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l. Abbreviations and Definitions

ACE — Area Control Error

AIES— Alberta Interconnected Electric System

BA — Balancing Authority

BAAL — BA ACE Limit

BRD SDT — Balance Resources and Demand Standard Draféamn T
CERTS - Consortium for Electric Reliability Technologgl8tions

Contingency operation — Interconnection operation during a period oftithat starts from
occurrence of a load or generation contingencyesnats when the frequency recovers from that
event.

ECAR — East Central Area Reliability Council
ERCOT - Electric Reliability Council of Texas
FAL — Frequency Abnormal Limit

FPL — Florida Power and Light Company
FRCC - Florida Reliability Coordinating Council
FRL — Frequency Relay Limit

FTL — Frequency Trigger Limit

GADS - Generation Availability Data System
MAAC — Mid-Atlantic Area Council

MAIN — Mid-America Interconnected Network, Inc.
MAPP — Mid-Continent Area Power Pool

Method of Least Squares — A method of determining the line that best dégsrthe relationship
between expected and observed sets of data by mingithe sums of the squares of deviation
between observed and expected values.

NAESB — North American Energy Standards Board
NBP — New Brunswick Power
NERC — North American Electric Reliability Council

Non-contingency operation — Interconnection operation at any time the Irdenection is not in
contingency operation. Seentingency operation above.

NPCC — Northeast Power Coordinating Council
NWPP — Northwest Power Pool
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P-Freguency-Response — Pre-reversal Frequency Response. As used ingjhist, this value is

the ratio of the contingency size to the expectstlting maximum frequency deviation. Here,
supply-side events are assumed to have a posdntigency size, while demand-side events
have a negative contingency size. This maximunukaqy deviation occurs at the point where
the increase in the magnitude of frequency dewnasarrested by the action of primary
response. This is also the point where the frequeread reverses and frequency begins to move
towards schedule.

PCE — Priority-based Control Engineering
RAS— Remedial Action Scheme

RC — Reliability Coordinator. Also known as ReliatylAuthority, or RA, in other contexts and
in earlier drafts of this report.

SAR — Standard Authorization Request

SERC — Southeastern Electric Reliability Council
SPP — Southwest Power Pool, Inc.

SPS - Special Protection Scheme

Sandard — Draft 4 of the proposed Balance Resources amiaDd Standard. Also referred to as
Standard 300 in earlier drafts of this report amae referenced documents.

Tw — A limit on the number of consecutive minutes ta®A may allow its ACE to go above
BAAL high or below BAALg, Without violating the measures in the Standards Tiit is
referred to as BAAL Jin the Standard.

Tuin — This parameter is referred to as Rdis Ty in the Standard. The Standard defines it to be a
limit on the number of consecutive minutes thatlthierconnection frequency can be above
FTLnigh Without exposing it to unacceptable risk.

Twn — This parameter is referred to as Ik T, in the Standard. The Standard defines it to be a
limit on the number of consecutive minutes thatltiierconnection frequency can be below
FTL,w Without exposing it to unacceptable risk.

UFLS - Under-frequency load shedding
WECC — Western Electricity Coordinating Council
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I. Executive Summary

1. Conclusions

The Standard defines a method of developing freqguand ACE limits, which are based on
outage statistics and relay settings, and aredettto limit the rate of activation of frequency
sensitive relays to a targeted bound. Under traadtrd, RCs may incur violations when the
frequency of their Interconnection continuouslyeeds any of these frequency limits for longer
than the associated time limits specified by tten8ard. BAs may incur violations when their
ACE exceeds a variable frequency-based ACE limtioaously for longer thanf, a time limit
specified by the Standard.

The general concept of using unit outage statisincka probabilistic approach to evaluate and
limit the rate of load shedding due to the actvainf UFLS relays is sound. The proposed
method of setting FAL is conservative in regarthi risk of reaching relay limits. It is designed
so that even if frequency is always at FAL durimgitontingency operation, the risk of
activating under- and over-frequency relays withegn within targeted bounds. Therefore, so
long as frequency does not actually go beyond Févingy non-contingency operation, the risk of
activating the relays should remain within targdtednds.

In some cases this conservative procedure cart radalv-side limits that are extremely tight or
even above 60 Hz. Implementing the proposed prdoeS¥ECC indicates that FTd, can be
anywhere from 59.856 Hz, when all generation tvigrgés caused by RAS/SPS activation or loss
of transmission facilities are ignored, to 60.075 When all such trips are considered.

Despite the conservative setting of FAL and sonreetation between the measures in the
Standard and bounding frequency to FAL, compliamite BAAL measures does not ensure that
the risk of frequency reaching FRL will be limitemlthe targeted bound. BAAL measures require
only that BA ACE not go beyond BAAL for a periochiger than J,; the measures do not
penalize a BA whose ACE often exceeds BAAL, buhdaue for less thanf, and the BA
measures are blind to the magnitude of ACE onerdeeds BAAL. There are a number of
potential situations in which BAs may cause frequeto move beyond FAL while remaining in
compliance with these measures. It will dependheretixtent to which BAs change their
generation control practice to take advantage®f&tandard. As a consequence, the rate of
Interconnection's frequency reaching FRL can akeeed the targeted statistical bound. At the
same time, limiting the number of consecutive masuhat BA ACE can exceed BAAL in some
cases may impose a significant amount of contrdAs without noticeably decreasing the risk
of frequency reaching FAL. PCE recommends thatréutasearch give priority to improving the
design of the measures to properly bound the fiskaching FRL before improving the
rigorousness of the method of setting frequencytdim

If the industry chooses to approve the Standaaiagntly proposed, PCE recommends that
NERC monitor frequency performance and, whenevangés in generation control practice
cause frequency to exceed FAL at an unacceptataletighten FThigh, FTLow, Tve, Tvn, and/or
Tun to reduce this rate. The current procedure fdmgeT,s does not have a strong correlation
with the objectives of the Standard; it allows amnealistically long limit on the interval during
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which frequency can remain beyond FLL Ty for all Interconnections have been provisionally
set to the maximum limit of 30 minutes specifiectiy Standard.

The SAR for the Standard also requires maintaimtgrconnection frequency performance
within a targeted frequency profile. BRD SDT hass#n to limit RMS of frequency error one-
minute averages to a targeted bound and has pi@#3¥kl-1 to measure the contribution of

BAs to helping the Interconnection meet this target the Interconnection one-minute average
frequency error to meet the targeted RM3,frequency cannot wander at levels much beyond 3

to 4 times ofe; away from scheduled frequency for more than atfewrs per year. To help

return frequency to its schedule when it is abndignaeviated and help meet the targeted
frequency profile, it would be beneficial to linki Liow and FTLyign for each Interconnection to a
setting in the range of 3 to 4 times of &saway from scheduled frequency, particularly BfL

for WECC's and FThkgn for all Interconnections. BRD SDT's choice of Ffifor the Eastern
Interconnection during the Phase Il of the FieldlTior the Standard is consistent with this
proposal.

In addition to firm loads shed at FRl, some loads are shed at higher frequencies. Fonghe,
while FRLo for WECC is set to 59.500 Hz, some non-firm loagsshed at frequencies as high
as 59.900 Hz. Setting FEl somewhat higher than the frequency at which tis¢ $stage of non-
firm loads is shed should help prevent a largesiase in the rate of shedding such loads.

PCE examined the effectiveness and validity ofpitegposed BAAL measures. The proposed
BAAL formulation ensures that if all BAs are withiheir BAAL at all times, the Interconnection
frequency will not exceed FTL. Therefore, for fregay to exceed FTL, at least one BA must be
outside its BAAL.

However, these features are not unique to theteel @AAL formulation; many different sets of
formulations would have the same beneficial praoperiThe proposed BAAL formulation is
based on an assumption that risk of reaching FRaportional to frequency deviation from
schedule. Analysis presented in this report chgélerthis assumption. PCE proposes that,
whether the Standard is approved by the industnotrfurther research be conducted to develop
measures that are more correlated to the riskamayo limit.

BAAL measures may not be necessary for single-BArtonnections. For example, in case of
ERCOT, ensuring that frequency returns within F§lequivalent to ensuring that the ERCOT's
ACE returns to within its BAAL. Therefore, complgmwith the RC measures of the Standard is
sufficient for ensuring that the BA remains compliaith the BA measures of the Standard.

Furthermore, preliminary analysis indicates thatghoposed BAAL measures may result in a
decreased number of violations as a result of ggdeereporting of ACE. This may mean more
expected violations for smaller BAs for the samapprtional amount of control and induced
Interconnection risk as larger BAs. PCE recommehdsthis subject be further explored in
future research.
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2. Phasell Objectivesand Deliverables

CERTS subcontract for Phase Il specifies that P@Eperform the analysis and deliver the

items listed in the left column of Table 1. Thentigolumn of that table summarizes the results.

The results of Phase Il work are combined withléisé Draft of Phase | report released on
January 6, 2005, to produce this integrated report.

See Appendix F for more detailed tables regardiegstatus of and suggested further research
stemming from Directed Research objectives.

Table 1. Specific Analysis and Deliverables f

or Phasd Doected Research.

Analysisand Deliverables
for Phasell

Status

Description of data acquired for the project.
Refinements to the method for calculating F
and FTL proposed to BRD SDT; updated
software of the method for calculating FAL
and FTL reflecting any BRD SDT adopted
refinements, if any, as well as the associate
updated estimates of FBL, FALw, and
FTLw for the Eastern Interconnection

reflecting any BRD SDT adopted refinements.

Data gathered from sources described in thi
Ateport.

Process and software refined to use historic
recovery rate and estimate the limits.

FRLow = 59.820 Hz
FALjow = 59.908 Hz
FTLiow = 59.950 Hz

)

v)

Al
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Table 1. Specific Analysis and Deliverables for Phase Doected Research; cont'd.

Analysisand Deliverables
for Phasell

Status

Estimates of FRLy, FALow, and FTlg,, for
the WECC Interconnection.

FRLow = 59.500 Hz

caused by loss of transmission facilities or
activation of protection schemes that is
considered, the proposed process can give
wide range of values for FAdw and FTle,, for
WECC.

When the probabilities associated with all
events in the set are included, the proposed
process gives (note that Rl.is higher than
60 Hz):

FALjow = 59.943 Hz
FTLow = 60.075 Hz

In the other extreme, if the probabilities

set are ignored, the proposed process gives

FALjow = 59.722 Hz
FTLiow = 59.856 Hz

It may be necessary to limit the FTL in WEC|
to a setting in the range of 3 to 4 times ofd}s

error to meet the targeted RMS as required
the Standard. This constraint should also hg
prevent a large growth in the shedding rate
non-firm loads.

Depending on the set of generation trip events

associated with all events in the above defined

C

in order to help one-minute average frequency

py
Ip
Df

Estimates of FRLy, FALow, and FTlg,, for
the ERCOT Interconnection.

FRLow = 59.300 Hz
FALjow = 59.622 Hz
FTLiow = 59.932 Hz

Report of estimates of frequency limits for th
three Interconnections in a format similar to
that of Table 3 in section VIII of the Phase |
Report, and will revise Appendices A and B
the Phase | Report to reflect any BRD SDT
adopted refinements, if any.

eSummary of frequency limit calculations is
provided in section VIII of this integrated
report.

O}cbxppendices A and B have been revised and
Appendix D has been added to reflect BRD

SDT-adopted refinements.
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[11. Backaround

1. Historical Objectives of Generation Control

Traditional objectives of ACE/frequency control eancluded reduce the incidence of
unscheduled flows likely to induce congestion ansmission facilities, bounding inadvertent
energy exchange among the control areas, and pneg&aducing time error. Another major
objective has been to ensure that frequency renaamay from levels that would cause under- or
over-frequency relays to be activated. Extremealy fiequency can lead to shedding firm load,
while high frequency can cause wear and tear ierggimg equipment. Additionally, those
entities that cause the Interconnection to opexiaéelower frequency cause a reduction, due to
load response, in other members' paying load.

2. Project Purpose

The purpose of this research is to validate thefdHowing processes and their supporting
concepts are technically sound and will be effectivmplemented by the industry:

* Process for developing Frequency Limits.
* Process for developing BAALs.

The validation process requires using actual aatetermine whether the limits can be
developed as proposed, and then using actualaateotv whether the limits work as intended
for various sized BAs in each of the major Intemections (Eastern, Western, ERCOT). The
process for developing frequency limits and thecpss for developing BAALs are embedded in
the Draft 4 of the Standard as BAL-011-1 and BAL2{1 respectively [1].

The SAR for the Standard defines the objectivdnef$tandard to be:

To maintain Interconnection scheduled frequency within a predefined frequency profile
under all conditions (i.e. normal and abnormal), to prevent unwarranted load shedding
and to prevent frequency-related cascading collapse of the interconnected grid. [19]

It is understood that, in the above objective,ghmse "Interconnection scheduled frequency"
means "Interconnection operating frequency".

The SAR states the following requirements for then8ard:

(a) This standard will maintain Interconnection freqexeperformance within a targeted
frequency profile as demonstrated through contedlggmance measures.

(b) This standard will require the use of a technicd#¥ensible mathematical method to
enable each Interconnection to disburse contrploresibility among its entities to
achieve its targeted Interconnection frequencyilerof

(c) This standard will require that the Reliability Aotity have the authority to monitor
system frequency and have the authority to diretbbas (to control frequency) that
include load shedding.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 10
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In this report, the phrase "technically defensiEthematical method" of disbursing
responsibility, mentioned in (a) above, is underdtto mean a method that can be
mathematically shown to be probabilistically ensgrihe expected level of reliability as defined
by NERC while fairly distributing responsibility taterconnection BAs of different sizes.

PCE has understood and made the following assumjsticonducting the research in this report
that:

* Other standards defined by NERC and NAESB willrattthe other crucial
characteristics and objectives of proper intercoteteoperation that have
traditionally been addressed using ACE/frequenayrob In particular, other
standards will be responsible to limit the numkiecangestion events in transmission
facilities due to flows associated with diversifiadge ACEs.

* CPM-1 will be implemented as described in the Saathavith the currenfltargets
remaining unchanged for all NERC Interconnectidiss ensures that the one-
minute average frequency profile of the Intercotioas will remain within
historically reliable bounds, subject to all BAshepliance with the Standard.

With that in mind, PCE commends NERC's goal of tgyag a Balance Resources and
Demand Standard in order to reduce the amountmdaassary control, while maintaining
reliability and security of the Interconnectionsddairly distributing control responsibility
among Interconnection participants. The princimshponent of frequency control, generation
control, has an impact on the order of many hurglcéanillions of dollars on North American
utilities and their customers, and that figure barreduced with standards more closely tied to
the objectives of interconnection reliability.

3. Scope of this Report

This report develops and provides the deliveraldésd in column 1 of Table 1 along with
updated deliverables from Phase | of this projEleese deliverables have been deemed by
CERTS and PCE to have the highest priority ouheftasks described in the complete Directed
Research included in Appendix E. The report evakias many procedures in the Standard as
possible, within the constraint of allocated resear These procedures have been evaluated to
determine whether implementing the Standard wauaid the expected occurrence of activating
the under- and over-frequency relays each to oac&@years. The report also discusses the
relationship of these procedures and realizaticentafgeted frequency profile. In addition, it
analyzes the proposed processes for developingdray limits and BAALSs, evaluates the
consistency and validity of these processes, an&te the low-side frequency limits for the
Eastern Interconnection, WECC, and ERCOT.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 11
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4. Scope of the Operation During Which the Rate of L oad-Shedding Isto be Bounded

The once-per-10-years targeted risk of activatimegunder- and over-frequency relays specified
in the Standard as acceptable excludes the aativatisuch relays occurring in islands separated
from the bulk of an Interconnection. This exclusapplies irrespective of the cause of such
separations, even if any of them is due to aggeegapact of mismatch between resources and
demand in various BAs on some transmission faedliti

The above targeted risk also excludes the activaticuch relays in an Interconnection during
times of abnormal operation such as natural disastgacting a significant portion of an
Interconnection or disconnections of significanttipms of an Interconnection.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 12



AV Validate the Concept of Using Probabilistic Acceptable Risk Limits, Based On

Unwarranted Under Freguency L oad Shedding and Unit Outages

1. Summary

The proposed method of frequency control requitesStandards Developer to develop
frequency limits. These limits should ensure thahe expected rate of occurrence of load-
shedding events due to negative frequency exclgsloas not exceed one in 10 years and ii) the
same is true for the expected rate of occurrenceef-frequency generator relay trips due to
positive frequency excursions. PCE finds souncctreept of limiting unwarranted under-
frequency load shedding as an important factostaldishing frequency limits and using the
probability of generating unit outages (along withlti-unit plant outages and HVDC line or
converter trips) as a factor in defining these t&mPCE has also found that the probabilistically
calculated frequency limits used to define requeets in the Standard are likely to have a
noticeable effect on the risk of load-shedding o@mnces.

However, given the generation control performaneasures in the Standard, PCE believes that
too many parameters, such as future generatiomat@maictice, can affect the risk of frequency
reaching FRIe, associated with any particular value of i ,LTherefore, it is impossible to
estimate with any practical accuracy the rate aflishedding events associated with any value of
FTLow, including the one derived using the proposedgsscThe fact that a value of RdLwill

be derived for the purposes of this report shookdmply that the measures in the Standard
make it possible to guarantee that the risk ofhie@cFRLo, associated with this value of Fl

will be acceptably bounded.

PCE suggests that further research be performstidly the impact on the risk of the measures
in the Standard failing, due to potential real-tiemeors in calculated ACE and measured
frequency, to prevent frequency from reaching FRirerthan once in 10 years.

PCE also notes that it may be beneficial, and piaignvital, to the proper operation of the
NERC Interconnections to consider other factorseitting the frequency limits proposed in the
Standard. One of these factors is the goal of raiimy the targeted frequency profile, as
required by the SAR. Another is preventing subshgtowth in the rate of activating
frequency-based interruptible-load shedding relays.

2. Frequency Control under the Standard

BRD SDT proposes to create measures based oretiigeficy limits to prevent load shedding as
follows. Measures are expected to impact generatmtrol practice in a way that bounds the
tails of the probability distribution of frequeneyror. The goal is to ensure that frequency does
not reach and stay below FRJfor a period of time sufficient to activate lodueslding relays
more than once every 10 years. The Standard wahlé\ae this goal through control measures,

1 with the current relay setting choices this pei®d0 cycles or about 0.167 s for the Eastermrdntenection.
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which are designed to prevent frequency from rearkiAL,,. One of those measures will be
setting FTley to a value that allows sufficient time for BAs aR@s to take action before
reaching FAley.

PCE's understanding of the method of setting fraquémits outlined in the Standard is as
follows. FAL,w should be set at the lowest value where the fregueill not be expected to
reach the associated FRLmore than once in 10 years as a result of a geoetiass event,
even if frequency is at this particular F4l-at all times in this 10-year period during non-
contingency operatidnAs a result, preventing frequency from going bey&ALqw during non-
contingency operation significantly increases anficlence that frequency will not reach RRL
more often than once per 10 years even during rogericy operation.

In this report, PCE has described a method of esitig) the maximum frequency change
resulting from contingencies that is expected foplea at least once every 10 years. An estimate
of the magnitude of that frequency change for tERI8 Interconnections is performed in section
VIII.

The Standard intends to prevent frequency fromgybegyond FAle,, through the following
measures:

* Penalizing BAs that remain beyond their BAAL limits a period longer than,J-

* When frequency is beyond Fifl, encouraging coordination between RCs and BAs
to get frequency above Fk. within the specified time limit (k).

* Penalizing RCs when their Interconnection frequaadyeyond FAle,, for any
amount of time, whether the RC had taken actiomobr

The expected success of these measures in prayémtijuency from going beyond FRlk is
discussed in other sections of this report.

3. Associating the Risk of Reaching FRL with a Setting of FTL

PCE understands that the proposed process fola@heuFTLow and FTlyign Sets these limits
by:

a) finding the highest contingency not consideredskdting the corresponding FAL
(considering generation losses to have a negasikee\and load losses to have a positive
value),

b) dividing it by the estimated Interconnection fregeygresponse (the result of this step has a
positive value for generation losses and a negaaluge for load losses),

c) adding the result to the appropriate FAL.

In case of FTly for the Eastern Interconnection, the highest coetbitontingency not
considered for setting FAJy would be a trip of a power plant with expectedootiiof around
2,500 MW. The FTle, resultant from considering this to be the nexhkgj contingency would
be above 60 Hz.

! See section | for definitions @bntingency andnon-contingency operation.
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Moreover, simply adding one more contingency tcualte FTL does not have a sound
theoretical basis. The calculation of FglLshould exhaustively take into account the prolggbil
of all possible combinations of contingenciess lhighly unlikely that generation outages of a
combined magnitude necessary to move the frequahtlye way from FTlg, to FRLoy Will
occur within a short time of each other. Usingniethod described in section VII, PCE
estimates that, excluding natural disasters aner @bents which preclude assumption of
independence of events mentioned above, the Edaternonnection is not expected to
experience an immediate loss of 4,000 MW due t@gdion contingencies more than once
every 500 years.

The above conclusion is only true when trips otsiand power plants are independent of each
other (e. g. the trips are not caused by eventddhd to the separation of a large section of an
Interconnection). PCE understands that the indegraredassumption does not hold in case of
coordinated generation shedding schemes, partigtiferse prevalent in WECC to maintain
Interconnection integrity. Independence of generationtingencies also does not hold in case of
a loss of generation due to the transmission-rels¢paration of that generation from the bulk of
the Interconnection.

To estimate FTL for the Eastern InterconnectionERGed the contingency equivalent to a trip
of the largest single unit. This approach is i Math the definition of contingency used in some
existing NERC standards and has been approved By&RT. However, PCE does not see that
the use of any single contingency or combinationaritingencies to calculate FTL based on
FAL has a sound technical basis.

PCE is not proposing an improvement to this metbfazhlculating FTL that would ensure a
targeted rate of reaching FRL. Nor does PCE belieat given the generation control measures
based on FTL in the Standard, a reliable methadasdable for evaluating the risk of reaching
FRL associated with a particular value of FTL.

However, if the non-contingency operation frequetiisyribution resulting from implementing
the measures in the Standard turns out to beidgsthan the one assumed by the proposed
process for setting FAL, then the risk of reacHii). under the Standard will be within targeted
probabilistic bounds. This would be true if freqogis never beyond FAL during non-
contingency operation. Alternatively, the contrelformance measures based on FTL that are
proposed in the Standard could be modified to npalssible a more reliable calculation of risk
stemming from their implementation. This shouldab®ubject for further discussion and
analysis.

4. ACE and Frequency Errors

It is important to remember that real-time contmthe Standard would be working with non-
audited values of ACE and frequency and, theretbee Standard should take into account the
impact of possible errors in data entry, telemeiryalculation. PCE has heard anecdotal
evidence of more than a few cases in which coateds operated with an erroneous ACE for
extended periods of time. The expected error inrttexconnection ACE times frequency error
for a given time interval can be estimated usingjlable historical CPS1 scores and historical
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data from a reliable frequency source, assuminigthigeeffect of errors in CPS1 calculations is
negligible.

Future research could undertake a study of thecgtrgdeerrors in real-time ACE and frequency
measurements on i) the risk of frequency reachRig &nd ii) the risk of failing to maintain the
targeted frequency profile, even while all BAs &@s are complying with the proposed
requirements as indicated by the real-time measemesrof ACE and frequency error.

5. Alternativesto Contingency-based Operational Deadbandsfor Limiting Risk

The Standard specifies that the frequency deadimantich an Interconnection may operate
reliably is between the following frequency levels:

(a) The magnitude of a potential frequency drop resgifrom a one-in-10-years combination of
generation contingencies plus that resulting frowtlaer large unit trip added to the highest
UFLS setting.

(b) The magnitude of a potential frequency rise resglfrom a one-in-10-year combination of
load loss plus that resulting from another largalltoss subtracted from the lowest unit trip
relay setting.

This approach is generally very conservative wathard to the triggering of frequency-activated
relays. If frequency could, in fact, be maintaindgthin the above deadband during non-
contingency operation, the rate of activating statatys would be far smaller than once in ten
years. Moreover, this process can be conservatitigetpoint where, if generation or load trips
due to other causes, such as loss of transmissioght-of-way, are taken into account, the low-
side limits computed using this process become &lese to 60 Hz and, as shown in section
VIIl, potentially above 60 Hz. In addition to transsion failures, in WECC, this is a result of
various RAS mechanisms, which cause recurring géioerlosses far larger than the expected
generation losses due to independent plant tmpSRCOT, historical frequency data indicates
that it might be impossible to ensure a one-in-&éryelay trigger rate due to all causes. A
combination of contingencies caused a 720 mHz &eqgudrop and, consequently, a load-shed
event in 2003. If we consider the possibility tthas event may happen more than once in 10
years, the low-side frequency limits would becomeimhigher than 60 Hz.

As discussed in the report for Phase | of thisguijthis approach is mainly very conservative
because frequency will not be at FAL or even at Hid.entire 10 years. Nevertheless, PCE
believes that it is necessary to be very consemati selecting these frequency limits, in part
because the proposed BA measures, which are bageérm, are not sufficient to ensure
frequency remaining limited to FAL even if all BAse compliant.

An alternative measure of risk may be obtaineddtyrating the frequency distribution that is
expected to be realized under the proposed measusas CPM-1, and then using this
distribution together with available statisticsloss of various sizes of generating units and
plants to evaluate the expected probability of mearFRL. FTL and the associated BAALs
should then be set so as to limit that risk bygaiing large frequency excursions.

In addition, as meeting a targeted frequency masildefined as one of the objectives of the
Standard, FTL should be limited so that actiorakeh quickly when large frequency deviations
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occur. The Interconnection should disallow largstrency deviations to persist for several
minutes as they can threaten to make the one-yd& &t one-minute frequency error averages
larger thang, of the Interconnection. An approach of settingjfrency limits with these

considerations in mind is treated in more detadantion XI.2.

Finally, since avoiding all unwarranted frequenelated load shedding is defined as one of the
objectives of this Standard in the SAR, it is intpat to prevent an increase in the rate of
shedding frequency-activated non-firm loads, as asethe firm loads. Setting Fitk somewhat
higher than the highest setting of such automatays should help in accomplishing this
objective.
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V. Validate the Concept of Using I nterconnection Frequency Responseto Estimate

Responseto Generation/L oad Mismatches

1. Summary

The Standard specifies that a frequency resporige sased on an average of the prior three
years' data should be used to calculate the Minir8afe Frequency Band. PCE has found that in
order to properly estimate the Minimum Safe FregyedBand a measure of frequency response
that reflects the estimated maximum frequency dodpwing a generation contingency of a

given size can be used. Therefore, for the purpok#ss report, a measure of frequency
response, termed P-Frequency-Response (definedtiors | and explained in section V.2

below), will be used. PCE believes that it is tachlly feasible and defensible to use estimated
Interconnection P-Frequency-Response based offregaency performance during generation
and load contingencies.

The process could also be made more accurate argaaatiously conservative by taking into
account the fact that risk is increased as a restifte variability of P-Frequency-Response.

2. P-Frequency-Response

In most cases, the full primary response of thera@nnection will not be realized before load-
shedding relays activate. The peak frequency dewibietter represents the impact of the
contingency on the risk of tripping UFLS relays)cg& the quickest-opening relevant relays in the
NERC Interconnections are set to open in 0.2 secontess. The net frequency deviation
resulting from a contingency after the realizatodrthe full frequency response (labeled "point

B" in NERC frequency response survey guideline$)[ddl often be much smaller than the peak
deviation in the same event (labeled "point C"1]).

To more accurately determine the impact of a geoerdoss contingency on the risk of
triggering relays requires a measure of frequeaspanse that predicts the expected maximum
frequency deviation resulting from a contingencyaafiven size. PCE has calculated such a
measure and termedRte-reversal Frequency Response or P-Frequency-Response. As used in
this report, P-Frequency-Response is the ratib@tbntingency size in MW to the expected
resulting maximum frequency deviation in 0.1 HzisTimaximum frequency deviation occurs at
the point in time where the increase in frequereyiation is arrested by the action of primary
response. This is also the point when the direaifdnequency change reverses and frequency
begins to move towards schedule.

P-Frequency-Response should be measured at thettitme absolute maximum frequency
deviation. However, since the frequency data usdohdl the maximum frequency deviation is
sampled at intervals of 2-6 seconds, the estinfaeFrequency-Response calculated using the
maximum frequency deviation in this data will havkigher magnitude than the actual value.
Still, since the methods of setting the frequemtyts are very conservative, for the purposes of
the calculations in this report, we consider thibé a sufficiently accurate estimate.
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Interconnection P-Frequency-Response can be estimabre accurately by studying sudden
frequency change events using frequency data ¢tetlegith a resolution of about 0.1 seconds.
PCE is aware that some data with that resolutioy Imeaavailable for this type of analysis and
recommends that this be performed in future phaktss research. Alternatively, data sampled
at longer intervals can be interpolated to estimateore accurate P-Frequency-Response.

3. Eastern Interconnection Response to Negative Frequency Events

PCE obtained Eastern Interconnection frequencytedega from Elmer Bourque of NBP. PCE
verified that the events recorded by NBP frequenegsurements had a very good correlation
with the generation trip data obtained from GADS(fiSient data was available for

79 generation loss events occurring between 9/1/200 8/31/04. NBP data included the
approximate generation magnitude tripped for alldbtew of these events. For those excepted
few events, PCE used the average generation afniher plant during its service in that year as
provided by GADS data. Having gone through thixpss, PCE recommends that, in order to
increase the usefulness of the GADS database egsnfor Interconnection reliability research,
GADS request and store data regarding the actwegiploss due to immediate forced outages.
Figure 1 shows one of the larger contingenciesidensd in this analysis.

A scatter plot of the frequency drop vs. the poless for each of the above 79 events is shown
in Figure 2. PCE then found the best-fit line toete points with the power loss as the
independent variable using the Method of Least Bgud he slope of that best-fit line was used
to determine the P-Frequency-Response of the Bdsiterconnection.
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Figure 1. Eastern Interconnection frequency response taye kwvent. The bracket
indicates the magnitude of the frequency drop cmred for the estimate of P-
Frequency-Response.
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Figure 2. Scatter plot of the P-Frequency-Response to eveoatsded in the Eastern
Interconnection.

Using the above method, the P-Frequency-Resporaepfuly-side contingencies for the Eastern
Interconnection was found to be -3,109 MW/0.1 Hz.

4. WECC Interconnection Response to Negative Frequency Events

PCE obtained data regarding generation contingemeci&/ECC from Don Badley of NWPP.
This data includes the time and generation los§3aevents from 2002 to 2004 where at least
800 MW was lost. PCE also obtained frequency datshie same time period from Yuri
Makarov of California ISO and 2004 frequency datarf Bart McManus of BPA. These three
sources were used to validate each other. PCEesteanated the maximum frequency drop
observed for each of the known events. Figure 8vstame of the larger contingencies
considered in this analysis.
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Figure 3. WECC frequency response to a large event. The btaatlicates the
magnitude of the frequency drop considered foretenate of P-Frequency-Response.

A scatter plot of the frequency drop vs. the poless for each of these events is shown in Figure
4. PCE then found the best-fit line for these poimith the power loss as the independent
variable using the Method of Least Squares. Thaesti§ that best-fit line was used to determine
the P-Frequency-Response of WECC.

500

450 e

400 o

250

Frequency drop, mHz

200

150

100

50 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Power loss, MW

Figure 4. Scatter plot of the P-Frequency-Response to eveotsded in WECC.
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Using the above method, the P-Frequency-Resporsefuy-side contingencies for the WECC
Interconnection was found to be -969 MW/0.1 Hz.

5. ERCOT Interconnection Response to Negative Frequency Events

PCE obtained data regarding generation contingemciERCOT from Mark Henry and Robert
Staples of ERCOT. This data includes the time, geiman loss, and frequency drop for 117
events from 2002 to 2004. ERCOT also provided 23eédrequency data for the same time
period. The frequency data was used to validatendeamum frequency drop indicated in the
contingency data. Figure 5 shows one of the largetingencies considered in this analysis.
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Figure5. ERCOT frequency response to a large event. Th&kérawdicates the
magnitude of the frequency drop considered foregtanate of P-Frequency-Response.
The second event, occurring between 2:53 and &%t considered for calculation of
P-Frequency-Response as frequency deviation negditbm it is influenced by UFLS
shedding a large magnitude of load.

A scatter plot of the frequency drop vs. the poless for each of these events is shown in Figure
6. PCE then found the best-fit line for these poimith the power loss as the independent
variable using the Method of Least Squares. Thaesti that best-fit line was used to determine
the P-Frequency-Response of ERCOT.

Using the above method, the P-Frequency-Resporgepfuly-side contingencies for the ERCOT
Interconnection was found to be -419 MW/0.1 Hz.
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Figure 6. Scatter plot of the P-Frequency-Response to eveatsded in ERCOT.

6. Consideration of Time Delay in Activation of UFL S Relays

Data provided to PCE by Don Mclnnis of FPL indicatleat the load-shed relays located in
FRCC, which PCE used to set FRL for the Easterrdonnnection in this report, will open

within 10 cycles, or less than 0.2 seconds, ohtbenent at which frequency reaches RLAS

a consequence, a portion of primary response ttagheontingency in a sequence of generation
trips is highly unlikely to be realized in time pootect the load from being disconnected from the
Interconnection.

In order to take this into account in estimating hinimum Safe Frequency Band, the process
should be changed to calculate the potential frecuehange from each contingency directly,
instead of computing the overall power change andidg that by the single value of frequency
response. This can be done as follows:

* When estimating whether a given single contingemoyld satisfy the proposed
Minimum Safe Frequency Band, the frequency changddvbe calculated by dividing
the power change by the P-Frequency-Response.

* When estimating whether a given combination of ik@&ncies, separated in time, would
satisfy the proposed Minimum Safe Frequency Bdmalfrequency change of the last
contingency would be calculated by dividing the powhange by the P-Frequency-
Response. The frequency change due to prior cantogs can be calculated as follows:
i) finding the time interval,; between that contingency and the final contingendiie
combination, ii) for each historical event finditige expected ratio of the magnitude of
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the generation loss to the frequency deviatigiseconds following the event, and iii)
dividing the magnitude of the prior contingencytbgt ratio. When,; becomes
approximately 6-8 seconds, that ratio becomes daquhk full primary frequency
response. The frequency change due to contingeocoesring more than 30-60 seconds
prior to the last contingency should also take aoount the secondary response of the
Interconnection. A basic method of modeling secondasponse is described in
Appendix D of this report.

7. Impact of Variationsin Operating Conditions

Currently, the Standard does not take the impacapétions of P-Frequency-Response into
account. The risk of reaching FRL increases asutref the variations of P-Frequency-
Response with season, time of day, activation offiron load-shed relays, and other factors. As
suggested by Raymond Vice (Chairman, BRD SDT) aitls&rn Company, the process may also
be improved by taking into account the fact thallpfving multiple generation contingencies
over a period of time, frequency relays may actimegrlier than anticipated because the bulk of
the primary response on the system is utilizedndputihe initial contingencies and is not available
for frequency support during later contingencids T4he proposed process for setting frequency
limits uses the approximation that P-Frequency-Bese of the Interconnection is constant. As
directed in [3], future research can expand ondhalysis to determine how the variations in P-
Frequency-Response impact the Interconnectiorofisgaching FRL.

It is possible to account for the variations in fleéguency-Response. In order to do so, the
process of developing limits would have to be medito estimate the Minimum Safe
Frequency Deadband from contingency and P-Frequieesponse data directly, as proposed in
section V.6. Doing so would allow the Standard Deper to account for the probability that
generation contingencies of any given size cowdlten a larger or smaller than expected
frequency drop.

In general, the process would find a probabilistaibution of frequency deviation associated
with each level of power loss magnitude due tanglsicontingency. Using this distribution and
the expected number of events of each magnitudeaotzggeted interval it would construct a
distribution of frequency deviation for all evetitsit may occur in a targeted interval. This
distribution provides the probability of a giveeduency drop due to a single contingency. This
distribution can then be provided as an input meagified version of the method developed by
PCE. This method, which estimates the occurrerteeofavarious frequency drops due to
combinations of contingencies, is introduced irtisacVIl and described in more detail in
Appendix B.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 24



VI. Validate the Concept of Using Frequency-related Relay Settingsto Establish

| nter connection-wide Limits

1. Summary

PCE obtained information from all NERC Regions rdgay the settings of UFLS relays that
exist as part of Region- or Interconnection-widet@ction schemes. As directed by the Standard,
PCE used only the settings of those UFLS relaytsdisaonnect firm load from the
Interconnection.

PCE has found that the highest UFLS settings tere tassociated with RAS or SPS, designed
to protect an area in case of islanding. UFLS eelagtalled to protect the bulk of the
Interconnection in case of a severe imbalance legtweerconnection-wide resources and
demand tend to have much lower settings.

Further research is necessary to accurately estiaBR Lyign.

2. Examining the Use of Frequency-related Relay Settingsfor Establishing
I nter connection-wide Limits

The proposed process for developing frequencysdimibased entirely around limiting the rate at
which certain frequencies are reached. These bogridiquencies are defined by the settings of
UFLS, as well as over-frequency and turbine-overdpeclays.

PCE has found that the relevant low-frequencyrsggtare well defined in all NERC regions.
PCE's research has shown that every NERC regioagmsved a threshold beyond which a
significant amount of firm load should be shed.sTé&itomatic load shedding acts as a last line of
defense in case of a severe mismatch between oesoamd demand, and attempts to quickly
arrest a runaway frequency. However, every loadiding event is understood to have a
significant cost defined mainly by its impact oe tustomers left temporarily without power. It

is thus important to prevent cases where inadeglataing or improper operation by some
participants leads to an imbalance between respamg demand that may result in load
shedding. In order to reduce the occurrences df sidespread load shedding, it is reasonable to
develop Interconnection-wide frequency limits iway that bounds the likelihood of tripping
these UFLS relays to a targeted value.

On the high frequency side, the process of selgthia relevant settings is more ambiguous.
Most large units are designed to operate for aiderable amount of time at frequencies
noticeably higher than 60 Hz. Research would bessary to discover the amount of damage or
wear and tear incurred by load components at vafi@guencies. At the same time, a positive
runaway frequency in an intact Interconnectionakdved to be extremely unlikely. PCE
recommends that BRD SDT examine further the pyi@itvarious frequency-related reliability
objectives when frequency is higher than 60 Hzingiwonsideration to the objective of
frequency meeting a targeted profile as requirethbySAR for the Standard and discussed in the
following paragraphs of this subsection.
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PCE also recommends that the rate of sheddinguafrequency-activated interruptible loads be
considered for assessing the reliability of operatPCE is aware that there are loads shed at
frequencies as high as 59.900 Hz in WECC. Whilg mot justifiable to set FRY, to this value,

it is clear that operation during which significdm&d is shed should not be considered normal
operation and its occurrences should be kept wahaeptable limit. It may be reasonable to set
FTL,w Somewhat higher than the setting of any frequexatiated load-shedding relays to
provide an opportunity to alleviate the imbalaneeaeen resources and demand, and try to
prevent trip of such loads.

Load-shedding and over-frequency relays shouldadhe only considerations in determining
Interconnection risk stemming from the imbalanceveen resources and demand. In some
cases, they may not be the limiting consideratidhg. SAR for the Standard requires that the
Interconnection remain within a targeted frequepofile. While CPM-1 tracks the average of
the products of one-minute average of ACE of eB&yand that of frequency error over one-
year periods, a real-time measure should addresss#ue as well since maintaining the desired
frequency profile remains a high-priority objecti&nce remaining at frequencies several times
& away from schedule for even a short interval makeslikely that the associated

Interconnection's profile will remain within therg@ted bounds, the frequency limits set in this
Standard need to enable RCs and BAs to avoid allp¥wequency to reach these values. The
limits for frequency should be set so that thertdanection cannot remain beyond them for
periods totaling more than a very small fractioihef time without violating the targeted
frequency profile.

3. Under-frequency Relay Settingsfor the Eastern Interconnection

PCE researched and received information for NER@id®e in the Eastern Interconnection. The
most up-to-date information available to PCE itelisin Table 2 below.

Table 2. Highest approved firm load UFLS settings of Eastatarconnection Regions.

NERC Region | Highest UFL S (firm load) setting
ECAR 59.500 Hz [6]

FRCC 59.820 Hz

MAAC 59.300 Hz [7]

MAIN 59.300 Hz [8]

MAPP 59.300 Hz [9]

NPCC 59.300 Hz [10]

SERC 59.500 Hz [11]

SPP 59.300 Hz [12]
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Don Mclnnis of FPL provided the information regangliFRCC UFLS relays, which, according
to information available to PCE at this time, héive highest frequency trigger point to serve its
specific needs of handling potential islanding ¢tods.

Information obtained for the Eastern Interconnecti@icates that its FRJ, should be
59.820 Hz.

4. Under-frequency Relay Settingsfor the WECC I nter connection

At the request of PCE, Don Badley of NWPP proviggdrmation regarding the WECC
Coordinated Off-Nominal Frequency Load Shedding Redtoration Plan [13]. This document
indicates that WECC requires automatic firm loaéldshing when frequency moves below
59.500 Hz. PCE has also obtained information thatesBAs, including AIES, in WECC have
UFLS relays outside of the WECC-coordinated planictv likewise activate at 59.500 Hz [18].

PCE also understands that some BAs in WECC haveSUElays that are triggered at
frequencies as high as 59.900 Hz. PCE ignoredrgger setting in establishing FR\. for
WECC. WECC load associated with the UFLS relaysdhatripped at frequencies higher than
59.500 Hz is considered interruptible, is much $enahan the firm load shed at the setting of
59.500 Hz, and is not part of the WECC-coordinatgteme. However, PCE recommends that
the frequency limits developed for this Standaréw&uated to ensure that operation under the
Standard will not lead to frequent shedding of bbathose UFLS relays activate above

59.500 Hz, including 59.900 Hz. One approach malutde setting FTk,, a few tens of mHz
higher than 59.900 Hz.

Information obtained for the WECC indicates thatARL,, should be 59.500 Hz.

5. Under-frequency Relay Settingsfor the ERCOT Inter connection

PCE obtained the most up-to-date ERCOT OperatinddgSwavailable through the ERCOT web
site (ttp://www.ercot.com/Participants/OperatingGuideséx.htn). Information available in

these documents indicates that firm load in ERC@ITbs automatically shed at 59.300 Hz [14].
These documents also indicate that load may beathfeelquencies higher than 59.300 Hz and as
high as 59.800 Hz as part of the Emergency EleCuicailment Plan, but such load is
understood to be interruptible.

Information obtained for the ERCOT indicates thaitHR Lo, should be 59.300 Hz.

6. Over-frequency Limits

In order to set the FRign, the Standard requires the use of the lowest apdrbigh-frequency
relay or turbine over-speed settings consisterit thi¢ Interconnection’s reliability requirements.
Information provided by Don Badley indicates tHastimit should be set to 60.500 Hz for
WECC. Further research is necessary to obtaincgerily accurate information for the Eastern
Interconnection. The Standard should specify whetmptovide approval (Standard Developer,
NERC, a Region, or RC), which units' relay settimgy be considered (type, minimum size,
etc.), and refer to a definition of "Interconneati@liability requirements". It is known that a few
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units in the Eastern Interconnection will trip wHesguency moves above 60.300 Hz, but
information available to PCE indicates that thesisiare very small. This report assumes that
60.500 Hz is an adequate initial estimate of FRL
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VII. Validatethe Concept of Using Supply-side Contingenciesto Estimate

| nter connection Reliability Risk

1. Summary

PCE's understanding of the process for establighfigfor each Interconnection, gathered from
[1] and [5], is as follows. The Standards Develapdo gather information regarding the largest
contingencies in that Interconnection. The contnmges are to be sorted from largest to smallest.
The Standard Developer should then, using histiogigaeration loss information, establish a set
of contingencies that constitutes the size of thhegy drop that is not expected to be exceeded
more than once every 10 years ("Minimum Safe MegiaBand"). That power drop will then be
a result of several events, spaced closely in tmhéch for establishing FAL, can be generating
unit, plant, HVDC line, and HVDC converter tripshd calculated power drop (negative for
generation loss events) is to be divided by thertmnnection frequency response, which is also
estimated using historical data, to establish th@mum Safe Frequency Band. That band is to
be added to FR{, to calculate FAle.

2. Determining the Minimum Safe M egawatt Band

PCE found that in order to validate the Standadiaaiculate a reasonably accurate Minimum
Safe Megawatt Band, it needed to consider not thr@yargest single contingencies, but also all
permutations of the significant supply-disruptiaeets possible, attaching a probability to each
event.

A great resource for this purpose turned out t&B®S (http://www.nerc.com/~gadlsTo

obtain the necessary information PCE contacted G&B&ninistrator Michael Curley, who
provided data for the past 10 years as reportadiliyes in all NERC Regions. This data
represents approximately 90% of the generatordsaridur major Interconnections (Eastern,
WECC, ERCOT, and Quebec) and an even more signifgarcentage of the higher-capacity
units, which are the ones most important to thiggat. Mr. Curley extracted data related to
immediate forced unit trips and supplied informatiegarding the set of generators that may be
synchronized to the Interconnection along withrtisapacity, average output, and service hours.

Using this data PCE calculated the expected ttgpfa all types (separated by fuel type as well
as hydro) of units and capacity. Additionally, PCitculated expected trip rates for entire plants
of each fuel type by filtering events where mukipinits from a single plant tripped within a
short interval. PCE then calculated the predictigdrates for the units and plants likely to be
online by using 2003 data to represent the cudistitibution of generation. The methods used in
this analysis are discussed in Appendix A.

PCE then used contingency statistics obtained fresnanalysis to calculate the expected
number of times that a given power drop could oacuine Interconnection as a result of single
or multiple events in an interval of 10 years (iieeg by the Standard for determining R4l. In
order to estimate the diminishing impact of mu#tipients as they become more widely
separated in time, PCE introduced a recovery matthe Interconnection, estimated using
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historical frequency data. The method for deterngrriecovery rate is described in Appendix D.
The results for all Interconnections are providetbty. However, it was found that with the
relatively high existing recovery rate and the tieararity of large contingencies for all NERC
Interconnections, the value of recovery rate didhave a significant impact on results.

The process and theory produced for the analysiseobccurrence rate of events of a given size,
as well as the assumptions and approximationseapplithe process, are described in detail in
Appendix B.

3. Eastern Interconnection
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Figure 7. Typical recovery from a contingency in the Easteterconnection.

PCE applied the methods detailed in AppendicesdhBato GADS data, along with a recovery
rate of 807 MW/min, estimated using the methodwised in Appendix D, to calculate a
Minimum Safe Megawatt Deadband of 2,750 MW for Bastern Interconnection.
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4. WECC Interconnection
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Figure 8. Typical recovery from a contingency for the WE@@rconnection.

PCE applied the methods detailed in AppendicesdhBato GADS data, along with a recovery
rate of 403 MW/min, estimated using the methodwised in Appendix D, to calculate a
Minimum Safe Megawatt Deadband of 2,150 MW forWiECC Interconnection.

The above 2,150 MW does not take into account g¢ioerloss associated with RAS or
transmission contingencies. WECC has experiencetrder of contingencies larger than

2,150 MW due to such causes. According to dataigeovby Don Badley of NWPP and other
sources, the largest power loss in WECC in the pasears according to data available to PCE
has been about 4,600 MW due to the trip of somesingssion facilities. Several contingencies
resulting in generation losses of over 2,200 MWseallby RAS activation have also occurred in
the past few years (see Figure 4). PCE has fouatduting such events with the process
proposed in the Standard for setting the Minimurie $34egawatt Deadband results in frequency
limits that are extremely conservative or even &8 Hz, as discussed in section VIII.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 31



5. ERCOT Interconnection
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Figure 9. Typical recovery from a contingency in the ERCIdierconnection.

PCE applied the methods detailed in AppendicesdhBato GADS data, along with a recovery
rate of 146 MW/min, estimated using the methodwised in Appendix D, to calculate a
Minimum Safe Megawatt Deadband of 1,350 MW for BRCOT Interconnection.

According to the data provided by ERCOT, a mult@lent contingency much larger than

1,350 MW, initiated by a transmission event, wasesbed in ERCOT during the past 10 years.
However, that contingency changed the frequenaybse than 700 mHz and, as ERCOT's
FRLow is set at 59.300 Hz, it caused some firm load gR&glire 5 shows the frequency trend
associated with this event). Therefore, the impéetrecurrence of such a contingency on UFLS
cannot be effectively mitigated without operatihg tnterconnection above 60 Hz. Moreover, all
other contingencies in the 11 years of event deddable to PCE are consistent with the
Minimum Safe Megawatt Deadband of 1,350 MW statemlva. This suggests that, if events
resulting in frequency drops close to 700 mHz remumore often than once every 10 years,
proper standards designed to mitigate the impastailler contingencies should be sufficient to
bound the risk of reaching FRI. to the targeted rate. Following such considerati®CE chose
to use a Minimum Safe Megawatt Deadband of 1,350 fdit¥he purposes of calculating
frequency limits in this report.

6. Using Actual Frequency Datato Verify Results

PCE recommends that future research undertakaskeof verifying the results of the process
for determining the rate of generation contingesmciging available frequency. Frequency data
collected at a resolution of about 6 seconds @ deer extended periods of time (at least 5-10
years) can be utilized for this purpose. Such #igation process would count the number of
times various large power deficiencies occurred tive range of the data, compare that number
with the prediction of the method proposed by P&ftsl, using statistical tools, calculate the
degree of confidence provided by it.
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VIII. Validate Stepsin Processfor Establishing Freguency L imits

‘ A

1. Summary

The tables in this section present the resultsimddaby following the process for developing
frequency limits specified in [1]. The left colurtists the label of the requirement described in
the middle column as given in the Standard. Thet iglumn describes how the requirement
may be followed using data obtained in this project

This section attempts to only follow the stepshaf proposed process for developing frequency
limits. Most of the issues regarding the usefulraess validity of the limits derived using this
process for the purpose of maintaining Intercoriaratliability or of the data used in deriving
these limits are discussed in the other sectiotisi®feport, particularly sections IV, V, VI, and
VII.

2. Determining lower frequency limits

Table 3. Determining lower frequency limits for the Eastémterconnection.

Process Specification Analysis

R3.1 | Determine the highest approved (firirData gathered by PCE and discussed in
load) Under Frequency Load Shed | section VI supports placing FR\. for the
(UFLS) relay setting for the Eastern Interconnection at 59.820 Hz.
Interconnection. This shall be the
Interconnection’s FRlgw.

R3.2 | Establish the Interconnection’s Research performed by PCE and discussed |n
Frequency Response based on an | section V estimates Eastern Interconnection's P-
average of the prior 3 years’ data (betBrequency-Response to large negative

in megawatts per 0.1 hertz). frequency events to be -3,109 MW/0.1Hz.

R3.3 | Identify the largest single Contingencl?CE has done so using data made available|by
events for the Interconnection and | NERC GADS.
order them from largest to smallest.

R3.4 | Determine the number of allowable | PCE has created a method to estimate the ppwer
Contingencies for the Interconnectiondrop associated with a once-in-10-years

and sum these Contingencies to probability, described in section VII, and
determine the low Minimum Safe estimated Minimum Safe Megawatt Deadbar{d
Megawatt Deadband for the to be 2,750 MW.

Interconnection.
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Table 3. Determining lower frequency limits for the Eastérterconnection; cont'd.

al

ild

Process Specification Analysis

R3.5 | Calculate the frequency change Using the estimates discussed above the
associated with the low Minimum Safe Minimum Safe Frequency Deadband is equ
Megawatt Deadband for the to
Interconnection by dividing the low 2,750 MW/(-10*-3,109 MW/0.1Hz) = 0.088
Minimum Safe Megawatt Deadband irn Hz.
megawatts by the Frequency Response
of the Interconnection in megawatts per
hertz. This is the low Minimum Safe
Frequency Deadband for the
Interconnection.

R3.6 | Calculate the Interconnection’s Using the estimates above places Bakor
FAL Low by adding the low Minimum | the Eastern Interconnection at
Safe Frequency Deadband to the highes9.820 Hz + 0.088 Hz = 59.908 Hz.
approved UFLS relay setting for the
Interconnection.

R3.7 | Calculate the FTL, by adding the next| The proposed process indicates that the
largest single Contingency to the largest contingency not considered in step
FAL Low. R3.4 should be used to calculate the GJLA

large plant trip would add an additional
contingency of well over 2,000 MW. If we
limit the definition of "single contingency" tg
unit trips, as NERC has done in other
standards, the additional contingency would
be approximately 1,300 MW. BRD SDT
accepted this approach. The Standard sho
be modified to clarify which contingencies
should be considered.

Use of 1,300 MW as the next contingency
puts FTloy at 59.908 Hz

+ 1,300 MW/(-10*-3,109 MW/0.1Hz)

= 59.950 Hz.

R3.8 | Establish the FTL's,by determining | BRD SDT has directed that this should be
the time at which the probability of a | interpreted as: "set,f to be the time interval
second Contingency exceeds acceptalpé which the probability of a next largest
limits. single contingency generator trip is equal tq

50%". PCE estimated the average expecte
time between generation contingencies of
1,300 MW or higher, and found it to be 26.4
days. As directed by the Standargy fas
been limited to a maximum of 30 minutes.

S

PCE Directed Research Final Integrated Report for BRD SDT/CERTS

34



4

Table 4. Determining lower frequency limits for the WEC@drconnection.

Process Specification

Analysis

R3.1

Determine the highest approved (firm
load) Under Frequency Load Shed
(UFLS) relay setting for the
Interconnection. This shall be the
Interconnection’s FRlgw.

Data gathered by PCE and discussed in
section VI supports placing FR}. for WECC
at 59.500 Hz.

R3.2

Establish the Interconnection’s

Frequency Response based on an
average of the prior 3 years’ data (beti
in megawatts per 0.1 hertz).

Research performed by PCE and discussed

section V estimates WECC Interconnection's
h P-Frequency-Response to large negative

frequency events to be -969 MW/0.1Hz.

n

R3.3

Identify the largest single Contingency

events for the Interconnection and ordeNERC GADS.

them from largest to smallest.

PCE has done so using data made available

by

R3.4

Determine the number of allowable
Contingencies for the Interconnection
and sum these Contingencies to
determine the low Minimum Safe
Megawatt Deadband for the
Interconnection.

PCE's estimate using GADS data of
independent generation contingencies and th
method described in section VIl indicates a

necessary Minimum Safe Megawatt Deadband

of approximately 2,150 MW.

Consideration of generation losses associatg
with RAS or transmission contingencies
substantially increases the above deadband.
largest power loss in WECC in the past 10 y4
according to data available to PCE has been
about 4,600 MW due to the trip of some
transmission facilities. Many other events ha
occurred that resulted in a power loss of mor
than 2,150 MW (see Figure 4).

e

d

The
bars

1%

R3.5

Calculate the frequency change
associated with the low Minimum Safg
Megawatt Deadband for the

Interconnection by dividing the low
Minimum Safe Megawatt Deadband in
megawatts by the Frequency Respons

of the Interconnection in megawatts p¢

hertz. This is the low Minimum Safe
Frequency Deadband for the
Interconnection.

Based on only independent generation trips @nd

ignoring RAS as well as transmission-related
contingencies the Minimum Safe Frequency
Deadband is estimated to be

2,150 MW/(-10*-969 MW/0.1Hz) = 0.222 Hz.

q—|owever, considering generation losses
Flassociated with RAS or transmission
contingencies substantially increases the abq
frequency deadband. The largest frequency ¢
in WECC in the past 10 years according to d
available to PCE has been 0.443 Hz due to t
trip of some transmission facilities.

ve
irop
hta
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Table 4. Determining lower frequency limits for the WEC@&drconnection; cont'd.

Process Specification

Analysis

R3.6

Calculate the Interconnection’s FAL
Low Dy adding the low Minimum Safe
Frequency Deadband to the highest
approved UFLS relay setting for the
Interconnection.

Using the estimates above, if RAS as well as
transmission-related contingencies are ignored
FAL o for the WECC Interconnection would bg
set about 59.500 Hz + 0.222 Hz = 59.722 Hz.

Depending on which losses due to RAS and
transmission events must also be considered,
FALow could be set as high as 59.943 Hz.

R3.7

Calculate the FTLy by adding the
next largest single Contingency to th
FALLow.

If we limit the contingencies considered for
ecomputing FTle, to unit trips, as was accepted
by BRD SDT in Phase | for the Eastern
Interconnection, the additional contingency wo
be approximately 1,300 MW.

Using the latter estimate and ignoring generati
losses associated with RAS and transmission
contingencies would put FTdy at

59.856 Hz.

Depending on which losses due to RAS and
transmission events must also be considered,
FTLow could be as high as 60.075 Hz.

To satisfy CPM-1 withs,= 22.8 mHz in WECC

frequency should rarely wander beyond the ra
of 70 mHz to 90 mHz away from scheduled
frequency. Hence, when it reaches these level
coordinated action would be beneficial to
expedite its return to the normal range. Thus i
beneficial to set FTL about 3 or 4 timesfrom
scheduled frequency. This should also prevent
substantial increase in the rate of shedding of
non-firm loads.

59.722 Hz + 1,300 MW/(-10*-969 MW/0.1Hz) F

bid

ge

Q

R3.8

Establish the FTL's, by determining
the time at which the probability of a
second Contingency exceeds
acceptable limits.

BRD SDT has directed that this should be
interpreted as: "set,J to be the time interval at
which the probability of a next largest single
contingency generator trip is equal to 50%". P(
estimated the average expected time between
generation contingencies of 1,300 MW or high

Standard, J; has been limited to a maximum of

and found it to be 131.0 days. As directed by the

LE

er

30 minutes.
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Table5. Determining lower frequency limits for the ERC@iferconnection.

Process Specification

Analysis

R3.1

Determine the highest approved (firm
load) Under Frequency Load Shed
(UFLS) relay setting for the
Interconnection. This shall be the
Interconnection’s FRlgw.

Data gathered by PCE and discussed in
section VI supports placing FR}. for ERCOT
at 59.300 Hz.

R3.2

Establish the Interconnection’s
Frequency Response based on an ave
of the prior 3 years’ data (beta in
megawatts per 0.1 hertz).

Research performed by PCE and discussed
ragetion V estimates ERCOT Interconnectior
P-Frequency-Response to large negative
frequency events to be -419 MW/0.1Hz.

n

R3.3

Identify the largest single Contingency
events for the Interconnection and ords
them from largest to smallest.

PCE has done so using data made availablg
INERC GADS.

O
<

R3.4

Determine the number of allowable
Contingencies for the Interconnection
and sum these Contingencies to
determine the low Minimum Safe
Megawatt Deadband for the
Interconnection.

PCE has created a method to estimate the
power drop associated with a once-in-10-ye
probability, described in section VII, and

to be 1,350 MW.

ArsS

estimated Minimum Safe Megawatt Deadbahd

R3.5

Calculate the frequency change
associated with the low Minimum Safe
Megawatt Deadband for the
Interconnection by dividing the low
Minimum Safe Megawatt Deadband in
megawatts by the Frequency Respons
the Interconnection in megawatts per
hertz. This is the low Minimum Safe
Frequency Deadband for the
Interconnection.

Based on only independent generation trips
ignoring transmission-related contingencies
Minimum Safe Frequency Deadband is
estimated to be

3I%te: If generation losses due to transmissig
contingencies are also considered, the large
frequency drop in ERCOT in the past 10 yea

0.729 Hz. However, as an event of this
magnitude appears to have an occurrence r
smaller than one in ten years and is larger tf
the difference between 60 Hz and FRLit
should not be used to set Fik

1,350 MW/(-10*-419 MW/0.1Hz) = 0.322 H4

according to data available to PCE has been

and
the

DN
st
I

pte
an
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Table 5. Determining lower frequency limits for the ERC@iterconnection; cont'd.

Process Specification

Analysis

R3.6 | Calculate the Interconnection’s FAly | FAL . for the ERCOT Interconnection is
by adding the low Minimum Safe calculated as
Frequency Deadband to the highest | 59.300 Hz + 0.322 Hz = 59.622 Hz from the
approved UFLS relay setting for the | estimates above.
Interconnection.
R3.7 | Calculate the FTL, by adding the next| If we limit the contingencies under
largest single Contingency to the consideration here to unit trips, as was accef
FAL Low- by BRD SDT in Phase | for the Eastern
Interconnection, the additional contingency
would be approximately 1,300 MW.
Using the latter estimate puts Rd,Lat
59.622 Hz + 1,300 MW/(-10*-419 MW/0.1Hz
=59.932 Hz.
R3.8 | Establish the FTL's,by determining | BRD SDT has directed that this should be

the time at which the probability of a

limits.

interpreted as: "setJ to be the time interval af
second Contingency exceeds acceptaplehich the probability of a next largest single

contingency generator trip is equal to 50%".
PCE estimated the average expected time

ted

between generation contingencies of 1,300 NIW

or higher and found it to be 91.3 days. As
directed by the Standard,sThas been limited
to a maximum of 30 minutes.
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3. Determining upper frequency limits

Determination of upper frequency limits has notrbeghin the scope of the research to this
point. Below is an example of following the propogeocess using provisional data. In some
cases, such as the magnitude of the contingenchtwsing FTL, sample values were used,
which may be significantly different from those idable from empirical data.

Table 6. Determining upper frequency limits for the Easti@terconnection.

Process Specification Analysis

R4.1 | Determine the lowest approved high Preliminary data gathered by PCE supports
frequency relay or turbine overspeed placing FRLign for the Eastern Interconnection
setting for the Interconnection at 60.500 Hz.
consistent with the Interconnection’s
reliability requirements. This shall bg
the Interconnection FRlign.

R4.2 | Determine the Frequency Response Birovisionally, for the purpose of evaluating tHe
the Interconnection as calculated process, PCE used data available for all
above for the interconnection low (negative and positive) frequency events to
frequency limits. estimate the P-Frequency-Response of the
Eastern Interconnection as related to high
frequency limits. Preliminary data gathered by
PCE indicates that Eastern Interconnection's
P-Frequency-Response to such frequency eyents
is 3,180 MW/0.1Hz.

R4.3 | Identify the largest high frequency | PCE has done that using data from Elmer
producing Contingency events for theBourque of NBP.

Interconnection and order them from
largest to smallest.
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Table 6. Determining upper frequency limits for the Eastirterconnection; cont'd.

Process Specification

Analysis

R4.4

Determine the number of
allowable Contingencies for the
Interconnection as discussed
above and sum these
Contingencies to determine the
upper Minimum Safe Megawatt
Deadband for the Interconnectig

While it is not immediately clear what data can be
used to estimate the Maximum Allowable Frequer
Rise defined in the proposed process, PCE believ]
that in the past 10 years the largest single evast
been the partial blackout on August 14, 2003.

PCE has used this event to make a preliminary
Nestimate. However, PCE understands that UFLS 1
activation occurring as a result of a separatioa of
large portion of the Interconnection does not coun
toward violating the one-in-10-years targeted rate,

cy
ES

Elay

R4.5

Calculate the frequency change
associated with the Minimum
Safe Megawatt Deadband High
for the Interconnection by
dividing the sum of the allowablé
Contingencies (in megawatts) by
the Frequency Response (in
megawatts per hertz). This gives
you the high Minimum Safe
Frequency Deadband for the
Interconnection.

A fast time error correction was in effect when the
northeast portion separated from the Eastern

Interconnection on August 14, 2003. Data shows that

upon this separation, frequency error reached la pf
» of about 0.299 Hz in the intact portion of the East
Interconnection. This frequency rise will be used 3
the working and very conservative estimate of
5 Minimum Safe Frequency Deadband for evaluatin
this process.

pa

R4.6

Calculate the high
Interconnection’s FAL by
subtracting the high Minimum
Safe Frequency Deadband from
the lowest approved reliability-
related high frequency relay
setting for the Interconnection.

Using the above preliminary estimate of the
Maximum Allowable Frequency Rise, FAks will be
set to 60.500 Hz — 0.299 Hz = 60.201 Hz.
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Table 6. Determining upper frequency limits for the Eastirterconnection; cont'd.

Process Specification Analysis
R4.7 | Calculate the FHignby adding | A load loss of 1,000 MW will be used as the sample
the next largest single contingency for this step. However, PCE does net|se
Contingency to the FAlgh. a statistical justification for using a contingerafy

any particular size in this calculation and belgeve
that this step in the process needs to be modiied
have a solid theoretical foundation.

Using this preliminary estimate puts R at
60.201 Hz — 1,000 MW/(3,180 MW/0.1Hz) =
60.170 Hz.

To satisfy CPM-1 withe; = 18 mHz in the Eastern

Interconnection frequency should rarely wander
beyond the range of 50 mHz to 70 mHz away fron
scheduled frequency. Hence, when it reaches thege
levels a coordinated action would be beneficial to
expedite its return to the normal range. On th&%a|
it is beneficial to limit FTL setting to about 3 4r
times & away from scheduled frequency.

R4.8" | Establish Tfor the FTLuigh by No specific method has been established to get T
determining the time at which the
probability of a second
Contingency exceeds acceptabl
limits.

D

4. Conclusions and Recommendations

Sufficient data exists to establish the low frequeimits using the method proposed by BRD
SDT. However, if all possible contingencies arestdared, the proposed process may result in
an FTLew very close to or greater than 60 Hz for WECC. @ndther hand, if some
contingencies are arbitrarily excluded, the prodga®cess could yield limits that may not
adequately prevent undesirable operation in thexdonhnection. BRD SDT may need to consider
alternative approaches for setting frequency litthgd result in reasonable values and maintain
reliable operation.

Generally, it is a good idea to attempt to readibeut the same probability distribution for
frequency as it has recently been realized. This ime with the directive specified in the SAR
to maintain the existing frequency profile. In artle accomplish this it is important to arrest
frequency deviations that exceed 3 or 4 tinagsThis approach may also be useful for setting

high frequency limits. Although additional souradsiata and research may be necessary to

! This step is mislabeled "R5" in Draft 4 of the&tard.
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establish the high frequency limits, preliminarabsis in section VIII.3 indicates that
maintaining the frequency profile may become thetimdling consideration for setting frequency
limits when frequency error is positive.

PCE recommends that BRD SDT modify the name oéckfit T, values to reflect their different
meanings and ease communication, even if theiregadwe initially selected to be equal to each
other. One approach is to use the namgsTls, Ty, defined in this report.

PCE recommends that further research be performestablish a more technically defensible
process for calculating,d and Th.
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I X. Validate the Stepsin the Process for Developing BAALs

1. Summary

PCE understands that the portion of the Standdedast to BAs requires that they continuously
calculate the BAAL applicable to them. The Standds® suggests penalizing any BA whose
ACE is beyond its BAAL for J, contiguous minutes.

The proposed BAAL formulation ensures that if fregay is beyond FTL, then at least one BA
is beyond its associated BAAL. Thus, returninggals’ ACE within the BAAL is sufficient for
returning frequency within FTL. Many ACE limit forutations besides the proposed one would
have this property.

PCE analysis also found that the proposed BAAL tguaas based on an assumption that a
linear relationship exists between the current pebdf a BA's ACE and frequency error, and its
contribution to the risk of the Interconnection e&ding under- or over-frequency limits. PCE
did not find justification for making this assunuti

2. BAAL Formulation
The Standard specifies that BAAL will be calculasedfollows:

BAALlOW‘i = (—1OBi ><(|:TLIOW - Fs)) XM when F.<Fg (IX-1)
(FA - Fs)
(FTLhigh - Fs)
S

where,
BAAL o, is the low BAAL for BAI.
BAALyign, is the high BAAL for BAI.
Bi is the frequency bias for BA
Fsis the scheduled frequency for the interconnection.

Fais the official measured frequency for the interoection.

As shown below, if the ACE of each BA in the Intamoection is greater than the BAA\-of
that BA, then the Interconnection frequency musgteater than FTl,. Note that for the
purpose of the discussion below, we t&kdo be less thaRs because the BAAL,, equation
(IX-1) is applicable only wherr, < F;.

Assume that:

For each BA, ACE, > BAAL (1X-3)

low,i
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Replacing the right hand side with the equationngef for BAALi in (IX-1) gives:

For eachi, ACE, > (-10B, x(FTL,,, - Fs)) x {FThay —Fs) (1X-4)
(FA - Fs)
Summing across allBAs in the Interconnection:
| | —
Y ACE, > Y (108 x (FTL,, - Fo))x\ Then —Fs) (1X-5)

i=1 i=1 (FA - Fs)

Moving the constant factors outside the summatiothe right-hand side:

| _ 2 |
> ACE, > (FTlow = Fo)” > -108, (1X-6)
i=1 (FA - Fs) i=1
Dividing both sides by the summation of BL@a positive number):
|

ACE,
LA (F1L,, Ry

i=1

lz_]_OB (FA - FS)

(
i=1

(IX-7)

In the absence of errors, the sum of ACEs dividethb sum of -1B; equals frequency error:
J (FTL,, = Fo)’
(FA - Fs)

Multiplying both sides byF, — F; sinceF, — F; < Q we must reverse the inequality:

(Fa—Fs) (1X-8)

(Fa- Fs)2 <(FTLg, — Fs)2 (IX-9)
Dividing both sides b{FTL,,, - F.)’:

(FA B Fs)2

(FTLy, = Fs)’ (49

Taking square root of both sides; we only follow filus side of the root, since the minus side
for the conditions under study is inapplicable:

% (IX-11)
Multiplying both sides b¥TL,,, - Fg; sinceFTL,, — Fs < Q we must reverse the inequality:
F,-F,>FTL,, - Fs (IX-12)
Adding Fsto both sides, we reach the conclusion:
F,>FTL,, (1X-13)
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With the assumption made in (1X-3), i.&CE, > BAAL,,,; for every BA, the above relation

shows that the frequency will be greater than I IEFollowing the same argument, the condition
of ACE, > BAAL,,,; may not be true for every BA a turns out to be lower thafiLoy.

Therefore, ifFa is lower tharFTL,qy, thenACE; for at least one of the BAs must be lower than
BAAL ow, -

A similar relationship can be shown to exist betw€g, FTLnigh, ACE;, andBAALgh;. On this
basis, we conclude that if frequency is beyondémge ofFTL oy to FTLhigh, thenACE; for at
least one BA is beyond its associated BAAL, andrrehg ACE; of all such BAs within the
range ofBAAL o, t0 BAALgh, IS sufficient for returning frequency within thenge ofFTLow to
FTLnhigh. These properties may provide some benefits t&kthen their task of maintaining
reliable operation.

The above properties are not, however, uniquedg@tbposed formulation of BAAL. Many
formulations for BAAL have the same properties. Amgothers, any formula that is

i) a monotonously decreasing function of frequewben frequency is less th&g and ii) equal
to —10B, x (FTL — Fg) when frequency is equal to the FTL, has the saimjeepties.

During periods of time error correction, the propd8AAL equations (IX-1) and (IX-2) give an
excessively tight limit in one direction. As a restlgeBRD SDT has discussed the idea of
allowing Fs in these equations to remain at 60 Hz in sucloderilt should be noted that the
properties mentioned above for BAAL will no londesld during time error correction if
scheduled frequency is replaced with 60 Hz in (&add (1X-2).

3. Relationship between Frequency Error and Risk of Reaching FRL

PCE understands that the BAAL equation has beeeldged with the idea that it should
designate an acceptable amount of risk of readfiRiga BA should be allowed to contribute to
the Interconnection and penalize the BA shoulaittebute any additional risk [2]. Specifically,
for the high frequency side, the Standard encosgrageh BA to maintain:

(FTLhigh - Fs)
(FA - Fs)

Multiplying all terms of the above condition by, — F¢ gives the following:

ACE, < BAAL,,,,, = (-10B x (FTL,q, — Fs)) X (IX-14)

ACE; x(F, = F5) < BAAL,,,; x (Fp = F5) = —10B % (FTL, — Fs) X (FTLyg, = Fs) = R
(IX-15)
where R.axis the same as thedwWalue introduced in [2] and interpreted as the imaxn risk of
reaching FRlthat a BA is allowed to impose on the Interconioecat any given frequency error.

The condition above assumes that we are bourilitige risk described by the product of ACE
and frequency error below, by a maximum value:

ACE, x(F,~Fs)=R<R,_ (IX-16)

Condition (IX-17), used as a basis for the Standanglies that for a given ACE the risk
contributed by a BA to the Interconnection is pmtjpmal to F, — Fg, or R~ F, — F5 . In other
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words, the risk imposed on the Interconnectionxakeding a given FRL by operating at a given
frequency is proportional to the difference betwdet frequency and scheduled frequency.

PCE research has shown that the above-definedorisiulation is not strongly correlated with
the probability of exceeding the FRL over a spedifiuture period of time (e. g. 10 years). An
index that describes such a risk is more likelgtesd to the inverse of the power change in the
balance between resources and demand needed taimedvequency to FRL. Therefore the risk
may be related to the inverse of the differencevbenh FRL and the current frequency,
1/(FRL-F,).

The implied risk in (IX-16) can be challenged usangouple of simple examples. If FRj for
the Eastern Interconnection is set at 60.500 Hzsahdduled frequency is 60 Hz, condition
(IX-16) evaluates the risk imposed on the Inter@mtion by a given BA ACE at frequency

errors of 5 mHz and 10 mHz to, respectively, to be:

Rsoooss, = ACE x (60.005-60.000) = 0.005x ACE (IX-17)
Rsoo101, = ACE x (60.010-60.000) = 0.010x ACE (1X-18)

However, it is apparent that the frequency changgetd contingencies or other causes required
in these two cases to take Interconnection frequenERL = 60.500 Hz, i.e. 495 mHz for
frequency error 5 mHz and 490 mHz for 10 mHz, hevatio close to 1. As seen above,
however, the risk implied by the BAAL equation hretlatter case is twice that of the former
case. More importantly, condition (IX-16) implies:

R.o100, = ACE X (60.400- 60.000) = 0.400x ACE (1X-19)
R.os01, = ACE X (60.450— 60.000) = 0.450x ACE (IX-20)

The two equations above imply that the risk offteguency exceeding 60.500 Hz is not
significantly different between the cases wherguency error is 400 mHz and 450 mHz.
However, it is clear that the latter case requomrdy half the contingency size of the former to
bring the Interconnection to the critical point,iethis likely to happen more than twice as often
and carries therefore more than twice the proligaihd twice the risk. This can be shown from
study of the frequency error change distributiothergeneration contingency analysis discussed
in Appendix B.

As discussed above, it can be shown that the fisk@eeding FRL is related to the inverse of
the difference between that FRL and the currenjuieacy. The details of such a relationship are
complex, but PCE believes that statistical analyaisbe used to establish a statistically
defensible method, which results in a measureishedsily understandable and can be
functionally applied in operations.
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X. Validate that the Balancing Authority ACE Limits Work as Intended

1. Summary

This section provides examples to show how theadsiiy of an aggregate report of several
BAs is generally much less likely to violate theu®tard than the individual report of any single
member BA. This observation was partly inspiredh®yresults of the CERTS report, provided
to BRD SDT, on the number of times BAAL were exasttbased on historical data from the
NERC-CERTS ACE-Frequency Monitoring system for 88Bn the Eastern Interconnection.
The effect of this conclusion is that the burderadftrolling using BAAL measures may fall
disproportionately on the smaller BAs. Based oripigeary analysis, as illustrated in the
example scenarios, PCE recommends that the pro@B#sedeasures be the subject of more
extensive mathematical research.

In attempting to establish,Jassociated with the BAALs, PCE tried to estimaie/h
Interconnection frequency may behave once someda&A&sed or are close to exceeding those
BAALs. However, PCE does not believe that suffitieformation is available to reliably
evaluate the risk of reaching FRL associated wiplardicular Ty, under the measures specified
by the Standard.

2. Relationship between BAAL -based measures and Safe Operation

PCE attempted to examine the effect of the prop&%ellL. measures on Interconnection
frequency. The following examples illustrate somseEpancies between BAAL measures and
reliability.

In all scenarios shown below the BA under consitlemas the same. We also assume that the
BAAL trend, shown in red in the figures below, tbe BA under consideration is the same.
Therefore, the frequency trend in the Interconioecis also the same in all of the scenarios.

In scenario A (Figure 10), the BA fails to retur@B above its BAAL in time to satisfy thepl'
time limit:
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Figure 10. Example scenario of a BA failing BAAL measure.
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In scenarios B (Figure 11) and C (Figure 12) thedafisfies the & time limit. In scenario B, it
operates with a very negative ACE for an extendsbd of time, particularly when frequency
error magnitude becomes very large. In scenaribdperates with a negative ACE that exceeds
its BAAL for a time interval shorter than,,[ then for a period of time bounds its ACE to its
BAAL, but then its ACE exceeds its BAAL in the samg interval again.
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Figure 11. Example scenario of a BA introducing a great adaisk to the
Interconnection while not violating the BAAL meassr
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Figure 12. Example scenario of a BA introducing a great adaisk to the
Interconnection while not violating the BAAL meassr

PCE believes that in scenarios B and C the riskathing FRL imposed on the Interconnection
by the BA is greater than in scenario A. This asat difficulty in definitively evaluating the risk
contributed to the Interconnection at a given fegty by a given BA and raises the question
whether a V, that adequately protects the Interconnectionlisialations without imposing
undue control requirements can be determined.

PCE believes that the proper measure should ba@bl#equately evaluate the risk of reaching
FRL imposed on the Interconnection by BAs. Oneradtive idea for measuring performance is
finding the average of that risk, measured as atiom of ACE and frequency, over a short
targeted interval, and penalizing BAs that excepdedefined limit in that interval.
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3. Example of the Effect of Aggregate Reporting on Expected Number of BAAL
Violations

PCE believes that for the current setting of BJLit is probable that the BAAL measures will
create fewer violations for any set of BAs if thd&&s report their ACE aggregately. Under the
proposed BAAL measures, a BA cannot compensatehessacceptable performance in one
period with a performance in excess of the requar@siin another period. However, if two BAs
combine, it is likely that there will be occasiomkere one performs in excess of the
requirements when, at the same time, the perforenahthe other does not meet the
requirements. In some such cases, the aggregdterpance will eliminate a violation.

Figure 13 shows, over two one-hour windows, a perémce of two hypothetical BAs, each with
a frequency bias of -100 MW/0.1 Hz. These BAs am pf an interconnection with a total
frequency bias of -6,600 MW/0.1 Hz. The ACE trenfi8As "A" and "B" are plotted in green
and purple, respectively. The arrows next to thel&for these trends are pointing to the left;
this means that their trends are plotted agairsMW axis shown on the left.

In the left window, the ACE of BA "B" remains zettoroughout the hour while the ACE of BA
"A" varies and includes a ramp down, a flat portiand a ramp up. On the right window, the
ACE of BA "A" remains zero while the ACE of BA "B/aries exactly the same way as the ACE
of BA "A" varies in the left window.

The sum of the ACEs of all BAs excluding the two$B#nder consideration remains constant
and identical in both time windows. Thus, the clesnip the ACEs of the two BAs are the only
reasons for the frequency error variation in eauole tvindow, shown in blue, and the BAQL
trend, shown in red. The frequency trend in thesetime windows is identical due to the stated
assumptions and is plotted against the right axizoth windows.

Only one BAAL, trend is shown in each time window, as these twe Bave the same
frequency bias. This trend is in red. On 6/3, BA tAcurs a violation, as shown in the left
window. On 6/20, BA "B" incurs a violation as showarthe right window.

Figure 14 considers a scenario where BAs "A" ant] 4&cussed above, provide an aggregate
performance report to NERC by summing their ACE$ eamparing the result with the
aggregate BAAL. The aggregate report will naturakg the same frequency trend as plotted in
Figure 13 to compute aggregate BAAL. The frequdreyd for each time window is re-plotted
in Figure 14 in blue.

The aggregate ACE used for report to NERC in eicl window is shown in light purple
against a larger MW scale on the left axis in Fegid. BAAL.w, shown in olive, doubled for the
combined BA, as its bias coefficient is twice thdividual bias coefficient of its members and
the trend of frequency in each time window is thme as that shown in Figure 13. As shown in
Figure 14, the aggregate ACE does not even readlLBuch less exceed it for,d. The
aggregating BA manages to mask the violationsdttarwise would be incurred by each
member BA, not by changing their control in a wWlagttreduces risk to the Interconnection, but
simply by providing an aggregate report for the twember BAs.
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Figure 13. ACE trends of two BAs in two different one-hour ijpels when separately
compared with each BA's BAAJw.
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Figure 14. Combined ACE trend of the two BAs in Figure 13 witempared with the
BAAL o, for the aggregating BA.
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In this case the situation with one violation péy iB changed to a situation with zero violations
per BA through aggregate reporting. There are esonples where the number of violations per
BA can be shown to remain the same or even incr@asgative analysis by PCE, however,
indicates that the cases where the number of Wolaincreases as frequency bias increases are
rarer than the cases where the number of violatlecseases. The probability of each of these
outcomes may be impacted by the value of FTL, belirpinary investigation of historical data
and theoretical estimates indicate that the abtatereent is true for the setting of FTL proposed
for the Eastern Interconnection. PCE recommenddhbaelationship of frequency bias and
violations be the subject of further theoreticad @mpirical research.

Historical data supports the idea that aggreggtertieg provides benefits to BAs as their
combined frequency bias increases. CERTS analf/ie NERC-CERTS ACE-frequency data
provided by 80 Eastern Interconnection BAs forehére year 2004 showed that, on average, for
each BA the one-minute average of ACE exceededribaninute average of BAAJy 4,407

times [17]. However, PCE analysis of the frequett@ta for the same year indicates that the one-
minute averages of Eastern Interconnection frequerceeded FT,, only about 500 times.
Moreover, if all BAs in the Eastern Interconnectgubmitted one aggregate report, the
combined entity would not have incurred any viaas in any of the past three years, in
comparison to the 52 total violations recordeddf4£just by the BAs reporting their ACE to the
NERC-CERTS database. Since many of the 52 violatiegre incurred by BAs with smaller
values of frequency bias, it seems likely that SBAls will also be required to expend a
disproportionate amount of effort to maintain acabfe levels of compliance with BAAL.

The fact that smaller BAs need, on average, totéass effort to control to CPS2 than larger
BAs does not affect the results described above titie that the control performance measures
applicable during the period analyzed by CERT Scadig the control decisions made by all BAs.
To avoid this issue, however, PCE compared theopaence of a number of BAs, taken
individually, with the performance of same BAs tales an aggregate reporting entity. In other
words, the actual control decisions were identicaboth cases, eliminating any possible impact
from CPS2 or any other influence other than agdregand increased size. The results showed
a decrease in the number of failures with increpBiA size.

To summarize, PCE has seen some evidence at thistpandicate that, given reasonably wide
settings of FTL, i) BAs with a smaller frequenca®will experience more violations while
applying proportionally the same amount of cona®BAs with a larger frequency bias and

i) will be required to perform disproportionatetyore control to achieve the same number of
violations as BAs with a larger frequency biaghlgé conclusion is valid, it also indicates that th
proposed BAAL measures may not fully take diversitp account and imposes unnecessary
control even on large BAs, although to a lesserakethan the small ones. A method of
dispensing responsibility among BAs is only techtlicsound (and fair) if the level of required
control to satisfy the resulting measure is theesarmether or not the BA reports its performance
individually or as a part of an aggregated enkteliminary analysis discussed above, if verified
by further research, would indicate that BAAL measudo not fit that criterion.
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XI. Other Consider ations ‘

1. Impact of Generation Control Practice

PCE would like to note that its analysis of frequeavents indicates that sudden losses of
generation and load constitute only a portion aféadrequency excursions. PCE suggests that
Interconnection power deficiencies that are impdbkealugh generation control and business
practices create additional risk. The increasesinis especially uncertain taking into account
how practices may change as a result of the impténgethe Standard.

This premise is supported by the data availabl¢hisrproject. Using NERC-CERTS one-minute
average frequency database, CERTS staff idengfiedy instance from 1/1/2003 to 12/31/2003
and from 5/12/04 to 9/10/04 where magnitude ofdesgy error in the Eastern Interconnection
from schedule exceeded 50 mHz. PCE also obtainsgBanterconnection frequency event

data from Elmer Bourque of NBP, which is believedé a fairly comprehensive listing of

sudden large frequency changes. Of the 206 sedezgteency excursions PCE identified in the
period from 5/12/04 to 9/10/04, PCE found only @ttivere noted in Mr. Bourque's data as
contingencies. The rest did not show a signatueesafdden change in frequency expected after a
generation loss and were apparently a result aérggion control practice. The example shown

in Figure 15 is representative of that category:
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Figure 15. Plot of frequency during a recent frequency esicur lacking a signature of a
large contingency.

Another event, graphed in Figure 16 using six-sdatata, illustrates one of the largest recent
frequency excursions. Frequency error went assfat9® mHz without any apparent signature of
a significant generation contingency. As indicabgdstudies performed of the "hour 22"
problem, this is most likely due to poor plannifagling to match schedule ramps during start
and end of schedules associated with popular mprkelucts, and other aspects of practice [20].
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Figure 16. Plot of frequency during a recent frequency esicur lacking a signature of a
large contingency.

Extensive PCE experience in enhancing generatintragractice to take full advantage of the
existing control performance measures indicatesdi@ent practice is mainly constrained by
CPS2 in the Eastern Interconnection and WECC. TowerePCE is certain that should the BAs
take advantage of the latitude permitted by thed&ied, generation control practice will loosen
further. It is impossible to precisely predict BAHavior once the Standard is implemented, as it
will depend on the magnitude of the compliance mtiges and rapidity of implementation of

new methods of control. However, PCE experiench wfitimizing generation control software
indicates that BAs wishing to take maximum advaataigthe new Standard will be able to relax
their control considerably. Therefore, frequenapeat times may substantially, more often than
under current practice and with larger magnitudpadt from schedule. The larger the magnitude
of such events is and the more frequently they dapihne more significant the risk of frequency
reaching FRL can become. At the same time, theofiskandering outside the targeted
Interconnection frequency profile and/or the rét&ipping non-firm load with UFLS relays
activated at frequencies above FRlincreases substantially as a result of such behavi
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2. Setting Frequency Limits Based on Experienced/Targeted CPM-1 Performance

The Standard, through the method of calculating RAlesignates, requires that F4l.be

selected in such a way that UFLS relays will notrigggered more than once every 10 years even
if frequency remains at FAdy, for the entire 10 years during non-contingencyratien. PCE is
aware that FAlw, and possibly FTLy, can be loosened considerably by removing thalianp
assumption. This can also be done for Fgland FTlign. Using a more realistic distribution

than the Dirac's delta function assumed by thedatahfor FAL.,4» and a different one for

FALw would lead to a less conservative setting of b@#h values. The setting so derived for
FALhnigh and FALow would, however, be more statistically in line wikieir proposed use -- the
high and low frequency limits during non-continggeperation.

In order to follow this approach, we would haveassume some future distribution of non-
contingency frequency errors. In doing so, theofeihg concerns would arise:

* Even if the Interconnection is compliant with CPIywie do not know how to predict exactly
how far from normal the distribution of frequenaythe Interconnection will become once
CPS2 is gone in the Eastern and WECC Interconmestishich contain multiple BAs. Even
in Howard lllian's ERCOT report [15], which provillgaluable insight into analysis of
frequency distributions, the final distribution"miormal errors” was not exactly a normal
distribution. It is difficult to estimate quantiteely how much difference between the two
distributions should be expected over a given fi@eod in a given Interconnection and what
impact changes in standards and ACE/frequency @agprtactice would have on that
difference.

» The distribution of "disturbance" or frequency ermaring contingency operation is also not
likely to remain the same. Previous research ldatesd such data by starting at a large
frequency change and stopping when frequency redutm or crossed zero. DCS and CPS2
will be removed, both of which have a significampiact in inducing a fast reduction of
ACE, and therefore frequency, following generationtingencies. This is likely to result in a
reduced recovery rate, measured as described iarAippD. With an FTle, as low as
59.950 Hz and the{ set to 30 minutes for the Eastern Interconnectios Standard is
likely to have the impacts of increasing the amafritme this Interconnection spends in a
'disturbance’ condition and further raising thehhiigk tails of the frequency distribution.

» As this report discusses, it is not feasible tdficemtly estimate the risk inherent in operation
with only CPM-1 and the requirement on BAs to retwithin BAAL within 30 minutes.
Many NERC BAs easily have the generation rate itogoACE to a level above BAAk,
after ACE is found to be much below it, within aipd much shorter than 30 minutes. Under
the Standard, BAs can take advantage of this chiyahy delaying response to an ACE that
is below BAAL,, and, hence, avoid unit maneuvering in cases WhEEe returns to above
BAAL o due to expected favorable changes in obligatiash&ction by individual large
BAs could cause the frequency to move well beyohl,§,. Alternatively, a combination of
smaller BAs, driven by market or grid events, caltetactions that have the same effect (this
issue with the current measures is described iremetail in section X.2). BAs may be able
to do this several times a year while remaining GPbbmpliant. This might cause the
Interconnections to experience more frequent oeaggs of large frequency errors than
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predicted by the normal distribution of one-minaterage frequency error with the targeted
RMS.

Despite this, it is possible to assume a very amasige non-contingency frequency distribution,
which should compensate fully for the asymmetry la@avy tails of the possible future
frequency distribution, and account for any likehanges in generation control practice. The
value of FAL calculated based on this assumptiariccbe somewhat farther from 60 Hz than
that calculated using the current procedure.

However, PCE believes that, given the uncertairgiesiming from the measures in the
Standard, it is impossible to produce an accurstimate of the risk inherent in the Standard. As
a result, it is important to conservatively estientite factors used for setting FTL to help to limit
the overall risk of reaching FRL to targeted bounds

In addition, it is vital to consider the importarmemaintaining the targeted Interconnection
frequency profile. Since facilities and relatedtpoion systems in the NERC Interconnections
have been created to support the slowly evolvirgratpon of the North American power
systems, it is critical that the new standard emsliat the characteristics of operation do not
change too rapidly. As an example, operating utidsrStandard should not significantly
increase the rate at which some UFLS schemes stexduptible load.

To ensure that the characteristics of operationatachange significantly, the SAR for the
Standard requires that Interconnection frequendppaance be kept within targeted bounds. In
the Standard, the annual RMS of frequency errofroimeite averages measures the condition of
the frequency profile of the Interconnection. Inking the conclusions in this report, PCE has
assumed, based on information provided by BRD Sbdt, the targeted annual RMS for each
Interconnection will remain about the same asutsent & value. Large departure from the

current frequency profile, whether it is due to ytmmpliance of BAs with CPM-1 or increasing
the currentg, targets, would impact interconnected operatiorar@tying the impacts of such a
departure from the current profile is a subjediutdire research.

In the absence of CPS2 and DCS, it may be necessatgntify the under-performance in real-
time and alleviate problems to help realize thgated annual RMS of frequency error one-
minute averages. Thus, it is important that thétieee measures, such as FTL and BAAL, help
the RCs and BAs detect and arrest large frequexmyrgion before they have a chance to
threaten the performance of the Interconnectios.denerally not expected that frequency
should be beyond the range of 3 to 4 tinsgsnore than a few hours per year in a safely

operating CPM-1 compliant Interconnection. Setfild.,, to a value in that range should
neither impose unwarranted risk nor noticeably @irtie proper operation of Interconnection
participants.

The settings selected for Ffl-and FTlLign for the Eastern Interconnection in Phase Il of the
Field Test for this Standard are within these beu&lich frequency limits should be tight
enough to maintain reliability above the desira@shold, but should not require too much
unnecessary control actions from RCs and BAs. RECBmmends that frequency limits with
values close to these be applied when the Stam#smames fully implemented. Similar
procedures should also be applied to select thev@lles for the other NERC Interconnections.
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Appendix A. Preparation of Data Obtained from NERC GADS

1. Summary

This Appendix describes how PCE derived the intemeation generation contingency model for
use in deriving expected occurrences of various 88iciencies. The parameters for this model
are derived from real historical generation datanwhediate forced outages provided by Michael
Curley of NERC GADS and obtained from the GADS Hate.

The process of calculating model parameters inwallie following steps:
* Obtaining and organizing input data

» Separating unit and plant trips

» Obtaining trip rates for various sets of units aogver plants

* Breaking down the current generation system int® gesimilar generating units and power
plants based on capacity and type (hydro, fodsil) e

» Calculating trip rates for the different sets oftsiand power plants in the current generation
system

2. Obtaining and Organizing Input Data

The following information was available about gexigrg units in the area under NERC
supervision:

K The total number of units in the interconnection.

Capx The capacity of each urkt to the nearest MW.

Typex The type of each unit (hydro, fossil, etc.)

Svchrs, . The number of service hours of each Wover time spaih.

NOFy .  Net Output Factor of each ukitwhich provides the average actual generation of
unit k over time spah as a percentage of capacity.

Also, GADS provided the time of every reported inaia¢e forced outage, or trip, of those units
during the past 10 years.
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3. Separating Unit and Power Plant Trips

PCE counted the number of trips for each unit. RGE defined a power plant trip as an event in
which more than one unit from one power plant tripihin a short time interval (5 minutes was
used for the purposes of this study). The followragables were then calculated for units:

Tripsq . The number of trips of unk over time spat.

Tripsc L is computed by counting all trips of ukibver time spaih, except those trips of urkt
that were part of a trip of a power plant contagnumitk.

Geny .  The expected generation of ukiat time of trip during time spdn rounded to
the nearest integer MW.

Gen, = NOF, | xCap,

The following variables were then gathered or cotegdor power plants:
PK The total number of power plants in the intercomioec

PCapc  The capacity of plark, to the nearest MW
PCapy was calculated as the sum@dp; of the units in that power plant.

PTypac  The predominant unit type in power planthydro, fossil, etc.)

PTripsc.  The number of trips of power plakbver time spai..
PTrips, L was obtained by counting all power plants tripsiefined above over a time span

PSvchrs, . The number of service hours of power pleotver time spat.
PSvchrs, . was calculated as the average ofghrs, | of the units in that power plant.

PGeny.  The expected generation of power plat time of trip during time spdn
rounded to the nearest integer MW.

PGeny L was calculated as the sum of then; | of the units in that power plant.
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4. Calculating Trip Ratesfor Various Sets of Units and Power Plants

For the purpose of smoothing the model in ordeetluce the computation time to a reasonable
amount, PCE separated all units in the availabie o several sets. The expected trip rates
were assumed to be equal for all units insidegbatThe sets were identified by a capacity
integer indexc and typet. Each set, designated witt) {) contains all units of typewith

capacity betweeric—05) * R and (c+0.5) * R, whereR; was a constant selected to be the set

capacity range. For this study PCE uBeaf 100 MW.

PCE then calculated the total unit-years of serpiowided by each such set during the past 10
years of operation in the entire NERC syst#fy,, and the average number of trips per unit-year
of operation for units in that s& .. The value ot in the following calculations is set to 10
years.

S/Chr% 10yrs

K |———= c+05<Ca <c-05and T =t
M=) 8760hr5yr P/ R e

- 0 otherwise

i{Tri PS. 10415 c+05<Cap /R <c-05 and Typg =t

therwi
w, ={ 0 otherwise M,, >0
Mt,c
0 otherwise

Similarly, power plants are divided into sets, gdfa as a constant power plant set capacity
range. For this study PCE usegof 500 MW. PCE then calculated the total plantryed
service provided by each such set of plants duhiegpast 10 years of operation in the entire
NERC systemF,’Mt, « and the average number of trips per plant-yeapefation for power
plants in that seEW, . The value of. in the following calculations is set to 10 years.

"Schrs, |,

P 10yrs c+05< "Cap <c-05 and "Type =t

"M, =Y 1 8760NS /R )
© T yr .
0 otherwise

> {PTripsK,myrs C+05<"Cap, /R <c-05 and "Type, =t

PV\{C =J k=1 0 M Othervwse Mt,c >0
t,c
0 otherwise
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5. Calculating Generation Contingency Model Parameters

Next, PCE found the total unit-years in serviég,and an average trip rate per unit-yédy;, for

units with an expected generationgpfvhereg is an integer that represents a MW value. In these
calculations, PCE used only the most recent daddadole at the time of analysis (specifically the
complete set of 2003 data), to produce a more atzuvepresentation of the actual configuration
of the units currently on the interconnection. Agsult,L in these calculations is set to 1 year.

Sschrs, ,,,
y ’ Genk,lyr - g
X, = kZ; 8760hrsyr
_ 0 otherwise
U :i WrypemLCapK/Rﬁo.ijg Gerklyr =g
9 =l 0 otherwise

Separately, PCE found the total plant-years iniserﬁ’/xg, and an average trip rate per plant-
year,PUg, for plants with an expected generatiomgof

PSvchr
; PK hS(,lyr PGenk,lyr - g
X, =) 18760
=) y
0 otherwise

U :PZK{PVVPWLPcaQ/Rfo.s
g &l 0

JPXg PGer!(,lyr = g

otherwise

Next, units are sorted intg sets, based on their expected average generatiely tounded t&;
MW. For this studyR; was set to 100 MW. Each such set has an assoanatexi, expected
generation at time of trif;, total unit-years in servicél;, and trip rate per unit-yeds;,. Min;
defines the minimum average generating level fohest, andMin;,, defines the maximum.
For each set these were computed as follows:

1<i<|,
Min =(i - 05) xR,
Min, ,; =0

G=i"R
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Min, ;-1
Ni = ng
g=Min
Min,,; -1
2.Y,

— g=Min;
=N

Power plants were also sorted idfsets, based on their expected average generatial |
rounded tdR3 MW. Their associated statistics were then appetaléuose defined above for the
units. For each power plaptthey were computed as follows:

1<j<J,
"Min =(j - 05 xR

VT —

— %
Gl+j - J R?;
PMin;,,—1

N, = > "X,

F’Mln

PMin,; -1
P
2. Uq
E _ g="Min;

S N

I +]

In the final step, the final data collection ofssist created by combining thesets of units and,

sets of plants. The input to the method descrihe&bipendix B is a collection dfsets of units
or plants, wheré=1,+ J,.
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Appendix B. Processfor Determining the Minimum Safe M egawatt Deadband

1. Introduction

This Appendix describes a process for determirtiregével of MW deficiency due to generation
contingencies that is not expected to occur maaga tince per 10 years based on available
generation contingency data. The process preséetedat this time takes into account only
immediate forced outages of generating units dreepbwer plants and ignores potential loss of
power delivered through DC/AC converters. Data enggation contingencies necessary to
follow this process was produced from informatietrieved from the NERC GADS database
and processed as described in Appendix A.

This process takes into account probabilities @inéy involving trips of single as well as
multiple unit or power plants. It uses a linears®tary response model to estimate
interconnection recovery between generation trgpagated in time.

In order to determine the expected number of tismgsven MW deficiency is likely to occur in a
10-year period, we assume that the 10-year pesiadseries of-length time intervals. We
consider each such time interval to be a binomiall, twvhere success is defined by reaching the
given deficiency level. The distribution of the nioen of times a success occurs in a 10-year
period can be approximated by a binomial distritmutiwith an expected value &* 10yrs/T ,

whereP is the probability of success inTdength time interval andOyrs/T is the number of

trials. The following sections present a proceseftimating? for a given interconnection and a
givenT.

2. Definitions

For ease of study, the following provides a lisathfvariables mentioned in this Appendix with
their definition:

Seti: a set of units or plants that have similar averggneration while synchronized to the
grid. Set O refers to a special set that is usedircalculations to express the probability
of not having a trip of a unit or plant in any aed an expected tripped generation level
of 0 MW.

I total number of sets of units and power plants.

G the expected generation of any unit or powertglaseti at time of potential trip.

n;: a variable used in the process to indicate tmelm®ur of units or power plants in set
available to trip in the interconnection, given theages already assumed in the ancestral
steps.

Ni: expected number of units and power plants in sghchronized at any given time.

Equivalent to total unit-years of service for sper year (calculated in Appendix A).
E;: expected number of trips in a year for any indiinal unit or power plant in set
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a time interval, in seconds, that is small efoteggmake the likelihood of having two
independent contingencies within it negligible.rfp tof a multi-unit plant is considered
for this purpose to be a single independent coahing.

secondary response recovery rate of the intesction, in MW pefT interval.
in MW, indicates an effective MW deficiency, tree of occurrence of which is sought.

the probability that, in a given interval of sig, the level of MW deficiency will reach
magnitudeD.

in MW, indicates the effective MW deficiencytime interconnection at some given time.
It must become greater th&nfor a successful trial.

drin  INn MW, used in the process to represent a minimandition that a certain value df

must fulfill.

drax  IN MW, used in the process to represent a maximamdition that a certain value df

1)

2)

3)

must fulfill.

the amount of error in the calculationf®fGiven a maximum and a minimum estimate of
P, the difference between the two.

a value oz that we consider necessary to make the asso@atedate oP acceptably
accurate.

number of seconds in one 365-day year.

Assumptions and Approximations

In determining the probability of the interconneatifacing a MW deficiency equal to or
greater tha in aT-length time interval, if the MW deficiency in tlmterconnection
reache®, all other such instances before the valué @turns to 0 belong to the same
successful outcome. We prevent these instancesdonitnibuting to probability of success,
by not counting them as separate successful outofvsea result, when determiniRgfor an
interval, we exclude from consideration all caséered > D in chronologically earlier
intervals.

We assume that if a power plant trips, the impéthe loss of the units inside that plant on
probability of subsequent unit trips is negligidie other words, though the probabilities we
calculate account for the fact that the plant catmo again, they do not account for the fact
that the individual units within the power planhoat. The impact of this simplification of
the actual probability is negligible, given tha¢ thumber of units in the Eastern
Interconnection is around 2,600 according to GAR&dHowever, the reduction of the total
number of permutations, and hence computation tiegilting from making this assumption
is significant.

We assume that secondary response of the intercoomevill not reduce the MW
deficiency of the interconnection below zero, ahéyefore, the value af must always be
zero or positive.
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It is assumed that a particular unit is not likytrip more than once during the total time
span considered by this process to estimate thaatgé multiple contingencies. Thus, when
considering possible combinations of contingendtes number of trips involving thé& set

of units can never exceed the origihgl

The generation of any given unit in seit the time of a trip is approximated to be a#\eel
Gi, which is its average expected generation caledlitbm GADS information.

As noted in the definition of, we choose a value such that the probability of twits or
plants tripping in the same interval is minimal eféfore, we can make the assumption that
two units or plants will not trip in the saridength interval, removing many permutations
that add very little to probability, but which enuwusly increase the computation time.

Unit trip events, if any, are assumed to happehevery end of the interval.

Initial Functions

We need to derive several functions in order tdarphe process.

Since it should be physically impossible for a &ngnit to trip twice in timeTl, the expected
number of trips pef-lengthinterval for any unit/plant in setE; 1, is calculated as:

_T&
=

y

. (B-1)

We need to estimate the probabilyr that one unit in set wherei > 0, will trip in a givenT-
length time interval. As we have assumed that w& senall enough to ensure that the
probability of having more than one unit trip igi@en time interval of lengtf is negligible, it
can be approximated by:

Rr=nxE; (B-2)

The probability that no units will trip in a giventerval of lengthr is the product of the
probabilities of not tripping, (1E; 1), for each of thé\; synchronized units in each of theets:

Par =[] (-g.)) (B-3)

Since each of the NERC interconnections has swifpnficant number of units that removing
one or several units is not likely to charig significantly, in each step of the process we will
calculate this value by using all of the unitshe interconnection without considering that some
units may have already tripped. While this may hawvémpact on the results in the example
scenarios below where only a small number of warigésconsidered to be available, it does not
have a noticeable impact on calculations perforfoedctual NERC interconnections.
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5. Determining P

This section, using several examples, gradualleld®s the basis for a process of determiriing
i.e. the probability of the interconnection facadIW deficiency of magnitudd in aT-length
time interval. It is not practically feasible toaetly determine this probability for a typical data
set, such as the data we have used for 2,600inrlie Eastern Interconnection. Instead, this
process determines a maximum and minimum betwedéhvitie probability of this outcome
should fall, and tries to reduce the differencenveein the two, referred to as “error” Hbelow
some threshold of acceptability, referred t&Zas

In general, the process makes use of a tree steuicturepresenting all known data regarding the
system so far. For each step, the process detesminetherz is belowZ; if not, it expands the

tree and performs additional calculations to furtteeluce this difference. Otherwise, it reports
the final results for the maximum and miniménwhich we can then directly use to estimate the
expected number of successes in 10 years.

We are trying to find the probability that, for artain intervald will exceedD. We will refer to

this certain interval as interval O for the rema&ndf this section. We will also refer to other
intervals in terms of their chronological relatibisto interval 0. For example, the interval
immediately preceding and ending at the beginnirigterval O would be interval 1. The interval
that precedes interval 1 would be interval 2. ey begins j xT seconds before and ends

(] -D)xT before the beginning of interval 0. To emphasizghernumbers actually represent
earlierintervals, not latemntervals.

Overview of Notation

d>= dmin; d< dmax

O-X)Y | My, -, Ny
I I:)min; I:)max
— >
S Y |G,P 25
) x A =09
- 3]
15 =
T d>= dmin; d< dmax
I-X,Y | np ..o,
I:)min; I:)max

Figure 17. Overview of Notation.

In general, our process utilizes a tree consigiifrfyranching chains of events. Each “element” in
the tree, as shown in Figure 17, deals with a iceeigentY occurring in a certain interval.
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While different elements in the same interalndicated with distinct values &f can refer to

the same event, they will differ as to their anoesstThus, any element or series of events in the
solution tree can be referenced by a unique cortibmaf “X, Y. The maximum value oY for

a certain interval tends to have an exponentiatimiship with the value of.

In any intervalX, we assume that the interconnection decreasgsmther deficiency bR MW
due to secondary frequency response during thevaite

EventY either represents the trip of one unit or plargome set, or no trip of any unit. The
increase in deficiency is eith€;, or O if no unit or plant trips. There is a proli&passociated
with each event as well. The probability that a wniplant of a certain set will trip is defined in
Equation B-2. The probability that no units or ggawill trip is defined in Equation B-3.

At the point indicated by “O-X, Y” (“O” representaitput, as the point is immediately after the
end of intervaX and evenY) dnin anddax represent conditions thdtmust meet immediately
after intervalX so that there will ultimately be a deficiency oteast sizéD in interval 0. The
valuesny, ..., n; are the number of units in theets of units or plants whose trips have not been
considered in the elements of the tree ancesttaigelement. The valué,,, andPmax

represent the minimum and maximum probability that <=d < dyux, as specified above.

At the point indicated by “I-X, Y” (“I” representsiput, as the point is immediately before the
start of intervalX, with eventY occurring at the end of the interval)i, anddax represent
conditions thatl must meet immediately before intervaso that, if the event occurs, the
conditions in “O-X, Y” are fulfilled. In generadl,i,, of “I-X, Y” is equal tody, of “O-X, Y”
minus the generation change in inten{aboth from evenY and the recovery & MW, butdyn
cannot be lower than 0, as per Assumption 3. Sitpjlémx Of “I-X, Y” is equal todmax of “O-X,
Y” minus the generation change in inter¥alboth from even¥ and the recovery & MW, but
drex cannot be higher thdd, as per Assumption 1.

d =min(d G + R D) (B-4)

max,parent

-G

maxchild

dmin,child = max(dmin,parent parent + R’O) (B'S)

The valuesy, ..., n, for point “I-X, Y” are the number of units in eaclfithel sets of units or
plants that are available for trip consideratiothi@ preceding elements. If evefis the trip of a
unit/plant from set, thenn; in “I-X, Y” is one lower tham; in “O-X, Y”, andn, ... ni1, as well
asni+1, ... Ny are the same as the corresponding values in “©-XThis is because the one
unit/plant from this set that tripped in intervatould not have tripped earlier. If events no
trip, thenny, ..., n; are the same as the corresponding values in “©*X,

Prin andPmax represent the minimum and maximum probability that <= d < dyex, Using the
value ofd at the start of intervaf anddi, andd..x as specified in point “I-X, Y.
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d>=D
S [N ....N,
I:>min; I:>max
0-0,1 Prin Sum | 0-0,2 Prmin
P max P max
= >
o ° s 3
E o 8
- x
d >= dpip; d < Ay d>=d,; d <dpa
|_011 n]_,-"1n| |'0,2 I’llv...,n|
I::'min; I::'max I::'min; I::'max
Pui P
o-1,1 | _mn » Sum ¢ O-1,2 | _min
I:)ma\x F I:>max
= >
S o 1 G;, P; 2 G;, P; % 2
o
g x g
- @
d >= dpin; d < dipax d>=d i, d<dja
I'l,l nl’...,n| |'1,2 nll...,nl
I:)min; |:)max I:>min; I:>max

Figure 18. Linking elements of the tree.
Figure 18 shows how these elements link togeth&arto a full tree.

The points that actually link the elements of tleettogether are shown in yellow (e.g. “I-0, 2”)
and black (e.g. “O-1, 17, “O-1, 2"). Each elemenhtaining a yellow point can connect to up to
I+1 other elements containing black points, one aasetiwith a trip of a unit in each of the
sets where a unit is available, and one assocrwatbecho trip. The values afi, anddn.x are the
same for a given yellow point and all connecteckblaoints; thus to limit redundancy and
improve image clarity, only the yellow points shdw, anddyax. Prin @andPrex Of the yellow

point are the respective sums of B¢, andP,ux values for each of the connected black points.

We can follow a “path” from the black point of oalement to the yellow point of another; and
from the black point of that element to the yellpaint of another; and so on, until we reach the
green point at the top of Figure 18, discussedvibeBy doing so, we can trace a “chain of
events” over several intervals, ending immediaséigr interval 0. For example, from Figure 18,
Event 1 in interval 1 is followed by Event 2 inental 0.

The red “I-X, Y” points are terminal. These repmsa chain of events where the conditionglon
will either definitely be met, or cannot be metdif, is less thaf, thenP, andPx are equal
and are considered to be 1 at “I-X, Y”". The reasgns as follows:

» As per Assumption 3] must always be greater than 0. Therefore, forvaihye ofd where
d <=Rat an “I-X, Y” point before the event interval, wan assume that deficiency has
decreased to 0 at the time of the trip, which suiaeed to occur at the end of the interval.
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* The probability thatl < dx IS very near to 1.

On the other hand, dyin is higher thar, the conditions are contradictory. The valuel gin
never be less that.x and greater thath,,, in such a case, Ryin andPnax at “I-X, Y” are
exactly 0. Either way, there is no need to exameemdier intervals.

Note that any “I-X, Y” points that are shown in blat the end of each calculation step are
elements that can be expanded, but are considamachal for the purpose of calculatingt the
end of each step. In this case, the chain of ewsamt$ranch, as was the case with the yellow
points. However, we have not yet performed the s&y calculations to do so. Instead, an
estimate of the minimum and maximum probabilitgubstituted. These points are the source of
the error that must be minimized through the predesng described in this section.

Finally, note that the topmost point, in greendentified as “S”. This is the solution point. The
dnin for this point isD. There is N@yx. Ny, ..., Ny are equivalent tdly, ..., Ni. Prax andPrin
represent the total maximum and minimum probabdftguccess, the difference of whiclezis

Example 1

Consider an interconnection with= 1,G; = 1,000 MW,N; = 2, and a secondary response rate of
200 MW/min. Usel = 30 sE; = 2,102 D = 1,400 MW, and = 1.4e-4 (the notation 1.4e-4

indicates a value af.4x10™) to find the minimum and maximum valuesRyfsuch thaz < Z.

First, from Equation B-1, we can determine tBaj, = 0.002. Also, we calculate
R =200MW * 30s/60s =100MW .

Examplel, Sep 1

Figure 19 shows our initial knowledge. We have leonents in the tree, only point “S”. We
understand that, for a successful outcome, oul ligwal of deficiency must exceed 1,400 MW.
What are good initial estimates for the minimum amakimum probabilities of a successful
outcome, without extensive examination of the gdesevents that may have occurred in interval
0 or earlier?

d>=D
S [Ny, ... N,

I:)minz 2 I::‘maxz ?
= b
CU S
> =0
§°
c X o
- o

Figure 19. Tree for Example 1, Step 1.

We can immediately s€, to 0 andP«x to 1, as these are the logical extremes of prdibabi
However, there is one simple calculation that vathove a great deal of this error. From
Assumption 1, we know that we can discard scenavftered >= D, except in the last interval.
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We can say with certainty thatdf< D at the end of interval 1 and we trip no unitsnterval O,
thend <D at S. Therefore, we should remove from the maxinpuobability of success the
probability that we trip no units in interval O, igh is approximately 0.996, per Equation B-3.
The value oPx at S, therefore, becomes 1- 0.996, or 0.004.

We calculate error froRn, andPrax at point S. The difference between 0.004 and(0064,
which is larger than the specifi@d

Example1l, Sep 2

There is too much error in the probabilities cadtedl in Step 1. If we look at all possibilities for
trips in the current interval O then we can refig estimates of the minimum and maximum
probability values, by expanding the depth and emyuof our calculations.

To expand the accuracy of our calculation, we rfitgtenumerate the possible events to
consider in the current interval. We have assurhatithe probability of multiple units tripping
in the same interval is negligible. Only two otlpesssibilities exist. One is that one of the
1,000 MW units will trip. The other is that no umitll trip. These possibilities are illustrated in
Figure 20.

d >= 1400
I:>min: ?; I:>max= g
P..=? P..=?
0-0,1 allx Sum > 0_0’2 min
Pmax= ? Prax= ?
r— >
S 1 | (Notrip) 0, Py="? 2 | (Set 1 trip) 1000, P, = ? 25
o ° =0
c x g
- nd
d>= dmin; d< dmax d>= dmin; d< dmax
1-0,1 [n,=? 1-0,2 | n,=?
I:)minz ?; I:>max: z I:)minz ?; I:)max: z

Figure 20. Tree for Example 1, Step 2.

Next, we need to determine how much each possiugeteontributes t€qin andPmax. First, let

us examine the case where no unit trips in inteBv&érom examining Figure 20, we can see that
we must determinByin andPux for point “O-0, 1”. Doing so will require determing P, for the
box labeled "1", andin, Amax, N1, Prin, @ndPrgex for point “I-0, 17.

A. What is the probability that no unit will trip imterval 0?
The answer, from Equation B-3, is 0.996.

B. What isdp,, for point “I-0, 1"?
From Equation B-5¢, = 1,500 MW.

C. What isdnx for point “I-0, 1"?
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Because we only want to ensure that the final let®IW deficiency is above some number,
there was nal for point “S”. Thus, no condition is propagatedptmint “I-0, 1”. However,
d must be less thab. Thereforedm. for point “I-0, 17 is 1,400 MW.

. What number of units in set 1 will be available éonsideration in elements derived from “I-

0, 1"?

No unit trips are involved in this event, spremains at 2.

. What isPy, for point “I-0, 1"?

The value oflyin is higher than the value df.x. These conditions are contradictory, s
exactly 0. ThusPpn is 0.

What isPyu for point “I-0, 1"?
From aboveP is exactly 0. ThusRux is O.

We now have enough information to estim@tg, andP.x for point “O-0, 1”. As we have
determined that there is no chance whatsoevedtimainterval 1 can meet the needed
conditions, both the minimum and maximum probaptlitat we can meet the conditions for
point “O-0, 1” are also 0.

Next, let us determine the contribution of the ptitd 1,000 MW unit trip tdPmin aNdPax.

G.

What is the probability that a 1,000 MW unit wiligt in interval 0?
The answer, from Equation B-2, is 0.004.

. What isdp, for point “I-0, 2"?

From Equation B-5¢i,= 500 MW.
What isdnex for point “I-0, 2"?

Because we only want to ensure that the final le®IW deficiency is above some number,
there was naln for point “S”. Thus, no condition is propagatedptmint “I-0, 2”. However,
d must be less thab. Thereforedmu for point “I-0, 2" is 1,400 MW.

What number of units in set 1 will be available donsideration in elements derived from “I-
0, 2"?

One set 1 unit is tripped in this event, saacreases by 1, to 1, for preceding intervals.
What isPyn for point “I-0, 2"7?

The values ofli, anddux, are not contradictory, nor do they imply guaradtsuccess.
Without further examination of past conditions, @& sePy, to 0, as in Step 1.

What isPnux for point “I-0, 27

As in Step 1, we can immediately rule out someipornf P .. Consider the case where no
unit trips in interval 1. Becauskmust have been less than 1,400 MW at the stanterfval

1 (from Assumption 1), and because 100 MW werevexad over interval Id could be at

most 1,300 MW in interval 0. Likewise, if no untt§pped in both interval 1 and interval 2,
then d could be at most 1,300 MW in interval 1 #retefore 1,200 MW in interval O.
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How is this relevant? We know that;, is 500 MW. Therefore, a situation that would fodce
to be less than 500 MW will not contribute to thielmbility of success at this point. How
many consecutive intervals with no trips wouldeigjuire to result in such a situation? The
answer is dependent @ on thed.,, for this point, and on the recovery rate, usirg th
formula ]—(D —di )/ R]. We use the ceiling function, because any fraatiban interval
implies another full interval is required to ford®elowd,,. Using this formula fob of
1,400 MW,di, of 500 MW, andrR of 100 MW gives us 9.

Thus, we calculatB. by subtracting the probability that no unit wiilot for 9 consecutive
intervals, or 0.996 to théthower, from 1Pnay, then, is 0.035429. In general, we can always
initially estimatePx for point “I-X, Y” as

1_ POI—(D_dmin)/ R-| (B'G)
using the value ad, at point “I-X, Y.

We now have enough information to estim@tg, andPx for point “O-0, 2”.Pn, is determined
by multiplying the probability that the event walEcur (0.996) by the minimum probability that
the additional conditions for “I-0, 2” will be me#hich is 0. ThusPpi, = 0. Pnax is determined
by multiplying the probability that the event walEcur (0.004) by the minimum probability that
the additional conditions for “I-0, 2" will be méd.035429). Thus,

Prox = 1.4172e-4.

Having examined each possible event at interveli@&t are more accurate estimate®qf, and
Prax fOr point “S”? What is the remaining error? Fig@killustrates this question.

d >= 1400
S |[N;=2
I:)minz ?; F)maxz 7
- Prin= 0 S [ O- Pmin=0
e Pmax= 0 o Ol P 1.4172e-4
= =
> 1 0, P,=0.996 2 1000, P, = 0.004 =0
o ° s3
c x 9
- nd
d >= 1500; d < 1400 d >=500; d < 1400
I'O 1 n1: 2 nlz 1
' _ _ [-0,2 _
I:)min_ O’ F)max_ 0 I:)min_ 0
P = 0.035429

Figure 21. FindingPrin andPpax.

To find Py, for point S, add the individu#,, values for “O-0, 1” and “O-0, 2”. Thus,
Prin=0+ 0= 0. To findPn for point S, add the individu#. values for “O-0, 1” and “O-0,
2". Thus,Prax =0 + 1.4172e-4 = 1.4172e-4. Finallys Prin — Prax, Or 1.4172e-4.
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Example 1, Sep 3

Because 1.4172e-4 is still larger thigrwe must perform more calculations and increasdrea
of knowledge. Only blue points are candidates kpa@sion, and the only blue point is “I-0, 2”.

Figure 22 shows the possible events that couldrandaterval 1, given the occurrence of event
2 ininterval 0.

d >=500; d < 1400
n,=1
1-0,2 [ p
I:)min_ ?
IDmax: B
Pmin = ? P. =2
o-1,1| ™ _ » Sum ) < 0-1,2 | mn
Pmax =7 I:)max =7
T =
> 1 10.P 2 | 1000, P, 26
S y =9
= -
d>= dmin; d< dmax d>= dmin; d< dmax
I-1,1 [n =7 [-1,2 | n =7 |
I:)min = ?; I:)max =7 I:)min = ?; I:)max: 7

Figure 22. Tree for Example 1, Step 3.

Figure 23, below, shows the correct values in ptdaach question mark. It also uses these
values to update the valuesRy, andPx for point “I-0, 2”. Note that botlPyi, andPnax for
point “I-1, 2" are set to 1, becaudevill definitely be greater than the specifidgd,, of 0, and

dmax plays a negligible role in probability. Refer teepious sections for more information on
how these values were calculated.

d >=500; d < 1400
n,=1
1:0.2 | p = 0.002
P, ..=0.033430
I:>min =0
0-1,1 I:>max = 0.031430 > Sum |« 0-1.2 Pmin = 0.002
N <P =0.002
= >
> 1|0, P,=0.996 2 | 1000, P, = 0.002 =9
o - = 0o
c x 9
- nd
d >=600; d < 1400 d>=0;d <500
I-1,1 | n, =1 11,2 | n, =0
P..=0; P =0.031556 P..=1P =1

Figure 23. FindingPyin andPpx.
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Now that we have updatétl, andPx for point “I-0, 2”, we can update point “O-0, dh
general, we would continue directly up the treerfrchild element to parent element. Each time,
we would do the following:

1. Use the new “O-" point of the child element to riectate the values in the “I-” point of the
parent element.

2. Use the “I-" point of the parent element to recédtel values in the “O-" point of the parent
element.

3. Consider the parent element to be the new chilchete (for the next closest element to S).
4. Consider the next closest element to S to be thepagent element.

5. Repeat the process from step 1 with the new chitbparent elements determined in steps 3
and 4.

Finally, we would use the “O-" point of the eleméminterval O to update point “S”.
Figure 24, below, shows the updated tree, with nawes ofP,, andP« for point “S”.

d >= 1400
P = 8€-6; P,.= 1.3372e-4
P.=0 P, . = 8e-6
O-O,l Ll Sum 3 0_0’2 min
Pmax= 0 Poa= 1.3372e-4
T =
S 1 |0,P,=0.996 2 | 1000, P,=0.004 26
o ° = 0o
1= x 9
- ©
d >= 1500; d < 1400 d >:1500i d < 1400
[-0,1 | n;=2 1-0,2 | M~
Pmin: 0; Pmax: 0 Pmin= 0.002
P o= 0. 033430
Prin = 0 > s P, = 0.002
0-1,1 min- > Sum 0-1.2 min :
P, .. = 0. 031430 N "© | Py = 0.002
— >
g 1 |0,P,=0.996 2 | 1000, P, =0.002| =&
o = 0
= xg
d >= 600; d < 1400 d >=0; d < 500
1-1,1 {n, =1 1-1,2 [n, =0
Ponin = 0; Py = 0.031556 Prin =1 Pra= 1

Figure 24. FindingPrin andPpax.

Thus, we consider the final probability of succesbe between 8.0e-6 and 1.3372e-4. Based on
the newly calculated values Bfiin andPpux for point “S”, Z = Prpx - Prin = 1.2600e-4, which is
less tharZ. We have reached a level of error that we havenddeacceptable for this example.
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Since T is 30s in this example, in 10 years theg€l@,512,000 trials, so we expect the number
of successes in 10 years to range from approxign@teto 1,406. In general, in utilizing this
process to estimate the size of the largest castiegthat is expected to occur more than once
per 10 years we will sé&t so as to target a much smaller magnitude of thgeran the number of
successes in 10 years.

Example 2

This problem features a slightly more complicat@eériconnection, with three potential sets of
units that can tripT, R, andD remain the same as in Example 1.

Set 1:.G; = 500;E1,3o =0.01;N; =3
Set 2.G, = 1,000;E2,30 =0.02;N, =2
Set 3:G3 = 1,500;E3,30 =0.01:N;=1

For the given tree pictured in Figure 25, whichedats are available to expand next? Of these,
which elements might reduce the error faster?

d >= 1400
S [N=3,21
Pin= 0.00102; P,..= 0.0014148
_ I I ! ! _
g o 1 |0,0.992 2 | 500, 0.003 3 | 1000, 0.004 4 | 1500, 0.001 = §
2 y y I x z o
- @
] (€] (]

d >= 1500 d >= 1000 d >=500 d>=0

d < 1400 d < 1400 d < 1400 d < 1400
-0,1 |n=3,2,1 -0,2 |n=2,2,1 -0,3 |n=3,1,1 -0,4 | n=3,2,0

Pmin=0 Pmin=0 P min=0.005 Pmin=1

Pmax= 0 P max= 0.039365 Pmax= 0.074181 Phax= 1

I ! 1

Tg 1 |0,0.992 500, 0.003 3 1000, 0.002 4 1500, 0.001 = ZE
|
= ! ! o
- @

d >= 600; d >=100 d>=0 d>=0

d < 1400 d < 1000 d <500 d<o0
1-1,1 ([n=3,1,1 -1,2 |n=2,1,1 -1,3|n=3,0,1 I-1,4 |In=3,1,0

I:)min = 0; I:)min: i I:)min: i I:)min: 0

Pmax = 0.069738 Pmax= 1 Pmax= 1 Pmax= 0

Figure 25. Tree for Example 2.
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At the point in calculations shown by Figure 2%réhare only two blue points, each contributing
some portion o, point “I-0, 2” and “I-1, 1”.

We can use a simple heuristic to decide which efttvo elements to expand, in order to reduce
error with fewer steps: simply compare the amowntrgbuted taz by each element. If we
assume that the reduction in total errorz,aesultant from expansion of an element has a
somewhat proportional relationship with the amaafrgrror contributed by that element, then
expanding the element that accounts for the lagg@sion of the error is likely to remove the
largest amount of error.

Figure 26 shows only the portion of Figure 25 ikancestral to the two elements that we can
expand, as well as the elements themselves.

d >= 1400
S [N=3,2,1
P,.=0.00102; P, = 1.4148¢e-3
Prin= 0 Poin= 2.0e-5
0-0,2 | [mn _ min— &
Pmax= 1.181e-4 T 'T 0-0,3 Pax= 2.9672e-4
= >
> 2 500, 0.003 3 1000, 0.004 =9
o © =0
= x g
- @
d >=1000; d < 1400 d >=500; d < 1400
-0,2 |In=2,2,1 1-0,3|n=3,1,1
P,..=0; P,.=0.039365 P,..= 0.005; P, = 0.074181
I:’min =0 ¢
O-1.11p™ - 0.06018
— >
g 1 |0,0992 28
(0] H A = 8
c X o
- [ad

d >=600; d < 1400
-1,1 [n=3,1,1
Prin = 0; Pray = 0.069738

Figure 26. Expanding tree for example 2.

For element “0, 27, the portion dfis the difference betwedt.x andPy, for point “O-0, 2", or
1.1810e-4. For element “1, 1”, however, it is sorhatnmore complicated. From Figure 26, we
can see that the element contributes to a sum pildpat point “I-0, 3", which is then

multiplied by an event probability for event “0, & calculateéP . andPnin for point “O-0, 3”,
which contribute directly ta. Thus, the portion af derived from “1, 1” is equal to the difference
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betweerP .« andPn,, of point “O-1, 1” (0. 06918), multiplied by thegdrability of event “0, 3”
(0.004), or 2.7672e-4.

More generally, the contribution of an element ¥X,to zis calculated by taking the difference
betweerP .« andPn, at point “O-X, Y”, then multiplying it by the evéprobability for each
higher connected element.

In this case, element “1, 1" contributes 1.181Qe-the error, while element “0, 2" contributes
2.7672e-4 to the error. In our next step, we waxpdand element “0, 2.
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Conclusion

In summary, our process is an iterative methodabatinually traverses and expands a
knowledge tree. For each step, we perform thewiollg actions:

1.

Find the element “X, Y” that makes the greatesticbation to the error. For the first step,
all elements will be expanded from point “S”, whishconsidered to be an element for that
purpose.

. Create up td+1 sub-elements in intervat1, branching from element “X, Y”, one

representing the case where no unit trips and @nedch set in which a unit or plant is
available to trip. For the first step, substitutgerval O for intervak+1.

For each sub-element, referencedby, thus created, use the valuesigf,, dmax, andny,
..., y from point “O-X, Y” to determine the values @fin, drax, andng, ..., n; for the sub-
element.

For each sub-element, use the conditions to detefi, andPnax. If Pmin IS not equal to
Prax, then the element contributeszand is a candidate for expansion in future steps.

Use thePnin, andP, for each sub-element to recalculBig, andPnux for element “X, Y.
Continue to propagate modified values directlyhgtree until point “S” is updated.

UsePrin andPrax at point “S” to recalculate If z>=2Z, go to step 1 to expand another
element.

Oncez < Z, we have determined an acceptable range of védués which we will use to
determine the number of expected successful outtam®0 years. The number of successful
outcomes for different values Bf can then be used to determine the largest levie\Vgf

deficiency due to generation contingencies thakgected to occur more than once per 10 years.
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Appendix C. Specific Proposed Areas of Potential |mprovement in the Standard

1) Clarification of "approved (firm load) Under Freaquoy Load Shed relay” in the proposed
process for setting frequency limits. The Standduauld specify who must provide approval
and refer to a specific definition of firm load.

2) Clarification of "approved high frequency relaytorbine overspeed setting for the
interconnection consistent with the Interconnectigaliability requirements” in the
proposed process for setting frequency limits. $tendard should specify who must provide
approval, which units' relay setting may be congddtype, minimum size, etc.), and refer to
a definition of "Interconnection reliability reqements”.

3) Limiting FTLow and FTLygn to @ magnitude a few timegaway from scheduled frequency
for all Interconnections.

4) Setting FTLo,w Some magnitude higher than all frequency-activltEdS settings (firm and
non-firm) in an Interconnection.

5) Changing the label of Requiremd®% to R4.8 in BAL-011-1.

6) Modifying BAAL formulation and/or measures to haweloser relationship with NERC's
reliability objectives and to distribute controspmnsibility more fairly.

7) Modifying the name of the different, Values in the existing measures to reflect their
different meanings and ease communication, eveeif values are initially selected to be
equal to each other. One approach is to use thesd@m T, T, defined in this report.

8) Specifying a more technically defensible processédculating Ty and .

9) The Standard should be modified to clarify the migbn of "single contingency"” in
developing FTL. For example, it should clarify wihet plant trips can be considered a single
generation loss contingency.
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Appendix D. Processfor Determining the Recovery Rate

‘ A

1. Background

Recovery rate is an estimate of the time it takesréquency to return to normal following a
contingency, relative to the size of the contingefecovery rate is a factor in determining the
extent to which frequency deviates in follow upgctmtingencies as a result of other prior
contingencies. PCE used this result in the prookdstermining Minimum Safe Megawatt
Band. PCE calculated the frequency recovery raiddmtifying generation contingencies based
on their signature in the historical frequency tramd dividing the follow-up frequency rise to a
normal range by the time needed to realize that RE€E then derived the recovery rate in
MW/min by multiplying the frequency recovery ratg én estimate of frequency response.

For the sake of time efficiency, the algorithm éatculating recovery rate had two phases. The
Parsing phase was more time-consuming and heasigrddent on the format of the raw
frequency data. This phase included the performaht®e bulk of the processing work that was
not likely to be repeated, including the isolat@rpossible contingencies with very inclusive
standards and the creation of uniformly formatikzs fdesigned to improve the efficiency of the
second phase. The Processing phase was compuligtiasg as it was based on a single
uniform input format of the files produced by thar$ing phase, and it included the performance
of the bulk of the analysis described below, whiolild be done with various sets of parameters.

2. Definitions

D1: Minimum magnitude of frequency drop for the evienbe considered a potential
contingency in the Parsing phase. If the frequettop of this magnitude took place between two
frequency values up to 6 seconds apart, the ldlee was identified as the start of a
contingencyD; has a low value to create a very inclusive ingample set.

D,: Minimum magnitude of frequency drop for the evienbe considered a potential
contingency in the Processing phase. If the frequenop for the event between points X and Y
shown in Figure 27 was less than this magnituds the sample in question was discarded.

Frigh: This parameter was used in the Processing pligsent Y was above this bound, the
sample was discarded.

Fend: This parameter was used in the Processing phasdirst point after point Y in the
frequency trend that rose above this thresholdagasidered point Z.

trin: This parameter was used in the Processing pldke.time difference between point Y and
point Z was less than this value, the sample wssadiled.

FR: This is the Interconnection frequency responaksutated as described in section V.
Fx: Frequency error at point X.
Fy: Frequency error at point Y.
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Fz: Frequency error at point Z.
tx: Timestamp of point X.
ty: Timestamp of point Y.
tz: Timestamp of point Z.

20

Frequency Error, mH=

19.52 19:53 19:54 19:55 19.56 19.57 19.58 19:59

Figure 27. Plot of a recovery following a contingency, shogvsome significant points
and parameters considered by the Processing phag@am for this event.

3. Parsing Phase

The algorithm for this first phase read data frame of several frequency sources (one for
Eastern Interconnection, one for ERCOT, and twoN&CC), isolated potential contingencies,
and created an output data set containing a largar of frequency trends with characteristics
of contingency operation, which allowed for quickiyhning the Processing phase under most
conceivable parameter sets.

It scanned through a chronologically ordered setabé files for potential contingencies in the
frequency trend using a relatively small frequedayp as the threshold for defining a
contingency. If there was a dropf over 6 seconds, the algorithm logged the timestamp
associated with the last data as the start tintbeopotential contingency, the previous 60
seconds of frequency data, and the next 900 seadricsquency data or the time until the next
contingency, whichever was shorter (including tlegj@iency value that satisfied tbe
condition). The output of this phase served astitpthe next phase. Prior to starting the
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Processing phase, PCE verified the contingencigsdfan the Parsing phase and eliminated data
likely to include significant telemetry errors.

4. Processing Phase

The algorithm for the second phase was designéddavhich samples collected in the previous
phase met a specified profile, find points X, Ydahfor that sample, and calculate the recovery
rate (in MW/min) as

Rate = —FRxw (D-1)

(tz _tY)

Determining Point X

To find point X, the algorithm took the frequenayae at 6 seconds before the data
marked as the start of the contingency data ifitdh@rovided in the Parsing phase
above.

Determining Point Y

To find point Y, the algorithm initially took theath marked as the start of the
contingency data in the file provided in the Paggihase above. If the frequency error at
the next data point was greater thanit was considered the initial point Z. Otherwige,
was considered the new point Y. If the frequenclyrt begin to increase within 12
seconds ofyx, the sample was discarded. If the difference betwg andFy was less
thanD,, or if Fy was greater thafnign, the sample was discarded, as it was likely thet t
amount of expected recovery would be so small &sttoduce a disproportionate amount
of noise in the final result. Fy was less than -800 mHz, the sample was discasdethe
data was likely to be invalid.

Determining Point Z

To find point Z, the algorithm started from thetial point Z found in the previous step.
The algorithm then stepped through the remainirig daints (for up to 600 seconds of
data) and at each step, compared the frequenaytertioe provisional value &z. If the
frequency error at that data point was greater Byxathen that data point became the new
point Z. If this point Z was greater th&g,q, then this was marked as the final point Z.
Thus, point Z was either the first frequency egaater tharfreg, 0Or, if no such value
existed, the highest frequency error in the pecaasidered following the contingency.

Deter mining Sample Recovery Rate

If the difference betweeta andty was at least,;, seconds, then rate was determined
according to Equation D-1, using points Z and Yegiabove, an&R.

Deter mining | nter connection Recovery Rate

Once all sample rates were determined, the averfatpe sample rates for all valid events
over the latest available three years of data wsad as the recovery rate for the
interconnection in determining the Minimum Safe Megtt Deadband.
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5. Choosing Algorithm Parameters

PCE proceeded to select appropriate values fopdhemeters for the various Interconnections.
PCE set:

» D; andD; using experience gained in analyzing frequencg,dating on the side of
caution to avoid including frequency drops not ealisy contingencies.

* tminto 12 seconds for all Interconnections in ordemvoid inclusion of samples with
guestionable swings of frequency.

* Fnign for each Interconnection to a value where a sicgmit governor and secondary
response was necessary to move the post continfreoiency to a level higher than

Rate vs. Fgq

1200
5 /‘\,\ )\qu 000
8o
E '\
% 606 —— Rate vs. FEnd
0 \\‘\
T
@
400
T 266
50 40 30 20 -10 10 20 30
©
Fena (MH2)

Figure 28. Plot of recovery rate v&eng for the Eastern Interconnection.

In order to seledteq, PCE analyzed data for various possible valuegbaifvariable to select a
conservative estimate. To give an example of thpt@ach, Figure 28, above, shows the chart of
recovery rate plotted against various valueBgf for the Eastern Interconnection. The actual
recovery rate used to calculate Minimum Safe Megald@adband was chosen based-gg of -

30 mHz. Values greater than -10 mHz created inateuesults, as the rate of frequency increase
necessarily declined when Interconnection religbilias no longer threatened. Of the more
realistic possible values &f,4 below -10 mHz, -30 mHz provided the most conséveat

estimate of recovery rate.
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The following parameters were used for the Eadtgarconnection:
D1 -20 mHz

D, -30 mHz

Fhigh | -50 mHz

Fend -30 mHz

FR -3,109 MW/0.1 Hz
tin 12s

Using these parameters, the recovery rate for #stelfn Interconnection was found to be
807 MW/min.

The following parameters were used for the WECErbrdnnection:
D1 -20 mHz

D, -45 mHz

Fhign -60 mHz

Fend -30 mHz

FR -969 MW/0.1 Hz
tmin 12 s

Using these parameters, the recovery rate for tB€®@/ Interconnection was found to be
403 MW/min.

The following parameters were used for the ERCQ@&rtonnection:
D1 -30 mHz

D, -60 mHz

Fhign -80 mHz

Fend -40 mHz

FR -419 MW/0.1 Hz
tmin 12s

Using these parameters, the recovery rate for R@@&T Interconnection was found to be
146 MW/min.
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Standard

The following is a list of all tasks defined in thdl “Directed Research for Balance Resources
and Demand Standard’s Procedures for Developinguerecy-related Limits” document
provided to PCE [3]. They have been enumerateddse of referencing.

1. Validation of Freguency L imits

1.1. Validate the Concept of Using Probabilistic Acceptable Risk Limits, Based on
Unwarranted Under Frequency Load Shedding and Unit Outages

The process for developing frequency limits is dase the concept of utilizing a
probabilistic acceptable risk limit based on unaated under frequency load shedding
and the probability of generating unit outagessTdancept should be examined to ensure
that it is technically sound and practically fedsib

1.2. Validate the Concept of Using I nterconnection Freguency Response to Estimate
Response to Generation/Load Mismatches

The process for developing frequency limits caltadan Interconnection frequency
response and then uses this frequency responsértage the Interconnection’s response
to generation/load mismatches. This concept shioellexamined to ensure that it is
technically sound and practically feasible. Speafieas for research include:

1.2.1. Use of lagging (historical) vs. leading (predic)ivedicators to be utilized for
estimate.

1.2.2. Accuracy, variability, and sensitivity of Intercagttion frequency response with
respect to various parameters such as time oftiag,of year, load level.

1.2.3. Behavior under stressed conditions — whenever &eqylevels fall below XXX
or above ZZZ for each interconnection.

1.3. Validate the Concept of Using Frequency-related Relay Settings to Establish
| nterconnection-wide Limits

Examine the concepts and practices utilized byrtlestry to determine if such limits are
suitable for use in a risk-based reliability standd&pecific areas for research include:

1.3.1. Technical validation of the process (Regional ideattion and authorization of
each frequency-related relay setting within itstjoimt.)

1.3.2. Determine if there are NERC Regional variations éldere are NERC Regional
variations, identify how they affect the processlefermining Interconnection
limits.

1.4. Validate the Concept of Using Supply-side Contingencies to Estimate | nterconnection
Reliability Risk
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The process for developing each Interconnectioregjlency Abnormal Limit Low is
based on the concept of using supply-side (gelejatontingencies. This concept
should be examined to ensure that it is technicalynd and practically feasible. Specific
areas for research include:

1.4.1. Technical validation of the concept of using cogéncies to estimate
Interconnection reliability risk.

1.4.2. Accuracy, variability, and sensitivity of estimatasinterconnection risk using
available contingency information for each of theefconnections.

1.4.3. Impact of multiple coincident contingencies, partaely those associated with
loss of plant and loss of right-of-way conditions.

1.4.4. Robustness of process and behavior under stressédions.
1.5. Validate Steps in Process for Developing Frequency Limits

Validate the process for developing frequency Bnfittachment A) by following the
steps in the draft Balance Resources and Demamd&thRequirement 305. This
validation should specifically show whether theqadure can be followed to develop a
set of frequency limits, including all of the folling, for the Eastern Interconnection, the
Western Interconnection, and ERCOT:

1.5.1. Frequency Trigger Limitigh and associated Frequency Trigger Lipyk Tv
1.5.2. Frequency Trigger Limit,, and associated Frequency Trigger Lipgit Tv
1.5.3. Frequency Abnormal Limigign
1.5.4. Frequency Abnormal Limitoy
1.5.5. Frequency Relay Limigign
1.5.6. Frequency Relay Limityy

1.6. Validate that the Frequency Limits Work as | ntended

Provide examples showing how various sized Balang&mthorities in each of the three
major Interconnections would be affected by theppsed frequency limits under a
variety of operating scenarios.
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2. Validation of Processfor Developing Balancing Authority ACE Limits (BAALYS)
2.1. Validate the stepsin the process for developing Balancing Authority ACE Limits

Validate the formula and practical implicationsusing a megawatt ACE limit for each
Balancing Authority in order to ensure frequenchated reliability on each of the
Interconnections. Specific areas for research delu

2.1.1. Reserve Sharing Groups.

2.1.2. Impact on Balancing Authorities of different sizes.

2.1.3. Impact of NERC Regional differences.

2.1.4. Impact on various wholesale markets (i.e. PJM ah@Q).

2.1.5. Robustness of process and behavior under stressédions.
2.2. Validate that the Balancing Authority ACE Limits Work as I ntended

Provide examples showing how various sized Balana&umthorities in each of the three
major Interconnections would be affected by theopsad Balancing Authority ACE
limits under a variety of operating scenarios.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 85



Appendix F. Directed Research Status and Conclusions

‘ A

The BRD SDT has defined the objectives listed aldft column of Table 7 below for
validating the Standard (Appendix E contains theglete description of Directed Research
objectives specified by NERC). CERTS has subcoteédbP CE to prioritize addressing these
objectives and perform research toward as manyasfet deemed most important as possible
within the resources available for this projecteTight column of that table summarizes the
issues and conclusions resulting from the workgreréd toward these objectives in Phases |
and Il, and marks those tasks subject to futureares.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives.

NERC BDR SDT Derived Tasks Conclusion or Next Resear ch Steps
Directed Research
Scope
1) Validate the a) Use of The concept of using unit outage statistics arj
Concept of Using probabilistic probabilistic approach to evaluate and limit th

Probabilistic
Acceptable Risk
Limits, Based on
Unwarranted Under
Frequency Load
Shedding and Unit
Outages

acceptable risk limits
based on unwarrantg
under frequency load
shedding and unit
outages

rate of load shedding due to the activation of
dUFLS relays is sound.

As long as frequency does not go beyond FAL

during non-contingency operation, the risk of
activating under- and over-frequency relays
should remain within the targeted bounds.

While the measures in the Standard have so
correlation with bounding frequency to FAL,
compliance with them is not sufficient to
confidently predict the rate at which frequenc
can exceed FAL and, hence, FRL. In addition
unit outage rates, factors such as future
generation control practice can affect the risk

frequency reaching FAL and, hence, FRL. The

impact of these factors is complex,
interdependent, and outside the scope of thig
study. Consequently, the method for develop
frequency limits proposed in the Standard an
followed in this report does not set FTL to su
an optimum value that compliance with all th
measures ensures this risk is bounded to a
statistical target.

The research presented in this report has sh
that the requirements and measures of this
Standard could be improved considerably.
Given the conservative method of setting FA
NERC may proceed with implementing the
Standard, taking into account the additional
constraints on setting FTL discussed in this
report. In that case, however, NERC will nee
to continue monitoring frequency performanc
and quickly tighten FTlign, FTLow, Tub, Tuth,
and/or Ty if future practice causes frequency
exceed FAL too often.
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y
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

As one of the considerations, it may be
necessary to limit the FTL for each
Interconnection to a setting in the range of 3
4 times of itsg; in order to help one-minute

average frequency error to meet the targeted
RMS as required by the SAR. This constrain{
should also help prevent a large growth in thg
shedding rate of non-firm loads in WECC.

It may also be useful to perform a study of th
errors in ACE and frequency measurements,
and their potential impact on the risk of
reaching FRL under the Standard.

\174

U
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT Derived Tasks Conclusion or Next Resear ch Steps
Directed Research
Scope
2) Validate the a) Calculation of It is technically feasible to estimate frequency
Concept of Using frequency response | response from available data.
Interconnection from available data.

This report calculates and utilizes a measurefof
frequency response, termed P-Frequency-
Response, that uses the largest observed
deviation of frequency for each historical
contingency event in order to estimate the
maximum frequency deviation expected for g
given generation or load loss. PCE estimateq
the P-Frequency-Response for three NERC
Interconnections.

Frequency Response
to Estimate Respons
to Generation/Load
Mismatches

1%}

Methods to improve the accuracy of the
calculation of the Minimum Safe Frequency
Deadband are discussed in this report.

b) Use of historical | PCE used available 2-6 second historical
vs. predictive frequency data to estimate the P-Frequency-
indicators to be Response for three NERC Interconnections.

utilized for estimate Impact of potential decline of P-Frequency-

Response on the risk of reaching FRL is subject
to future research.

c) Accuracy, Analysis of the impact of variations in P-
variability, and Frequency-Response on the risk of reaching
sensitivity of FRL associated with contingencies is subject{to

frequency response | future research.
with respect to

: For estimating the relevant frequency departjire
various parameters

resulting from the final contingency, the process
should consider only the portion of the primafy
response that is realizable before UFLS relays
activate.

d) Behavior under | This is subject to future research.
stressed conditions,
such as large
frequency error
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

3) Validate the
Concept of Using
Frequency-related
Relay Settings to
Establish
Interconnection-wide
Limits

a) Using frequency-
related relay settings
to establish
interconnection-wide
limits

PCE has verified that region-approved UFLS
settings exist. They can be used to set ERL
and doing so is sound in terms of the reliabilify
objectives defined in the Standard. There mgy
be other factors that should influence the setfing
of FAL and FTL, and deserve additional study.
One is maintaining the frequency profile of thie
Interconnection within the targeted bounds. I
not clear that CPM-1 alone will be sufficient
accomplish this goal. Another is the impact o
the shedding rate of non-firm loads.

o I © R

Validation of the concept for over-frequency
relay limits is subject to future research.

b) Examine industry
UFLS practices and
settings

PCE has obtained UFLS data for all Eastern
Interconnection regions, WECC, and ERCOT.

c) Regional
identification of
UFLS relay settings
in NERC regions

PCE recommends that a measure be added
the Standard to require all NERC regions or
RCs to submit all under- and over-frequency
relay settings approved by them or utilized in
their territory whenever such settings changel
This will ease the job of the NERC working
group who will become responsible for
updating parameters of the Standard on a
regular basis.

d) Authorization of
UFLS relay settings
in NERC regions

PCE recommends clarifying the phrase

"approved (firm load) Under Frequency Load
Shed relay setting" in step (i) of the Frequengy
Limit calculation process described in [1] by
elaborating on the word "approved". Change$ in
what relay settings are considered “approved”
can have a significant impact on the values df
FRL, FAL, and FTL.
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NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

e) Impact of NERC
Regional variations.

in their shedding rate.

Highest UFLS settings have generally been
found to be part of an SPS for local protectio

.

There are loads in WECC and ERCOT that gre
set to shed at frequencies higher than the
proposed FRL,. These settings were not use
to set FRL in those interconnections, but may
need to be considered to prevent a large gro

d

vth
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

4) Validate the
Concept of Using
Supply-side
Contingencies to
Estimate
Interconnection
Reliability Risk

a) Calculation of the
risk of reaching
UFLS limits due to
supply-side
contingencies

For any given frequency, it is technically

feasible to calculate the risk of reaching UFL
relay limits due to generator trips and a meth
of doing that has been identified, implemente
and used for this research.

Historical frequency data and contingency
reports reveal that the largest supply-side

contingencies in WECC and ERCOT are duq to
RAS activation or transmission loss, leading [o
separation of generators from the
Interconnection.
b) Accuracy, No specific sensitivity analysis was performeq
variability, and and is subject to future research. The proposed
sensitivity of risk process can be modified to take into account|the
estimates using impact of varying generation at the time of trip
contingency on Interconnection risk.
information
c) Impact of PCE has considered loss of multi-unit plants|in

multiple coincident
contingencies,
resulting from loss of
plants and right-of-
way

its method of estimating risk due to generatign

contingencies.

Data regarding historical failure statistics of [
transmission lines and converters, if availablg
could be added to the input data to improve t
estimate of risk due to supply-side
contingencies.

C

14

d) Robustness of
process under
stressed conditions

This is subject to future research.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

5) Validate Steps in
Process for
Developing
Frequency Limits

a) Developing
Frequency Trigger
Limithigh and
associated J,

The current procedure for settingnldoes not
have a strong correlation with the objectives
the Standard. Developing alternative measur
or methods for setting.# is subject to future
research.

T for all Interconnections has been
provisionally set to the maximum limit of 30
minutes specified by the Standard.

Additional research is necessary to establish
FTLnign for all Interconnections.

b) Developing
Frequency Trigger
Limit oy and
associated Jk

The process for setting FEk has been
followed for all Interconnections.

WECC FTlg can be anywhere from

59.856 Hz, when all generation trip events
caused by loss of transmission facilities and
those associated with RAS and SPS are igng
to 60.075 Hz, when all such trips are include

It may be beneficial to set FEl, about 3 to 4
times & below scheduled frequency. In

addition to helping Interconnections frequena
to remain in compliance with CPM-1, such a
constraint in setting FTd,, should help prevent
a large growth in the rate of shedding of som
loads whose UFLS settings are much higher
than FRLoy.

The current procedure for setting; does not
have a strong correlation with the objectives
the Standard. Developing alternative measur
or methods for setting.f is subject to future
research.

T for all Interconnections have been
provisionally set to the maximum limit of 30
minutes specified by the Standard.

red,

y

D

c) Developing
Frequency Abnormal
Limithigh

Establishing FAkg» for all Interconnections is
subject to future research.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

-4

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

d) Developing
Frequency Abnormal
L|m|t|0W

FAL,ow has been calculated for three NERC
Interconnections using probabilistic generatiqg

loss data.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT Derived Tasks Conclusion or Next Resear ch Steps
Directed Research
Scope

e) Developing Additional research is necessary to establish
Frequency Relay FRLnign for all Interconnections.
Limithigh
f) Developing PCE has established FRJ\.-for the Eastern,
Frequency Relay WECC, and ERCOT Interconnections using
Limit o UFLS guidelines from NERC Regions.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT Derived Tasks Conclusion or Next Resear ch Steps
Directed Research
Scope

6) Validate that the | a) Provide exampleg This is subject to future research.
Frequency Limits showing the impact
Work as Intended of proposed
frequency limits on
various sized BAs
under a variety of
operating scenarios

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 96




4

Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

7) Validate the steps
in the process for
developing Balancing
Authority ACE

Limits

a) Validate the
formula for the
proposed BA ACE
limit

The proposed BAAL formulation is based on
assumption that risk of reaching FRL is
proportional to frequency deviation from
schedule. The analysis presented in this repg
challenges this assumption.

PCE has verified that the proposed BAAL
formulation ensures that if all BAs are within
their BAAL at all times, the Interconnection
frequency will not exceed FTL. Therefore, fon
frequency to exceed FTL, at least one BA my
be outside its BAAL.

However, these features are not unique to th
selected BAAL formulation; many different se
of formulations would have the same propert
Additional research is necessary to determin
the optimum BAAL formulation.

If scheduled frequency is replaced with 60 H3
the proposed BAAL formulation, the propertiq
described above will no longer hold during
periods of time error correction.

an

b) Practical
implications of using
the proposed BAAL

The proposed BAAL measures may not be
sufficient to constrain the risk of reaching FR
to the targeted bounds as discussed in 8.a. T|
may also require disproportionately more
control from smaller BAs than larger BAs as
discussed in 8.b.

hey

c) Impact on
Reserve Sharing
Groups

This is subject to future research.

d) Impact on BAs of
different sizes

This is subject to future research.

e) Impact of NERC
Regional differences

BAAL measures may not have added reliability

value for single-BA Interconnections, such ag
ERCOT.
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT Derived Tasks Conclusion or Next Resear ch Steps
Directed Research

Scope

f) Impact on varioug This is subject to future research.
wholesale markets

g) Robustness of | This is subject to future research.
process and behaviof
under stressed
conditions
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Table7. Tasks, conclusions, and next research stepsifected Research objectives; cont'd.

NERC BDR SDT
Directed Research
Scope

Derived Tasks

Conclusion or Next Resear ch Steps

8) Validate that the
Balancing Authority
ACE Limits Work as
Intended

a) Show whether thg
proposed BAALs
have the intended
reliability impact

» Requiring each BA to limit the number of
consecutive minutes that its ACE exceeds
BAAL to Ty, as proposed by the Standard, ig
not sufficient to confidently limit the risk of
frequency reaching FRL to a targeted value.
One or more BAs can allow the magnitude of

their ACE to increase in a way that causes the

Interconnection frequency to reach FRL, but
return their ACE inside BAAL within , to
ensure that they do not incur a violation. Nor
has the above requirement been shown to bg
necessary to achieve the stated objective of
limiting the expected rate of reaching FRL to
once in 10 years.

b) Provide exampleq
showing the impact
of proposed BAAL
on various sized BAS
under a variety of
operating scenarios

PCE preliminary analysis indicates that the
proposed BAAL equation may result in a
decreased number of violations as a result of
aggregate reporting of ACE. This may mean
fewer expected violations for larger BAs for t}
same proportional amount of control and
induced Interconnection risk. PCE recommer
that this area be further explored in future
research.

ds

PCE Directed Research Final Integrated Report for BRD SDT/CERTS

99



Appendix G. References

‘ A

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

BAL-007-1, BAL-008-1, BAL-009-1, BAL-010-1, BAL-01-1, BAL-012-1, Draft 4,
Balance Resources and Demand Standard Drafting,Tlame 1, 2004.

“Consideration of Comments ofi' Posting of Balance Resources and Demand
Standard”, Howard lllian, March 11, 2004.

“Directed Research for Balance Resource and DerStartblard’s Procedures for
Developing Frequency-related Limits”, North Amendalectric Reliability Council.
Princeton Forrestal Village, 116-390 Village Bowded, Princeton, NJ 08540, July 14,
2004.

“Final Report, Phase | - Directed Research for BedaResource and Demand Standard’s
Procedures for Developing Frequency-related Lifidsft 2)”, commentary by
Raymond Vice, released on December 16, 2004.

“Introduction to the Balance Resource and Demaad@&ird”, Balance Resources and
Demand Standard Drafting Team, Draft 2, June 24200

“ECAR Document No. 3: Emergency Operations”, Apgadwby Coordination Review
Committee and ECAR Executive Board, last reviseteJL6, 1998.

"Document A-2: MAAC Protective Relaying Philosopduyd Design Standards", Mid-
Atlantic Area Council, last revised December 1197.9

"MAIN Guide No. 1B", Mid-American Interconnected tNerk, Inc., approved May 9,
2003.

"Mid-Continent Area Power Pool Regional Reliabiliyandbook”, Mid-Continent Area
Power Pool, last revised April 2000.

"NPCC Document A-03, Emergency Operations Criteaalbpted by the Members of the
Northeast Power Coordinating Council, last revidedust 31, 2004.

"SERC Supplement: Underfrequency Load SheddingRGEngineering Committee,
approved March 11, 2005.

"Southwest Power Pool Criteria", Southwest Powexi Hast revised April 26, 2005.

“WECC Coordinated Off-Nominal Frequency Load Sheddand Restoration Plan”,
Final Report, Underfrequency Issues Work Group (ifieal Studies Subcommittee),
November 25, 1997.

“ERCOT Operating Guides, Section 2: System OpenaticERCOT Control Area
Authority Operation, May 1, 2005.

"Frequency Control Data Advanced Analysis", Howrdn, June 10, 2002.

"Frequency Response Characteristic Survey TraiDmgument”, North American
Electric Reliability Council, January 1, 1989.

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 100



-4

[17] "CERTS - BAAL Calculator And Analysis (BAALCA) - E2ern Interconnection 80CA
2004 BAAL Statistical Summary”, Consortium for Biéc Reliability Technology
Solutions, provided to NERC by Carlos Martinez, 8&aber 21, 2004.

[18] "Alberta Interconnected Electric System Protect&tandard”, W. O. Kennedy, December
1, 2004.

[19] "SAR: Balance Resources and Demand", requestedrbgsIByrd and Albert DiCaprio,
requested January 28, 2002.

[20] "22:00 Frequency Excursions (Final Report)", FrespyeExcursion Task Force, August
28, 2002

PCE Directed Research Final Integrated Report for BRD SDT/CERTS 101



