relaying scheme, i.e., DRBF scheme. In this
simulation, it is assumed that circuit breaker CB16 fails (CB18 still opens correctly) to open such
that the fault cannot be cleared at the near end in time. The fault will still be cleared at the far
end bus Sub3 at 0.78 seconds since the Zone 2 relays there are not affected. The relays of the
breaker failure protection scheme, which are installed also on bus 14, detect the fault and send
trip signals to circuit breakers CB1, CB4, CB7, CB10, CB13, CB 19, and CB22. After an
intentional time delay of around 0.5 seconds, i.e., at 0.78 seconds, CB16 and CB18 will trip to
clear the fault. Note, since many circuit breakers are tripped and bus SWYDBus-1 is lost, the
induced transient might be severe although the other bus SWYDBus-2 is capable of taking over
immediately. The switchyard bus responses are shown in Figure 4-12.

The third example is similar to the second one but with the assumption of CB18 failure instead
of CB16. In this situation, CB17, as the remote backup circuit breaker for CB18 failure, will be
tripped with an intentional time delay of 0.5 seconds. Note, another transmission line, line 12, is
also connected and will be affected. Since distance scheme is assumed here, it is expected that
the Zone 2 relay at the other end of line 12, bus Sub5, will detect the fault current and trip the
circuit breaker CB140 with an intentional time delay of 0.5 seconds. This is a less severe
scenario, although fewer numbers of breakers are tripped, compared to the second one

because tripping circuit breakers CB17 and CB140 will cause a loss of another transmission line,
line 12, between buses Bus13 and Sub5 in the Plant A model. The simulation results are shown
in Figure 4-13.

Example 4 assumes a protective relaying scheme using telecommunications (PR) for the
transmission line 13 between bus 14 and Sub3 in the Plant A-RO model. The Zone 1 relays at
bus 14 will detect the fault and open the circuit breakers CB16 and CB18 to clear the fault at
near end at 0.28 seconds. In the mean time, the Zone 2 relays at bus Sub3 also detect the fault
immediately and will open circuit breaker CB54 after an intentional time delay of 20 ms (this
time delay is to accommodate the communication time of the tripping signal or blocking signal
depending on whether it is a permissive or blocking-type protection scheme). Therefore, the
fault at the far end will be cleared at 0.3 seconds. The switchyard bus responses are shown in
Figure 4-14.

In Example 5, a communication-based remote breaker failure protection scheme, i.e., PRBF
scheme, is adopted. In this example, breaker CB16 is assumed to fail to open and breaker
CB18 will still open at 0.28 seconds. The far end fault will still be cleared at 0.3 seconds, the
same as that in example 3. The Zone 1 relays at bus 14 detect the fault and send a trip signal to
the remote backup circuit breakers CB1, CB4, CB7, CB10, CB13, CB19, and CB22 via
communication channels. Again, a 20 ms communication time and an intentional time delay of
90 ms are assumed. Therefore, CB1, CB4, CB7, CB10, CB13, CB 19, and CB22 will open at
0.39 seconds. See Figure 4-15 for detailed switchyard bus responses.

Similar to Examples 2 and 3 for the distance relaying schemes, a variation of Example 4 is to
fail circuit breakers CB18 while CB16 still opens at 0.28 seconds. CB17 is one of the remote
backup breakers for CB18 and therefore, will be opened at 0.39 seconds. Note, the circuit
breaker CB140 at the other end of line 12 also serves as the backup breaker for CB18. A
protective relaying scheme using telecommunications is also assumed for line 12. This fault is
anticipated to be detected by the Zone 2 relays at bus Sub5 and thus the circuit breaker CB140
is expected to be opened by these relays at 0.39 seconds. Again, this causes a loss of line 12,
between buses Bus13 and Sub5 in the Plant A model and is a more severe scenario than
Example 5.
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In a summary, the frequency and voltage responses at buses SWYDBus-2 and SWYDBus-1 are
shown in Figures 4-11 through 4-16. The resulting performance variations for each of the
proposed example protection schemes are evident in the accompanying figures.

The bus frequency and voltage plots for Example 1 are shown in Figure 4-11. Figure 4-11

shows that, under the conventional distance relaying scheme, the magnitude of the deviation is
acceptable and the transient responses after clearing the line 13 fault are quickly dampened out.
Note, there is no failure associated with the protection system for line 13.

Example 2 results are shown in Figure 4-12 for the frequency and voltage responses at the
selected buses SWYDBus-1 and SWYDBus-2. While some oscillations of frequency and
voltage level are observed at bus SWYDBus-2, i.e., the far end of line 13, the oscillations will be
suppressed, as shown in the figure. The switchyard bus SWYDBus-1 is isolated, as expected.
The oscillations at bus SWYDBus-2, although dampened out eventually, are significantly more
severe, especially in the beginning of the transient, where the frequency deviation at the bus is
also severe. The voltage responses at the bus are also significantly degraded in terms of
oscillation magnitude.

For Example 3, the responses shown in Figure 4-13 at buses SWYDBus-1 and SWYDBus-2 are
apparently worse compared to Example 2 results although in Example 2. However, it can be
seen that each of the cases presents a significant challenge to the NPP by inspecting the
frequency and voltage responses are the switchyard buses.

Example 4 results are shown in Figure 4-14, where the improved responses are obvious
compared to those shown in Figure 4-11 under distance relaying scheme. The responses for
the Example 4 scenario and the Example 5 scenario (Figure 4-15) are similar to each other.
Although the responses for Examples 5 and 6 (Figure 4-16) are worse than that in Example 4,
as expected, much better responses are observed than those in Examples 2 and 3. In all cases,
the oscillations of both frequency and voltage are quickly removed, which indicates that the NPP
will experience no significant issue and should be able ride through the transmission line fault
and the primary protection failure.
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Figure 19 Example Scenario 1 for Plant A Model for Distance Relaying
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Figure 20 Example Scenario 2 for Plant A Model for Distance Relaying with Remote
Breaker Failure Backup Protection
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Figure 21 Example Scenario 3 for Plant A Model for Distance Relaying with Remote
Breaker Failure Backup Protection
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Figure 22 Example Scenario 4 for Plant A Model for Telecommunications-based
Relaying
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Figure 23 Example Scenario 5 for Plant A Model for Telecommunications-based
Relaying with Remote Breaker Failure Backup Protection
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Figure 24 Example Scenario 6 for Plant A Model for Telecommunications-based
Relaying with Remote Breaker Failure Backup Protection
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Similar scenarios are defined for line 13 (44 miles) of Plant B model and line 5007 (105 miles) of
Plant C model.

For line 13 of Plant B fault with DR scheme, CB922 and CB925 (near end) and CB332 (far end)
will open 0.08 s and 0.58 s after the fault, respectively. This is called Example 1 for Plant B
model.

For the DRBF scheme, it is first assumed that CB922 fails and CB925 still open correctly. As the
remote breaker failure backup, CB902, CB912, CB932, CB942, CB972, CB982, CB992, and
CB9102 will open after 0.58 seconds of the fault occurrence. The far end circuit breaker CB332
also open 0.58 seconds after the fault. This is indicated as Example 2 for Plant B model.

In Example 3 for Plant B model, the DR scheme is still used but it is assumed that CB925 fails
to open. As the breaker failure backup, CB928 and CB660 will be opened 0.58 seconds after
the fault occurrence. Opening CB660 will lead to a loss of power supply to the onsite 525
kV/13.8 kV transformer AE-NAN-X01 that supplies power to 13.8 kV buses 2E-NAN-S05 and
3E-NAN-S06. The power will be provided by their backup power supply via bus switching
scheme. A typical bus switching time is assumed to be 5 cycles or around 80 ms [Trehan 2003].
Therefore, 0.66 seconds after the fault, circuit breakers CB396 and CB450 will be closed to
continue the power supply to buses 2E-NAN-S05 and 3E-NAN-S06 (See Figure 4-2).

In Example 4, the PR scheme is used. Therefore, CB922 and CB925 (near end) and CB332 (far
end) will open 0.08 s and 0.3 s after the fault, respectively. Example 5 assumes the PR scheme
with remote breaker failure backup. It is also assumed that CB922 fails to open. Therefore,
CN925 will open at 0.28 seconds. CB332 still opens at 0.3 seconds. CB902, CB912, CB932,
CB942, CB972, CB982, CB992, and CB9102 will open after 0.19 seconds of the fault
occurrence, i.e., 0.39 seconds.

In Example 6, CB925 is assumed to fail instead. CB922 and CB332 will open at 0.28 and 0.3
seconds, respectively. CB928 and CB660 will also open, similar to Example 3, but at 0.39
seconds. In the mean time, CB396 and CB450 will close 0.08 seconds (the bus switching time)
after the opening of CB660.

The frequency and voltage responses at the two switchyard buses EB and WB for the six
examples scenarios are shown in Figures 4-17 through 4-22. Note that in Example scenarios 2
and 3, i.e., under DRBF scheme, both frequency and voltage responses of the switchyard buses
are unacceptable due to continuous oscillations. While it is understood that the response in the
simulation model may deviate the response that might occur at the real plant, it is certain that
additional breaker failure under a distance relaying scheme may pose much more significant
challenge to the NPP. For the protective relaying scheme using telecommunications, on the
other hand, none of the three scenarios raise any issue to the plant operation, as shown in
Figures 4-20 through 4-22.
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Figure 25 Example Scenario 1 for Plant B Model for Distance Relaying
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Figure 26 Example Scenario 2 for Plant B Model for Distance Relaying with Remote
Breaker Failure Backup Protection
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Figure 27 Example Scenario 3 for Plant B Model for Distance Relaying with Remote
Breaker Failure Backup Protection
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Figure 28 Example Scenario 4 for Plant B Model for Telecom-based Relaying
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Figure 29 Example Scenario 5 for Plant B Model for Telecommunications-based
Relaying with Remote Breaker Failure Backup Protection
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Figure 30 Example Scenario 6 for Plant B Model for Telecommunications-based
Relaying with Remote Breaker Failure Backup Protection
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Finally, six scenarios are defined for Line 5007 of Plant C model. For 105 mile Line 5007
between buses Bus93 and Sub1, a 90% three phase fault occurs near Bus93, one of the ring
buses of the Plant C switchyard. The near end circuit breakers are CB15 and CB65 while the far
end breaker is CB119.

For Example 1, a DR is assumed. Therefore, CB15 and CB65 will open around 80 ms after the
fault occurrence and the far end CB119 will open at 0.78 seconds. Two of the switchyard buses
are selected and the frequency and voltage responses of theirs are shown in Figure 4-23. With
the prompt fault clearing at the near end, the NPP should not have any issue with its normal
operation.

Example 2 uses the DRBF scheme and one of the near end circuit breakers CB15 is assumed
to fail. CB65 and CB119 will open at 0.28 and 0.78 seconds, respectively. As the remote
breaker failure backup, CB25, CB205, and CB235 at the switchyard will open after 0.5 seconds
delay. The two switchyard bus responses are shown in Figure 4-24.

Example 3 again uses DRBF scheme but the failure of CB65 is assumed here. CB15 and
CB119 will open at 0.28 and 0.78 seconds. The backup breakers for the failure of CB65 are
CB4, CB5, and CB55, which will be opened also 0.78 seconds. The responses are shown in
Figure 4-25. The degraded grid responses for Example scenarios 2 and 3 are clear compared to
Example 1 results.

For Example 4, the near end circuit breakers CB15 and CB65 will open at 0.28 seconds and the
far end CB119 will be opened at 0.3 secon