-----Original Message-----
From: Robert Blohm [mailto:rb112@columbia.edu] 
Sent: Tuesday, November 09, 2004 4:49 PM
To: rlvice@southernco.com; Tom Vandervort; balressdt@nerc.com
Cc: Resources@Nerc. Com
Subject: Statistician's comments and suggestions re PCE report

Ray, 

Per your extension to today to get my comments in, the following summarizes my extensive redlining in the attached PCE report. Unfortunately, inadequate time so far has prevented me from reviewing the math in the appendices.

Statistically invalid analysis. The PCE report results are not valid because inconsistent with standard textbook probability and statistics theory and practice: 
--While the report separately addresses operating-error and contingency to express reliability in terms of the probability of each of these, it nowhere calculates the "joint probability" of these that defines interconnection risk and reliability. 
--The report proposes basing FTL on the probability of contingencies conditional on operating errors. It thereby presents a conditional probability as though it is a joint probability without acknowledging Bayes' Theorem equating conditional probability with joint probability divided by the conditioning probability. Since the report calculates the probability of contingencies only, not the joint probability of both operating errors and contingencies, FAL may be too loose. 
--By using only (the lower) half of the probability distribution of contingencies whose mass equals unity, the report misinterprets what is actually once in 5 years as once in ten years (assuming symmetry of the distribution). The FAL is therefore too tight. 
--The report fails to construct probability distributions from mere statistical distributions. 

--The analysis of BAAL is unsound for being anecdotal, and based on only conditional probabilities and on a misunderstanding of CPS1, a measure PCE was instrumental in helping to develop. 

Incomplete starting data. Due to apparent incomplete analytical capability and serious misunderstanding of standard textbook probability and statistics theory and practice, a very partial data set for the study was used that provides estimates of a significant number of only underfrequency contingencies, as well as no data on operating errors. 
Inappropriate "holistic" focus on economic signals, costs, other standards, and recursive impact of the standard's penalties on the standard itself. The report is saturated with reference to economic costs and incentives that are entirely out of the scope of research on a reliability standard. Since standards are developed individually, not contingent on other standards, coordination is achieved only by the uncompensated donation by interested parties of their time and expertise in development of the related standards. 
Correct findings. The PCE report correctly 
--computes the low probability of contingencies. 
--asserts that the scope's recommended "contingency" basis for FTL has no sound theoretical basis. 

Recommendation. More statistical expertise needs to be pooled in defining the scope of the next research stage and in carrying out that research to be consistent with standard probability and statistics. 

-----Original Message-----
From: Robert Blohm [mailto:rb112@columbia.edu] 
Sent: Thursday, November 11, 2004 11:29 PM
To: rlvice@southernco.com; Tom Vandervort; balressdt@nerc.com
Cc: Resources@Nerc. Com
Subject: Statistician's redline-critique of the PCE report's mathematical appendices

Ray, 

I went through the math and submit these supplementary comments and redlining. 
Summary comments below on my redlining in the 2 Appendices in the entire attached PCE report, that includes my prior comments summarizing my redlining of the body of the report. 
General comment: The specific algorithm used by the study needs to be investigated. The Appendices are unprofessional for not disclosing enough information to enable anyone who has the data to independently repeat the study and reproduce the same results. They have the following apparent shortcomings in particular: 

1. Careless notation 

--Mistakenly "Multiplies" by P in place of "indexing" by P, 

--Apparent confusion of "summation" sign/function for "averaging", without dividing by the sum, 

--Confusing reuse of same notation for different purposes. Reuses in Appendix B, but with different meaning, the same symbols used in Appendix A. 

2. No way to determine if the partition into sets of plants and units defined by average generation is correct and if correct values assigned 
3. Assumption of binomial distribution of the data without verifying/observing if the data is so distributed 

4. No derivation given of FAL: 
--explanation consists only of showing "cookbook" technique for: 
----narrowing the estimation error of load-shed probability by backward "induction" of more and more trials, and 

----doing so in a speedy way that minimizes commercial computation time/cost; 

--no explanation given of systematically applying the "cookbook" technique to the sets of plants and units defined by average generation, to arrive at a cumulative probability of once-in-ten-years; 

--no disclosure or justification given of the number Z used to define sufficient accuracy of probability estimates. 
Recommendation. More careful and exhaustive additional mathematical and explanatory skills need to be deployed in the subsequent stages of this research. 
-----Original Message-----
From: Tom Vandervort [mailto:Tom.Vandervort@nerc.net]
Sent: Thursday, November 04, 2004 6:08 PM
To: balressdt@nerc.com
Subject: PCE Research Report - Review and Comment by Monday, Nov 8

Balance Resources and Demand SDT
Please review the attached CERTS / PCE BRD SDT Target Research Interim Report. Send your comments to Raymond Vice by close of business on Monday, November 8.
Raymond’s E-Mail Address: rlvice@southernco.com
Thank you,
Tom Vandervort
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I.
Executive Summary

Balancing Resources and Demand Standard Drafting Team (BRD SDT) has defined the objectives described in the left column of Table 1 below for validating the proposed Balance Resources and Demand Standard (Standard). CERTS has subcontracted PCE to prioritize and perform research toward these objectives, and CERTS and PCE have defined analysis and deliverable items described in the second column of Table 1 as the objectives of this phase. Table 2 describes issues and conclusions arrived in this phase, and the research steps left for the next phase. 

Table 1. Analysis and deliverables for each NERC BRD SDT Research item. 
NERC BDR SDT Directed Research Scope
Analysis and Deliverables
for Phase I
Status

Validate the Concept of Using Interconnection Frequency Response to Estimate Response to Generation/Load Mismatches 
eport estimates of Frequency Trigger Limits (FTL), High, Low with corresponding errors and risks
[Agree with PCE that the proposed process has no statistical/theoretical basis]
Analysis following the proposed process gives these estimates:

FTLlow = 59.948 Hz

FTLhigh = 60.170 Hz
[No statistical/risk basis.]

Validate the Concept of Using Probabilistic Acceptable Risk Limits, Based on Unwarranted Under Frequency Load Shedding and Unit Outages 
[MW data is estimated and applies only to underfrequency.

Filtered requency data should be used] 
Report estimates of Frequency Abnormal Limits (FAL), High, Low with corresponding errors and risks
[Statistics mistake 1.  Limits chosen are too tight, for total risk of once-in-5-years.
Statistics mistake 2.  Only partial probability/risk of contingencies considered, not "joint" total probability/risk of both contingency and operating error]]
Analysis following the proposed process gives these estimates:

FALlow = 59.907 Hz

FALhigh = 60.201 Hz
[Too tight a reliability standard used and not based on total risk.]

Validate the Concept of Using Frequency-related Relay Settings to Establish Interconnection-wide Limits
Report estimates of Frequency Relay Limits (FRL), High, Low with corresponding errors and risks
[Should report and explain justifications]
Collected data indicates that Frequency Relay Limits for the Eastern Interconnection are [need the justifications for "should"] set as follows:

FRLlow = 59.820 Hz

FRLhigh = 60.500 Hz

Validate the Concept of Using Supply-side Contingencies to Estimate Interconnection Reliability Risk
[Filtered frequency data provides complete data on both supply-side and demand-side contingencies, and on both contingencies and operating errors separately and jointly, with no estimation required]
Report if the three types of frequency limits can be established as conceptually proposed, using and analyzing real historical generation outage data 
[Provides no basis for over-frequency limits.

Provides incomplete risk data: it is data just on contingency, and not on "joint" total risk of both contingency and operating error.
Does not enable capturing the impact of operating risk on total "joint" risk of both contingency and operating error]
Method used to analyze real historical generation outage data and establish the low frequency limits, using the concepts proposed by BRD SDT, has been created and reported
[But no basis for high frequency limits.]

Table 1. PCE deliverables for each NERC BRD SDT Research item; continued. 
NERC BDR SDT Directed Research Scope
Analysis and Deliverables
for Phase I
Status

Validate Steps in Process for Developing Frequency Limits. 
Report soundness and effectiveness for the methodology proposed in section 305 from the standard for producing frequency limits
Reported results of following proposed methodology and issues discovered during analysis

Validate that the Frequency Limits Work as Intended
Report if the three types of frequency limits will work as intended and proposed, using real scenarios based on historical data 
Relegated to next phase of research in agreement with CERTS

Validate the steps in the process for developing Balancing Authority ACE Limits
Report soundness and effectiveness for the methodology proposed in section 306 from the standard for producing BA Area Control Error Limits
Reported analysis which shows that the interconnection risk implied in BAAL equation for a Balancing Authority ACE does not greatly correlate with the objective of the standard 
[This finding is based on: 
-a statistical mistake: defining interconnection risk by a conditional probability instead of a joint probability;

-setting FTL and BAAL on basis of interconnection risk arbitrarily defined as tripping of FRL when FAL is defined in terms of one-in-10-years risk of contingency.  These partial-risk bases for FTL and FAL should be swapped, and  based on total "joint" risk of contingency plus operating error.]   

Validate that the Balancing Authority ACE Limits Work as Intended 
Report if the BA Area Control Error Limits (BAAL), high and low can be established as conceptually proposed, using and analyzing real scenarios with historical ACE, Frequency data.
Relegated to next phase of research in agreement with CERTS
[Involves setting a solid statistical foundation for FTL.]



Table 2. Issues, conclusions and next research steps. 

NERC BDR SDT Directed Research Scope
Issues
Conclusion or Next Research Steps

Validate the Concept of Using Probabilistic Acceptable Risk Limits, Based on Unwarranted Under Frequency Load Shedding and Unit Outages [The generation-data methodology is insufficient, while the filtered frequency data methodology is sufficient.]
· Definition of limits should take into account generation control practice [In other words risk should be measured by total "joint" probability of both contingency and operating error.  But the generation-data methodology does not provide for this, while the filtered frequency data methodology does.]   

· Consideration should be given to ACE and frequency measurement errors

· FTL calculation process is not correlated with the goals of Standard.  [Indeed.]
· The concept of using a statistical approach to limit the rate of occurrence of frequency excursions is sound

· Process for determining frequency limits should take into account how generation control following implementation of the proposed Standard will impact reliability.  [In other words risk should be measured by total "joint" probability of both contingency and operating error.  But the generation-data methodology does not provide for this, while the filtered frequency data methodology does.]   
· Study should be performed of the magnitude of ACE and frequency errors, and their potential impact on interconnection reliability under the proposed Standard [Automatically captured in total "joint" probability of contingency and operating error]
· Process for determining FTL should be modified to be probabilistically derivable from the specified maximum interconnection risk.  [Yes, but not as specified in the report]

Validate the Concept of Using Interconnection Frequency Response to Estimate Response to Generation/Load Mismatches
· Full frequency response may not be available to respond to last contingencies before frequency relays activate [Very important ultimately for setting FAL.]
· It is technically feasible to estimate frequency response from available data

· Process of calculating FAL should be modified to take into account only load response for the final contingency

· Analysis should be performed of the impact of variations in frequency response on the risk associated with contingencies

Table 2. Issues, conclusions and next research steps; continued. 

NERC BDR SDT Directed Research Scope
Issues
Conclusion or Next Research Steps

Validate the Concept of Using Frequency-related Relay Settings to Establish Interconnection-wide Limits
· Recommend clarifying the definition of high frequency relay settings. [Indeed]
· All NERC regions should be requested to submit under- and over-frequency relay settings approved by them [And their justifications.]

Validate the Concept of Using Supply-side Contingencies to Estimate Interconnection Reliability Risk
· Minimum Safe Megawatt Deadband required by the process should be defined in terms of likely net MW deficiency rather than number of contingencies  [Yes, but MW unnecessary if frequency data used.]
· Concept of using supply-side contingencies to partly estimate interconnection underfrequency risk is fundamentally sound

· Recommend supplementing results of proposed method using historical short-scan filtered frequency data

· Data regarding historical failure statistics of DC lines and converters should be added to input data for the process

Validate Steps in Process for Developing Frequency Limits. 
· Results of steps (ii) and (iii) [please list these in a footnote] are not used in the process of determining frequency limits

· The process for determining FTL should be revisited

· No deterministic procedure exists to define Tv as proposed
· Several steps of the proposed process should be revisited before it can be validated [Don't confuse conditional probability with joint probability.]

Table 2. Issues, conclusions and next research steps; continued. 

NERC BDR SDT Directed Research Scope
Issues
Conclusion or Next Research Steps

Validate the steps in the process for developing Balancing Authority ACE Limits
· Strong correlation does not exist between BAALs and Balancing Authority behavior contributing to the interconnection reliability risk

· The proposed BAAL formulation is based on proportionality between frequency deviation from schedule and interconnection reliability risk, which is not supported by analysis [Depends on arbitrary definition of reliability risk as risk of tripping FRL when FAL was not based on such a definition. ]
· BAAL formulation should be revisited and defined deterministically [No.  It is already defined in terms of joint total risk of both contingency and operating error once in ten years.] 

II.
Traditional Objectives of Frequency Control [Improperly assumes that control operations have been intended to address equity] 

1. Summary [Does not address the "reliability" purpose of the research]
Traditional objectives of frequency control have included bounding unscheduled flows in transmission facilities, inadvertent energy exchange among the control areas, and time error. Another major objective has been to ensure that frequency remains away from levels that would cause under or over frequency relays to be activated. Extremely low frequency can lead to shedding load, while high frequency can cause additional wear and tear in some equipment.  The August 14, 2003, blackout report pointed out that high frequency in the form of "power surge" coincides with cascading collapse of the Interconnection.  

2. Unscheduled Flows [These are properly addressed in the IROL Standard and by feeding the avaliable one-minute data into the IDC for closer-to-real-time TLR.] 


3. Inadvertent Exchange [missing reliability explanation: missing linkage of CPS limit (on "average" Inadvertent, actually ACE) to bias-share of reliability of the Interconnection such as provided in the Illian ERCOT study and attempted in item 5 below.] 

4. Time Error [a commercial service, assigned to NAESB and found by the RS not to be widely needed by customers.  Coincides with accumulation of Inadvertent, which is an equity issue.]

5. Bounding Frequency

There also exists a need to bound frequency to limits close to its scheduled value for reliability reasons. Extremely low frequency can lead to shedding firm load, while high frequency can cause wear and tear in generating equipment. The August 14, 2003, blackout report pointed out that high frequency in the form of "power surge" coincides with cascading collapse of the Interconnection.  [This covers the safety reasons for the relay limits (FRL and FAL), but not the reliability reason for the FTL or the CPS average limits.  [Deleted phrase is an equity issue, not a reliability issue.]

III.
Separating Control Objectives [Not PCE's mandate.  PCE was provided only one control objective (frequency).  PCE was not asked to investigate the effect of "improper" affecting standards.]

The SAR for the proposed Standard requires that this standard address only the objective of maintaining frequency excursions within safe limits. ["proper", meaning "equitable", begging the question] 
· 
· 
 [PCE was asked for judgement not on integrated standards, but on a stand-alone standard "assuming" the other standards are done properly.  It is appropriate rather for PCE to participate "gratis" in the other standards development processes to ward them away from interfering with this standard.]  [PCE's stated commercial goal is economic, cost reduction, which is not this standard's nor NERC's goal] 
IV.
Validate the Concept of Using Probabilistic Acceptable Risk Limits, Based On Unwarranted Under Frequency Load Shedding and Unit Outages

1. Summary

The proposed method requires the Standards Developer to define frequency limits, which will ensure that the expected rate of occurrence of both negative frequency excursions due to generation trips and positive frequency excursions due to load trips does not exceed once in 10 years.  [PCE's negative-frequency calculations are incorrect and too tight by standard statistics and in fact describe once-in-5-years.  A once-in-ten-years total probability of an event being in either tail of a (near-) normal probability distribution, means a once-in-20 years probability of being in one of the tails (assuming symmetry of the distribution). The probability area under the tails must be added together since the probability area under the distribution adds to 100%.].  PCE has found that the concept of limiting unwarranted under frequency load shedding to establish under-frequency control objectives and using the probability of generating unit outages (along with multi-unit plant outages, HVDC line or converter trips, and separation of a section from the interconnection) as a factor in [a factor but not the sole probability factor] in defining frequency control parameters to be, in general, a sound one.   

However, PCE would like to note that its analysis of frequency events indicates that sudden losses of generation and load constitute only a portion of large excursions. PCE suggests that follow-up research assess the additional risk posed by interconnection power deficiencies imposed through generation control practice, taking into account how the current practice may change as a result of the implementation of the proposed Standard.  [Both risks need to be treated jointly, not separately.  Operating coincidences within CPM limits are addressed by commercial standards and incentives.  Once-in-ten years is defined in terms of sustained sudden events.  Frequency-data on events, not just generation-outage data, would include both control errors and contingencies and depict any impact large operating excursions have on total probability of error.]
PCE also suggests that further research be performed to study the impact on interconnection risk posed by errors made by Balancing Authorities in calculating their ACE and measuring frequency in real-time.

Further, PCE suggests that the process proposed for determining FTL be revisited. PCE analysis has found that the current definition of FTL is not greatly correlated with the stated goals of the proposed Standard.

2. Impact of Generation Control Practice

This premise is supported by the data available for this project. Using CERTS one-minute average frequency database, CERTS staff identified every large deviation [An "event" is a sustained sudden large deviation, not an operating excursion that has not been filtered out in this data set.] in the Eastern Interconnection from 1/1/2003 to 12/31/2003 and from 5/12/04 to 9/10/04 where magnitude of frequency error from schedule exceeded 50 mHz.  PCE also obtained Eastern Interconnection large frequency deviation data from Elmer Bourque of New Brunswick Power, which is believed to be a fairly comprehensive listing of large frequency changes. Of the 206 separate frequency excursions PCE identified in the period from 5/12/04 to 9/10/04, PCE found only 2 that were noted in Mr. Bourque's data as contingencies. The rest did not show a signature of a sudden change in frequency expected after a generation loss and were apparently a result of generation control practice. The example shown in Figure 1 is representative of that category:
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Figure 1
Another event, graphed in Figure 2 using six-second data, illustrates one of the largest recent frequency excursions. Frequency error went as far as –95 mHz without any apparent signature of 
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Figure 2
a significant generation contingency. As indicated by studies performed of the hour 22 problem, this is most likely due to poor planning, highly correlated scheduling [which PCE software is designed to eliminate], and other points of practice.

It is likely that generation control practice [controlled by CPM1] may loosen further when CPS2 is removed. [The impact on reliability is determined by relating CPM1 performance and limits to one-event-10-years per the standard-statistical Illian ERCOT frequency study.]  It is impossible to precisely predict Balancing Authority behavior once the new standards are implemented, as it will depend on the magnitude of the compliance incentives and rapidity of implementation of new methods of control. [This standard is not about economics but about control.  This standard cannot be based on economic factors and on a closed feedback loop that estimates varying degrees of responsiveness to different levels of the standard's own economic penalties.  It is sufficient to assume that the penalties, and the standard, will control to within the stated limits.]  However, PCE experience with optimizing generation control software indicates that Balancing Authorities wishing to take maximum advantage of the new standard will be able to relax their control considerably.  [Only within the CPM1 and BAAL compliance limits.]  Therefore, frequency error at times may substantially, more often than under current practice and with larger magnitude, depart from schedule [to widen the standard deviation of the distribution of frequency error, controllable by CPM1 and by the BAAL limit]. While under the new frequency control paradigms frequency excursions are not a problem as long as load or generation is not tripped, the larger the magnitude of such events is and the more frequently they happen, the more significant the risk of reaching relay limits becomes.  [That risk is measured by the "joint" probability of operating frequency-errors and sudden sustained event frequency-errors.  This PCE study does not attempt or begin to quantify the "joint" probability, per standard statistical methodology applied in the Illian ERCOT study.  Furthermore a joint  "probability" is a forecast or extrapolation from a corresponding histogram.]
PCE recommends that the next phase of research set FTL and define BAAL by estimating the potential impact of generation control practice under the proposed Standard on reliability. Such a study should estimate the distribution of frequency due to normal operation (excluding contingencies). Then, for each value of frequency, the risk of reaching under-frequency limits as a result of generation contingencies can be estimated, using an estimate of expected frequency response and the method described in Appendix B of this report. [This describes a piecemeal next-phase research procedure to determine FTL by using "conditional probability" (of contingencies contingent on operating error) that is better accomplished by the simple standard statistical technique of taking the "joint" probability of operating frequency errors with sudden large sustained frequency errors as applied in the Illian ERCOT study.]  That risk increases quickly as the difference between the frequency and frequency-relay setting decreases.  A necessary input to such analysis is a cost description of the penalties that will be imposed on Balancing Authorities in response to failure to comply with CPM1 and BAAL measures.  [Economic incentives are beyond the scope of this research, nor is it even practical to construct the standard as a closed feedback loop that estimates varying degrees of responsiveness to different levels of the standard's own economic penalties.] 

3. ACE and Frequency Errors

PCE would also like to note that real-time control to this Standard would be working with non-audited values of ACE and frequency and, therefore, the proposed Standard should take into account the impact of possible errors in data entry, telemetry, or calculation. PCE has heard anecdotal evidence of several cases in which control areas operated with an erroneous ACE for extended periods of time. The expected error in the interconnection ACE times frequency error for a given time interval can be estimated using available CPS1 scores and data from a reliable frequency source. This method assumes that the effect of errors in CPS1 calculations is negligible [This sentence does not follow from the previous one.]  PCE recommends that this study [of how significant the discrepancy?] be performed in the next phase of this research [to first determine how systematic and significant]. 

4. Approach to Designating Frequency Trigger Limits

PCE understands that the proposed process for calculating FTLlow and FTLhigh sets those limits by finding the highest contingency smaller than those considered for setting the corresponding FAL, dividing it by the known interconnection frequency response, and adding the result to the appropriate FAL. In case of FTLlow for the Eastern Interconnection, the next highest such contingency would be a trip of a power plant with expected output of 2500 MW. The FTLlow resultant from considering this to be the next highest contingency would be very close to, and with certain assumptions above, 60 Hz. 

Except for events where probability of individual power plant and unit trips is not independent of each other (e. g. in cases of transient instability across sections of an interconnection), it is highly unlikely that several events of a combined magnitude that is necessary to move the frequency from such an FTLlow to FRLlow will occur closely spaced in time. In fact, the calculation of FAL should take into account the probability of all possible combinations of contingencies and should be buffered sufficiently to ensure the safety of that estimate. Also, simply adding one more contingency to calculate FTL does not have a sound theoretical basis. Using the method described in section VII, PCE estimates that, excluding disasters which preclude assumption of independence of events mentioned above, the Eastern Interconnection will not experience an immediate loss of 4000 MW due to generation contingencies more than once every 500 years.

Therefore, PCE believes that no well-defined probabilistic approach exists to choose a MW level according to the proposed method. The use of FTL in the Standard makes it apparent that it should be a frequency limit that would impose a generation control practice [That is what the CPM1 and BAAL limits/penalties do.  It is not necessary to incorporate cost-economics into the standard by estimating their effectiveness.  Their effectiveness as limits (enforceability) should be assumed and they should be set exclusively on the basis of their impact on reliability.] that would prevent interconnection frequency from reaching the corresponding FAL if no contingencies occur. That makes it apparent that each FTL and its corresponding Tv should be calculated based on the expected generation control practice [rather than contingencies] in response to their settings, in a way that gives a high probability of achieving the above goal [It is not necessary to incorporate cost-economics into the standard by estimating their effectiveness.  Their effectiveness as limits (enforceability) should be assumed and they should be set exclusively on the basis of their impact on reliability]. 

PCE strongly recommends that the next phase of research define and validate a process for determining FTL that can bound Balancing Authority behavior in a way that prevents an interconnection from reaching FAL due to non-contingency operation. Then, FTL should be set at a value where the likely detrimental impact on frequency due to deteriorating balance between resources and demand of some Balancing Authorities would be adequately compensated [That is precisely what the frequency-sensitive BAAL does] by a beneficial impact on frequency resulting from actions of Balancing Authorities controlling to standards based on that FTL.

V.
Validate the Concept of Using Interconnection Frequency Response to Estimate Response to Generation/Load Mismatches

1. Summary

The proposed Standard specifies that a Frequency Response based on an average of the prior three years data should be used to calculate the Minimum Safe Frequency Band. It is technically feasible and defensible to use estimated interconnection primary frequency response based on past frequency performance during generation and load contingencies. 

The process should be modified to take into account the fact that, following generation contingencies, frequency relays may act much earlier than the bulk of primary frequency response is realized. It should also take into account the variance in frequency response. 

The chart in Figure 3 shows plots of the frequency change versus MW change for the samples used to measure frequency response of the Eastern Interconnection.
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Figure 3
2. Response to Negative Frequency Events

PCE obtained Eastern Interconnection frequency abnormal operation data from Elmer Bourque of New Brunswick Power. PCE verified that the events recorded by New Brunswick Power frequency measurements had a very good correlation with the generation trip data obtained from GADS. PCE was able to fill in an estimated generation value for some frequency events [in other words frequency data is more complete than generation data] to increase the number of samples for measurement of frequency response. As utilities do not report the generation at the time of the trip to GADS [in other words, generation data is based on "estimates" of MW levels which frequency data on events already contains], PCE used the average generation of the unit or plant during its service in that year. PCE recommends that, in order to increase further the usefulness of the GADS database for generation control research, it request and store data regarding actual MW loss due to immediate forced outages [Use of frequency data filtered for sudden sustained events overcomes this shortcoming in the GADS database]. 

PCE then computed the primary frequency response for the 79 events between 9/1/2001 and 8/31/04 for which the approximate MW value was known. The result came to 3175 MW/.1Hz, with a 95% confidence interval of ±222 MW/.1Hz.

3. Response to Positive Frequency Events

PCE also used load-data correlated with the Eastern Interconnection frequency abnormal operation data provided by Elmer Bourque to calculate the primary frequency response to positive frequency events. The set of such events between 9/1/2001 and 8/31/04 for which the MW value was known [It is not the Bourque frequency data that is being used, but separate load-loss MW data] consisted of only 3 samples. This is mainly due to three factors: the typical MW level of supply contingencies is much larger than that of load contingencies, they occur more frequently for a given large MW level, and data is more readily available regarding generation losses. The mean of that measurement was 3333 MW/.1Hz, with a 95% confidence interval of ±2565 MW/.1Hz. Considering the large potential error, PCE recommends that the mean of the frequency response for all recorded positive as well as negative frequency events be used in its place. That value has been calculated as 
3180 MW/.1Hz, with a 95% confidence interval of ±219 MW/.1Hz.

PCE recommends that further data collection and analysis be performed in the next phase of the research to increase the accuracy of the positive frequency event response estimate.  [Unnecessary if frequency data filtered for sudden large sustained events is used instead of sparse load data or estimated MW GADS data.]
4. Impact of Delay in Primary Response

Data available to PCE indicates that most of the relevant load-shed relays will open within 12 cycles, or approximately 0.2 seconds, of the moment at which frequency moves outside the Frequency Relay Limits. This means that the bulk of primary response to the last contingency in a sequence of generation trips will not be realized in time to protect the load or generation from being disconnected from its interconnection. 

In order to take this into account in estimating the Minimum Safe Frequency Band as required by the proposed process, PCE recommends that the process be changed to calculate the potential frequency change from each contingency directly. This can be done as follows:

· In case of single contingencies, the frequency change would be calculated by dividing the MW change by the frequency response expected to be realized within 0.2 seconds. 

· In case of multiple contingency events, the frequency change of the last contingency would be calculated by dividing the MW change by the frequency response expected to be realized within 0.2 seconds. The frequency change due to contingencies occurring prior to that can be calculated by dividing the MW change by a frequency response value related to the recovery time available until the final contingency. When the recovery time becomes approximately 6-8 seconds, that value becomes equal to the full primary response. The frequency change due to contingencies occurring more than 30-60 seconds prior to the last contingency should also take into account the secondary response of the interconnection [How has this been estimated/measured?].

A more accurate description of the interconnection primary frequency response in terms of time can be done by studying sudden frequency change events using frequency data collected with a resolution of .1 seconds. PCE is aware that some data with that resolution may be available for this type of analysis and recommends that this be performed in the next phase of the research.

5. Impact of Variations in Operating Conditions [Not required if frequency data filtered for sudden sustained events is used.]
Additionally, these results do not account for the fact that the frequency response of the interconnection changes considerably depending on load, on-line generation, on-line reserves, and a multitude of other factors. Available associated information in the contingency data collected is not sufficient to reliably estimate the impact of those factors. The next phase of the research can expand on this analysis to determine how the variations in the above parameters can impact primary frequency response, and hence interconnection reliability, if it is possible to gather the necessary information associated with contingencies. 

VI.
Validate the Concept of Using Frequency-related Relay Settings to Establish Interconnection-wide Limits

1. Under-frequency Limits

PCE understands that only load-shed relay limits approved by the NERC regions are to be considered for establishing the low Frequency Relay Limits for the proposed Standard. 

With that in mind, PCE contacted Don McInnis of FRCC (which is believed to contain the highest such settings due to its specific needs of handling islanding conditions) and Don Badley of WECC to obtain the relevant information for Eastern Interconnection and the WECC. PCE is continuing to contact NERC regions in order to obtain more complete information.

Information obtained for Eastern Interconnection indicates that its FRLlow should be 59.820 Hz. Information obtained for WECC indicates that its FRLlow should be 59.500 Hz.  [Justification for these limits should be collected and provided to increase the likelihood of industry approval.]
2. Over-frequency Limits

In order to obtain the FRLhigh, the Standard proposes to use the lowest high-frequency relay or turbine over-speed setting that are in line with the approved reliability guidelines. Information provided by Don Badley indicates that this limit should be set to 60.500 Hz for WECC. PCE is working on obtaining sufficiently accurate information for the Eastern Interconnection, but for the purpose of this report assumes that 60.500 Hz is an adequate initial estimate.  [Justification needed.   +500 mHz may be too high for the Eastern Interconnection since 300 mHz was enough to constitute a power surge sufficient to collapse nearly a third of the Eastern Interconnection on August 14, 2004.]   
VII.
Validate the Concept of Using Supply-side Contingencies to Estimate Interconnection Reliability Risk

1. Summary [No procedure is specified for establishing FALhigh]
PCE's understanding of the process for establishing FAL for each interconnection, gathered from version 2 of the proposed "Standard 300 – Balance Resources and Demand" and the associated "Introduction to the Balance and Resources Standard", is as follows. The Standards Developer is to gather information regarding the largest contingencies in the interconnection. The contingencies are to be sorted from largest to smallest. The standard developer should then, using historical generation loss information, establish a set of contingencies that constitutes the size of the MW drop that is not expected to be exceeded more than once every twenty years ("Minimum Safe Megawatt Band") [A once-in-ten-years probability of a MW drop in fact describes a once-in-5-years contingency because the (near-) normal probability distribution is double-tailed.  A once-in-ten-years total probability of an event being in either tail of a (near-) normal probability distribution, means a once-in-20 years probability of being in one of the tails. The probability area under the tails must be added together since the probability area under the distribution adds to 100%.]. That MW drop will then be a result of several events, spaced closely in time, which for establishing FALlow can be generating unit or plant trips, HVDC line or converter disconnections, or separations of large sections from the interconnection. The calculated MW drop is to be divided by the interconnection frequency response, also calculated using historical data, to establish the Minimum Safe Frequency Band. That band is to be added to FRLlow to calculate FALlow.

2. Determining the Minimum Safe Megawatt Band

PCE found that in order to validate the proposed Standard and calculate a reasonably accurate Minimum Safe Megawatt Band, it needed to consider not only the largest contingencies, but also all permutations of the significant supply-disruption events possible, attaching a probability to each event.  [Deriving a once-in-ten years reliability threshold only from the statistical distribution of contingencies is statistically insufficient.  The once-in-ten years reliability threshold can be derived only from the combined statistical dirtribution of both contingencies and operating errors.] 
A great resource for this purpose turned out to be NERC's Generation Availability Data System (GADS). To obtain the necessary information PCE contacted its administrator Michael Curley, who provided data for the past [20 years should have been used] as reported by utilities in all NERC regions. This data represents approximately 90% of the generators in the four major interconnections and an even more significant percentage of the higher-capacity units, which are the ones most important to this project. Mr. Curley filtered out data related to immediate forced unit trips and supplied information regarding the set of generators that may be synchronized to the interconnection along with their capacity, average output, and hours on service. 

Using this data PCE calculated the expected trip rate for all types (separated by fuel type as well as hydro) of units and capacity. Additionally, PCE calculated expected trip rates for entire plants of each fuel type by filtering events where multiple units from a single plant tripped within a short interval. PCE then calculated the predicted trip rates for the units and plants likely to be online by using 2003 data to represent the current distribution of generation. [This is incorrect forecasting methodology.  A forecast is provided by a probability distribution constructed from a data distribution.]  The methods used in this analysis are discussed in Appendix A (Preparation of Data Obtained from NERC GADS).

PCE then used contingency statistics obtained from GADS to study the number of times [this is a statistic, not a probability] that a given MW drop could occur in the interconnection as a result of single or multiple events in an interval of ten years (set as the measure of reliability in the proposed Standard) [should be 20 years]. In order to estimate the impact of multiple events that can occur within several minutes, PCE introduced a recovery rate for the interconnection, based on predicted secondary response set to 300 MW/min [on what basis?] for the purposes of this analysis. The result is a complex statistical calculation based on the input data. The process and theory produced for this analysis, as well as the assumptions and approximations applied in the process, are described in detail in Appendix B (Process for Determining the Minimum Safe Megawatt Deadband). That analysis yielded an estimated Minimum Safe Megawatt Deadband of 2750 MW.

PCE feels strongly that the value predicted by the proposed method is reasonable. However, it is aware that the method can certainly be further refined [but not enough because it cannot produce an FALhigh]. PCE suggests that this method be further validated in the next phase of the research.  [It needs to be cross checked by the standard statistics of the Illian-ERCOT frequency-data method which, moreover unlike the PCE method, can produce an FALhigh and the joint probability of operating-error and contingency.] 
3. Using Actual Frequency Data to Verify Results [Not just "verify" results, but produce  FALhigh results, and compute standard statistical "joint" probability of operating-error and contingency to thereby determine the effect of a control operations limit (FTL) on total reliability.] 
PCE recommends that the next phase of research undertake the task of verifying the results of the process for determining the expected rate of generation contingencies using available frequency. Frequency data collected at a resolution of about 6 seconds or less over extended periods of time (at least 5-10 years) can be utilized for this purpose. Such a verification process would count the number of times various large MW deficiencies occurred over the range of the data, compare that number with the prediction of the method proposed by PCE, and, using statistical tools, calculate the degree of confidence provided by it.  [Standard statistical methods used in calculating the limits on the basis of filtered frequency data and "joint" probability of contingency and operating error depart considerably from the iterative numerical methods proposed here.  Furthermore, they provide a solid basis for measuring over-frequency sudden sustained events, a more solid basis for measuring under-frequency sudden sustained events, a basis for computing the "joint" probability of those events with operating error and, consequently, a basis for determining the total-reliability impact of a control operations FTL limit.  Consequently the standard statistical tools based on filtered frequency data should be used on at least an equal footing to the PCE iterative-numerical partial-statistical methodology, and used to co-determine the results, not just validate the results determined by the weaker PCE method.] 
VIII.
Validate Steps in Process for Establishing Frequency Limits

1. Determining lower frequency limits

Table 3. Determining lower frequency limits.


Process Specification
Analysis

i
Determine the highest approved (firm load) Under Frequency Load Shed relay setting for the Interconnection. This shall be the Interconnection Frequency Relay Limit Low.
Initial data gathered by PCE to-date supports placing FRLlow at 59.820 Hz.

ii
Determine the lowest frequency operating setpoint for the Interconnection.
The lowest frequency operating setpoint for the Eastern Interconnection is 59.980 Hz. PCE believes that this step plays no role in calculation of the frequency limits.

iii
Calculate the difference between the lowest frequency operating setpoint and the Under Frequency Load Shed High for the Interconnection. This is the maximum allowable frequency drop for the Interconnection without an unwarranted load shed.
The difference between the lowest frequency operating setpoint and FRLlow is 
59.980 Hz – 59.820 Hz = 0.160 Hz. PCE believes that this step plays no role in calculation of the frequency limits.

iv
Establish the Interconnection’s Frequency Response based on an average of the prior 3 years’ data (Beta in MW/0.1Hz.)
Initial research performed by PCE indicates that Eastern Interconnection's Frequency Response to negative frequency events is 3175 MW/.1Hz.

v
Identify the largest single contingency events for the Interconnection and order them from largest to smallest.
PCE has done so using data made available by NERC GADS.



vi
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 MW drop associated with a once in 10 years probability. Preliminary and approximate estimates using these methods using generation and plant trips (excluding multi-unit plant trips, HVDC line and converter disconnections, and separations of a section from the interconnection) indicate a necessary Minimum Safe Megawatt Deadband of approximately 2750 MW. 

Table 3. Determining lower frequency limits; continued.


Process Specification
Analysis

vii
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 Response of the Interconnection in Megawatts per Hertz. This gives you the low Minimum Safe Frequency Deadband for the Interconnection.
Using figures discussed above the Minimum Safe Frequency Deadband is equal to 
2750 MW/(10*3175 MW/.1Hz) = 0.087 Hz.

viii
Calculate the low Interconnection Frequency Abnormal Limit by adding the low Minimum Safe Frequency DeadbandLow to the highest approved Under Frequency Load Shed relay setting for the Interconnection.
FALlow for the Eastern Interconnection is calculated as 
59.820 Hz + 0.087 Hz = 59.907 Hz from the figures above.

ix
Calculate the Frequency Trigger Limit Low by adding the next largest single contingency to the Frequency Abnormal Limit Low.
The proposed process indicates that the next largest contingency after those that have been included in the Minimum Safe Megawatt Band should be used to calculate the Frequency Trigger Limit. If we count large plant trips, this would add an additional contingency of well over 2000 MW. If we limit contingencies to unit trips the additional contingency would be approximately 1300 MW.

Using the latter estimate puts FTLlow at 
59.907 Hz + 1300 MW/(10*3175 MW/.1Hz) = 59.948 Hz.

x
Establish the Frequency Trigger 
Limit Low’s Tv by determining the time at which the probability of a second contingency exceeds acceptable limits.
PCE interpreted the above instruction to mean: "Establish an interval, Tv, such that frequency should return to a level above the FTL low once it surpasses this limit in order to avoid exceeding the FAL low without a large contingency occurring". Following this interpretation, PCE does not believe that Tv can be calculated deterministically. It is not obvious, in fact, that it should be set without considering the impact of this Standard on generation control practice.

2. Determining upper frequency limits:

Table 4. Determining upper frequency limits.


Process Specification
Analysis

i
Determine the lowest approved high frequency relay or turbine over speed setting for the Interconnection consistent with the Interconnection’s reliability requirements. This shall be the Interconnection Frequency Relay Limit High.
Initial data gathered by PCE to-date supports placing FRLhigh at 60.500 Hz.

ii
Determine the highest frequency operating setpoint for the Interconnection.
The highest frequency operating setpoint for the Eastern Interconnection is 60.020 Hz. PCE believes that this step plays no role in calculation of the frequency limits.

iii
Calculate the difference between the highest frequency operating setpoint and the lowest approved high frequency relay or turbine over speed setting for the Interconnection. This is the Maximum Allowable Frequency Rise for the Interconnection without an unwarranted relay action or turbine over speed trip.
The difference between the lowest frequency operating setpoint and FRLhigh is 
60.020 Hz – 60.500 Hz = -0.480 Hz. PCE believes that this step plays no role in calculation of the frequency limits.

iv
Determine the Frequency Response of the Interconnection as calculated above for the interconnection low frequency limits.
PCE used data available for all frequency events to estimate Frequency Response of the Interconnection as related to high frequency limits. PCE would appreciate the BRD SDT input on this subject. Initial data gathered by PCE indicates that Eastern Interconnection's Frequency Response to such frequency events is 3180 MW/.1Hz.

v
Identify the largest high frequency producing contingency events for the Interconnection and order them from largest to smallest.
PCE has done that using data from Elmer Bourque of New Brunswick Power.



vi
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 Interconnection.
While it is not immediately clear what data can be used to estimate the Maximum Allowable Frequency Rise defined in the proposed process, PCE believes that in the past 10 years the largest single event has been the partial blackout on Aug 14, 2003.

Table 4. Determining upper frequency limits; continued.


Process Specification
Analysis

vii
Calculate the frequency change associated with the Minimum Safe Megawatt Deadband High for the Interconnection by dividing the sum of the allowable contingencies (in Megawatts) by the Frequency Response (in MW/Hz). This gives you the high Minimum Safe Frequency Deadband for the Interconnection.
Data has been presented that frequency error reached about 0.299 HZ (during fast time error correction). That will be used as the working estimate (?) of Minimum Safe Frequency Deadband.  This is an arbitrarily selected number.  Moreover it is not a "safe" deadband because we know for sure that a power-surge of that size collapses a big part of the Interconnection with current telemetered relaying and slow TLR.  A "safe" deadband would set (coordinated) relays much tighter.  Moreover, that is a once-in-30-years event.  A once-in-ten-years event would be of a much smaller magnitude.

viii
Calculate the high Interconnection Frequency Abnormal Limit 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, FALhigh will be set to 
60.500 Hz – 0.299 Hz = 60.201 Hz.



ix
Calculate the Frequency Trigger Limit High by adding the next largest single contingency to the Frequency Abnormal Limit High.
Data available to PCE and experience in the field leads PCE to believe that load losses of up to 
1000 MW occur with some frequency in the Eastern Interconnection. PCE believes that this would serve as a good approximation for the value requested by the proposed process. However, PCE does not see a statistical justification for using a contingency of any particular size in this calculation and believes that this step in the process needs to be modified to have a solid theoretical foundation.

Using this preliminary estimate puts FTLhigh at 60.201 Hz - 1000 MW/(3180 MW/.1Hz) = 
60.170 Hz.

x
Establish Tv for the Frequency Trigger Limit High by determining the time at which the probability of a second contingency exceeds acceptable limits.
PCE interpreted the above instruction to mean: "Establish an interval, Tv, such that frequency should return to a level below the FTL high once it surpasses this limit in order to avoid exceeding the FAL high without a large load loss occurring". Following this interpretation, PCE does not believe that Tv can be calculated deterministically. It is not obvious, in fact, that it should be set without considering the impact of generation control practice on total "joint" probability of control error and contingency..

IX.
Validate the Steps in the Process for Developing Balancing Authority ACE Limits

1. Summary

PCE understands that the portion of the proposed Standard relevant to Balancing Authorities requires that they continuously calculate the Balancing Authority ACE Limit (BAAL) applicable to them. The Standard also suggests penalizing a Balancing Authority whose ACE exceeds its BAAL for Tv contiguous minutes at each instant.

In attempting to establish Tv associated with the BAALs, PCE tried to estimate how interconnection frequency may behave once some Balancing Authorities exceed or are close to exceeding those BAALs. However, PCE does not believe that a deterministic approach exists to find a Tv that would sufficiently correlate reliable operation with the condition that all BAs bound their ACE as specified by the Standard.

PCE analysis also found that the proposed BAAL equation is based on an assumption that a linear relationship exists between the current product of a Balancing Authority's ACE and frequency error, and its contribution to the risk of the interconnection exceeding under- or over-frequency limits. [True only under PCE's specification of probability of contingency "conditional" on operating error. BAAL and FTL should in fact based on an assumption of standard statistical "joint" probability between operating error and contingency.]  PCE did not find justification for making this assumption.

2. Relationship between BAALs and Safe Operation

In all scenarios shown below, we assume the BAAL trend, shown in red in the figures below, for the Balancing Authority under consideration is the same. In scenario A (Figure 4) the Balancing Authority fails to return ACE above its BAAL in time to satisfy the Tv time limit: 
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Figure 4
In scenarios B (Figure 5) and C (Figure 6) the Balancing Authority satisfies the Tv time limit. In scenario B, it operates with a very negative ACE for an extended period of time, particularly when frequency error magnitude becomes very large. In scenario C, it operates with a negative ACE that exceeds its BAAL for a time interval shorter than Tv, then for a period of time bounds its ACE to its BAAL, but then its ACE exceeds its BAAL in the same Tv interval again.
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Figure 5
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Figure 6
PCE believes that in scenarios B and C the risk imposed on the interconnection by the Balancing Authority is significantly greater than in scenario A.  This creates a difficulty in definitively evaluating the risk contributed to the interconnection at a given frequency by a given Balancing Authority and raises the question whether a Tv that adequately protects the interconnection in all situations without imposing undue control requirements can be determined.

PCE believes that the proper measure should adequately evaluate the risk imposed on the interconnection by the Balancing Authorities. For each instant of time, a formulation for that risk can be found as a function of frequency and ACE. One alternative idea for measuring performance is finding the average of that function over a targeted interval, and penalizing Balancing Authorities that exceed a predefined limit in that interval.  [This faults the Tv recovery concept, not the BAAL concept.  But Tv has a "practical" objective of achieving "immediate" compliance, not compliance "on average".  The suggestion here therefore can only be to structure the size of the penalty to reflect the distribution of risk inside the Tv interval, but not to enforce an "average compliance" requirement.  But economic penalty levels are beyond the scope of the standard, and penalty for such "average" risk to the interconnection is already levied by CPS1 and therefore not the job of BAAL and Tv.]
3. Relationship between Frequency Error and Interconnection Risk [This section incorrectly uses "conditional" probability (of contingency conditional on operating error) to (set FTL and define BAAL so as to) capture risk to the interconnection defined as exceeding FRL while Section VII.2 has not so defined FAL which it instead bases on one-in-ten-years probability of contingency independent of operating error.  It is better to do the reverse and base FAL on risk of exceeding FRL and base FTL and BAAL on total "joint" contingency and operating risk to the interconnection.]   
PCE understands the equation for BAAL has been developed with the idea that it should designate an acceptable amount of risk a Balancing Authority should be allowed to contribute to the interconnection and penalize the Balancing Authority should it contribute any additional risk. Specifically, for the high frequency side, the standard intends that:
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Multiplying all terms of the above condition by 
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Where 
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can be interpreted as the maximum risk that a Balancing Authority is allowed to impose to the interconnection for a given frequency error. The condition above assumes that we are bounding the risk, described by the product of ACE and frequency error, by a maximum value:
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Condition (IX-1) derived from the proposed Standard implies that for a given ACE the risk contributed by a Balancing Authority to the interconnection is proportional to 
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. In other words, the risk imposed on the interconnection of exceeding a given FRL by operating at a given frequency is proportional to the difference between that frequency and scheduled frequency.

PCE research has shown that the above-defined risk formulation is not strongly correlated with the probability of exceeding the FRL over a specified future period of time (e. g. 10 years).  [Why adopt this definition of risk to the interconnection (in terms of exceeding FRL) here when it was not adopted for setting FAL (set in terms of one-in-ten years risk of contingency independently of operating error)?  FTL and BAAL are better based on one-in-ten years total "joint" risk of both contingency and operating error.] An index that describes such a risk is more likely related to the inverse of the MW change in the balance between resources and demand needed to move the frequency to FRL. Therefore the risk may be related to the inverse of the difference between FRL and the current frequency, 
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The implied risk in (IX-1) can be challenged using a couple of simple examples. If FRLhigh for the Eastern Interconnection is set at 60.500 Hz and scheduled frequency is 60 Hz, condition 
(IX-1) evaluates the risk imposed on the interconnection by a given Balancing Authority ACE at frequency errors of 5 mHz and 10 mHz to, respectively, to be: 
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However, it is apparent that the frequency change due to contingencies or other causes required in these two cases to take interconnection frequency to FRL = 60.500 Hz, i.e. 495 mHz for frequency error 5 mHz and 490 mHz for 10 mHz, have a ratio close to 1. As seen above, however, the risk implied by the BAAL equation in the latter case is double that of the former case. More importantly, condition (IX-1) implies:
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The two equations above imply that the risk of the frequency exceeding 60.500 is not significantly different between the cases where frequency error is 400 mHz and 450 mHz. However, it is clear that the latter case requires only half the contingency size of the former to bring the interconnection to the critical point, which is likely to happen more than twice as often and carries therefore more than twice the probability and twice the risk. [This is a partial "conditional" probability rather than a total "joint" probability of contingency and operating error.  The "total" probability captures reliability.]  This can be shown from study of frequency error change distribution or, for generation contingencies, analysis discussed in Appendix B.

In fact, it can be shown that the risk of exceeding FRL [It's better to set FAL based on such risk, and both set FTL and define BAAL on the basis of total operating and contingency risk to the interconnection] is related to the inverse of the difference between that FRL and the current frequency. The details of such a relationship are complex, but PCE believes that statistical analysis can be used to establish a statistically defensible method, which results in a measure that is easily understandable and can be functionally applied in operations. PCE recommends strongly that such research be pursued in the next phase.

Appendix A
Preparation of Data Obtained from NERC GADS

1. Summary

This appendix describes how the parameters how PCE derived the interconnection generation contingency model (represented by Ni, Gi, and Ei) for use in deriving expected occurrences of various MW deficiencies. These parameters are derived from real historical generation data of immediate forced outages provided by Michael Curley of NERC GADS and obtained from the GADS database.

The process of calculating model parameters involves the following steps:

· Obtaining and organizing input data

· Separating unit and plant trips

· Obtaining trip rates for various sets of units and power plants

· Calculating a projected profile of the current generation system

· Calculating trip rates for the different sets of units and power plants in the current generation system

2. Obtaining and Organizing Input Data

The following information was available about each unit in the NERC generation system:

K
The total number of units in the interconnection.

Capk
The capacity of unit k, to the nearest MW.

Typek
The type of unit k (hydro, fossil, etc.)

Shrsk, L
The number of service hours of unit k over time span L.

NOFk, L
Net Output Factor of unit k, which provides the average actual generation of unit k over time span L in % of capacity.

Also, for each time span L, GADS provided data regarding the time of every reported immediate forced outage, or trip of those units.

3. Separating Unit and Power Plant Trips

PCE counted the number of trips for each unit. PCE also defined a power plant trip as an event in which more than one unit from one power plant trips within a short time interval (5 minutes was used for the purposes of this study). The following variables were then calculated for units:
Tripsk, L
The number of trips of unit k over time span L. 

Tripsk, L is computed by counting all trips of unit k over time span L, except those trips of unit k that were part of a trip of a power plant containing unit k.

Genk, L
The expected generation of unit k at time of trip during time span L. 
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The following variables were then gathered or computed for power plants:
P
The total number of power plants in the interconnection.

PCapp
The capacity of plant p, to the nearest MW
PCapp was calculated as the total of Capk of the units in that power plant.

Ptypep
The predominant type of power plant p (hydro, fossil, etc.)

PTripsp, L
The number of trips of power plant p over time span L. 

PTripsp, L was obtained by counting all power plants trips as defined above over a time span L.

PShrsk, L
The number of service hours of power plant p over time span L.

PShrsk, L was calculated as the average of the Shrsk, L of the units in that power plant.

PGenk, L
The expected generation of power plant p at time of trip during time span L. 

PGenk, L was calculated as the average of the Genk, L of the units in that power plant.

[Notation suggestion: use pre-superscript for P, for example pGenk,L , throughout to avoid ambiguity of multiplication by P.
4. Calculating Trip Rates for Various Sets of Units and Power Plants

For the purpose of smoothing the model, PCE separated all units in the available data into several sets. The trip rates were assumed to be consistent for all units inside that set. The sets were defined by a capacity integer c and type t. Each set, defined by (c, t) contains all units with capacity between 
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 of type t, where R1 was a constant selected to be the set capacity range. For this study PCE used R1 of 100 MW. 

PCE then calculated the average fraction of unit-year of service provided by an average unit in each such set during the past 10 years of operation in the entire NERC system, Mt, c, and the average number of trips per unit-year of operation for units in that set, Wt, c. L in the following calculations is set to 10 years.
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[Each of the sums should be multiplied by 1/K?
 |Capkc| should be Capkc?
Tripsk,10y should be divided by 10 yrs?]
Similarly, power plants are divided into sets, using R2 as a constant power plant set capacity range. For this study PCE used R2 of 500 MW. PCE then calculated the unit-years of service provided by the average power plant in each such set during the past 10 years of operation in the entire NERC system, PMt, c, and the average number of trips per unit-year of operation for power plants in that set, PWt, c. L in the following calculations is set to 10 years.
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[Each of the sums should be multiplied by 1/P?
|Capkc| should be Capkc?

Tripsk,10y should be divided by 10 yrs?]
5. Calculating Generation Contingency Model Parameters

Next, PCE found theaverage fraction of unit-year in service Xg, and an average trip rate per unit-year Ug for the average generator at each average generating level, rounded to the nearest MW. In these calculations, PCE only used the most recent data (specifically the complete set of 2003 data), to get a better idea of the actual configuration of the units currently on the interconnection. As a result, L in these calculations is set to 1 year.
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[Divide each sum by K?

Don't multiply by Xg?]
Separately, PCE found the average unit-years in service PXg, and an average trip rate per unit-year PUg for each average generating level of power plants, rounded to the nearest MW.
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Next, units are sorted into Iu sets, based on their expected average generating level, rounded to R3 MW. For this study R3 was set to 100 MW. Each such set has an index i, expected generation at time of trip Gi , average unit-year in service Ni, and a trip rate per unit-year Ei  associated with it. Mini defines the minimum average generating level for each set i, and Mini+1 defines the maximum.
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[Divide sum by Mini+1Mini1?]
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[Don't divide by Ni?  Divide by Mini+1Mini1?]
Power plants were also sorted into Jp sets, based on their expected average generating level, rounded to R3 MW. Their statistics were then appended to those defined for the units.
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[Divide sum by PMinj+1PMinj1?]

[image: image40.wmf]j

I

1

PMin

PMin

g

g

j

I

N

PU

E

1

j

j

+

-

=

+

å

+

=


[Don't divide by NI+j?  Divide by Minj+1Minj1?]
In the final step, the final data collection of sets is created by combining the Iu sets of units and Jp sets of plants. The input to the method described in Appendix B is a collection of I sets of units or plants, where I =Iu+Jp.
Appendix B
Process for Determining the Minimum Safe Megawatt Deadband

1. Introduction

This Appendix describes a process for determining the level of MW deficiency due to generation contingencies that is not expected to occur more than once per 10 years based on available generation contingency data. The process presented here at this time takes into account only immediate forced outages of generating units or entire power plants and ignores potential loss of power delivered through DC/AC converters or separation of sections of the interconnection. Data on generation contingencies necessary to follow this process was produced from information retrieved from the NERC GADS database as described in Appendix A.

This process takes into account probabilities of events involving trips of single as well as multiple unit or power plants. It uses a linear secondary response model to estimate interconnection recovery between generation trips separated in time.

In order to determine the expected number of times a given MW deficiency is likely to occur in a 10-year period, we assume that the 10-year period is a series of T-length time intervals. We consider each such time interval to be a binomial trial, where success is defined by reaching the given deficiency level. The distribution of the number of times a success occurs in a 10-year period can be approximated by a binomial distribution, with an expected value of 
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, where P is the probability of success in a T-length time interval and 10yrs/T is the number of trials. The following sections present a process for estimating P for a given interconnection and a given T.

2. Definitions

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

Set i:   
a set of units or plants with associated expected number of trips per year and expected generation at the time of the trip. Set 0 refers to a special set which is used in our calculations to express the probability of not having a trip of a unit or plant in any set and an expected tripped generation level of 0 MW.

I:   
total number of sets of units and power plants. 

Gi: 
the expected generation of any unit or power plant in set i at time of potential trip.

ni: 
a variable used in the process to indicate the number of units or power plants in set i available to trip in the interconnection, given the outages already assumed in the ancestral steps.

ni: 
expected number of units and power plants in set i synchronized at any given time.
[Notation ambiguity.  Ni used in Appendix A to denote average fraction of unit-year in service]
Ei: 
expected number of trips in a year for any individual unit or power plant in set i.  
T: 
a time interval, in seconds, that is small enough to make the likelihood of having two contingencies within it negligible.  [Please state assumption that two units in a plant is not a contingency.]
Q: 
secondary response recovery rate of the interconnection, in MW per T interval. [Notation R is already used in Appendix A to denote the rounding amount in MW used to partition units and plants into sets defined by average generation level.]
D: 
in MW, indicates effective MW deficiency required to affect frequency such that load will be shed.

: 
the probability that, in a given interval of size T, the level of MW deficiency will reach magnitude D.  [Notation P is already used in Appendix A to indicate "plant", and maximum number of plants.
d: 
in MW, indicates the effective MW deficiency in the interconnection at some given time. It must become greater than D for a successful trial.

z: 
the amount of error in the calculation of . Given a maximum and a minimum estimate of , the difference between the two.

Z: 
a value of z that we consider necessary to make the associated estimate of acceptably accurate.  [What value was chosen and why?]
Y:
number of seconds in one standard year.

3. Assumptions and Approximations

1) In determining the probability of the interconnection facing a MW deficiency equal to or greater than D in a T-length time interval, if the MW deficiency in the interconnection reaches D, all other such instances before d return to 0 belong to the same successful outcome. We prevent these instances from contributing to probability of success, by not counting them as separate successful outcomes. As a result, when determining  for an interval, we exclude from consideration all cases where d > D in shorter[?  Please clarify] intervals.

2) We assume that if a power plant trips, the impact of the loss of the units inside that plant on probability of subsequent unit trips is negligible. In other words, though the probabilities we calculate account for the fact that the plant cannot trip again, they do not account for the fact that the individual units within the power plant cannot. The impact of this simplification of the actual probability is negligible, given the number of total units in the Eastern Interconnection data, around 2600 units. However, the reduction of the total number of permutations, and hence computation time, resulting from making this assumption is significant. 

3) We assume that secondary response of the interconnection will not reduce the MW deficiency of the interconnection below zero, and, therefore, the value of d must always be zero or positive.

4) It is assumed that a particular unit is not likely to trip more than once during the total time span considered by this process to estimate the impact of multiple contingencies. Thus, when considering possible combinations of contingencies, the number of trips involving the ith set of units can never exceed the original ni.  [Ni  is Appendix A notation, not this Appendix B's notation where Ni  denotes expected number of units and plants synchronized.  Please change Appendix B's notation.
5) The generation of any given unit in set i at the time of a trip is approximated to be at a level Gi, which is its average expected generation calculated from GADS information.

6) As noted in the definition of T, we choose a value such that the probability of two units or plants tripping in the same interval is minimal. Therefore, we can make the assumption that two units or plants will not trip in the same T-length interval, removing many permutations that add very little to probability, but which enormously increase the computation time. 

7) Unit trip events, if any, are assumed to happen at the very end of the interval.

4. Initial Functions

We need to derive several functions in order to explain the process. 

Since it should be physically impossible for a single unit to trip twice in time T, the expected number of trips per second for any unit/plant in set i in a time interval of T is calculated as: 
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We need to estimate the probability  i,T that one unit in set i, where i > 0, will trip in a given T-length time interval. As we have assumed that we set T small enough to ensure that the probability of having more than one unit trip in a given time interval of length T is negligible, it can be approximated by:
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ni here never defined!  Use another symbol.  Replace P by  
The probability that no units will trip in a given interval of length T is the product of the probabilities of each unit not tripping: 
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Replace P by Use ni, not Ni.
Since each of the NERC interconnections has such a significant number of units that removing one or several units is not likely to change 0,T significantly, in each step of the process we will calculate this value by using all of the units in the interconnection without considering that some units may have already tripped. While this may have an impact on the results in the example scenarios below where only a small number of units are considered to be available, it does not have a noticeable impact on calculations performed for actual NERC interconnections.

5. Determining 
This section, using several examples, gradually develops the basis for a process of determining , i.e. the probability of the interconnection's facing a MW deficiency of magnitude D in a T-length time interval. It is not practically feasible to exactly determine this probability for a typical data set, such as the data we have used for 2600 units in the Eastern Interconnection. Instead, this process determines a maximum and minimum between which the probability of this outcome should fall, and tries to reduce the difference between the two, referred to as “error” or z, below some threshold of acceptability, referred to as Z.

In general, the process makes use of a tree structure for representing all known data regarding the system so far. For each step, the process determines whether z is below Z; if not, it expands the tree and performs additional calculations to further reduce this difference. Otherwise, it reports the final results for the maximum and minimum , which we can then directly use to estimate the expected number of successes in ten years.

We are trying to find the probability that, for a certain interval, d will exceed D. We will refer to this certain interval as interval 0 for the remainder of this section. We will also refer to other intervals in terms of their relationship to interval 0. For example, the interval immediately  containing [? Please explain your "ordering" concept.] interval 0 would be interval 1. The next interval that immediately contains interval 1 would be interval 2. Since by definition the "intervals" end at the occurrence of any megawatt deficiency, an interval that "contains" an interval "precedes" that interval because the containing interval's starting point occurs "earlier".  Interval j begins 
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 seconds before the beginning of interval 0,assuming interval 0 to have a length of 0. In other words higher numbers actually represent earlier intervals, not later intervals.

Overview of notation
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Figure 7
In general, our process utilizes a tree consisting of branching chains of events. Each “element” on the tree, as shown in Figure 7, deals with a certain event V [Y is already assigned to denote the number of seconds in a year] occurring in a certain interval X. While different elements in the same interval X, indicated with distinct values of V, can refer to the same event, they will differ as to their ancestors. Thus, any element or series of events in the solution tree can be referenced by a unique combination of “X, V”. The maximum value of V for a certain interval tends to have an exponential relationship with the value of X.

In any interval X, we assume that the interconnection decreases the power deficiency by Q MW due to secondary frequency response during the interval.

Event V either represents the trip of one unit or plant in some set i, or no trip of any unit. The increase in deficiency is either Gi, or 0 if no unit or plant trips. There is a probability associated with each event as well. The probability that a unit or plant of a certain set will trip is defined in Equation B-2. The probability that no units or plants will trip is defined in Equation B-3.

At the point indicated by “O-X, V” (“O” represents output, as the point is immediately after the end of interval X and event V) dmin and dmax represent conditions that d must meet immediately after interval X. The values n1, …, nI are the number of units in the I sets of units or plants whose trips have not been considered in the elements of the tree ancestral to this element. The values min and max represent the minimum and maximum probability that dmin <= d < dmax, as specified above.

At the point indicated by “I-X, V” (“I” represents input, as the point is immediately before the start of interval X, with event V occurring at the end of the interval), dmin and dmax represent conditions that d must meet immediately before interval X so that, if the event occurs, the conditions in “O-X, V” are fulfilled. In general, dmin of “I-X, V” is equal to the difference between dmin of “O-X, V” and the generation change in interval X, both from event V and the recovery of 
Q MW, but dmin cannot be lower than 0, as per Assumption 3. Similarly, dmax of “I-X, V” is equal to the difference between dmax of “O-X, V” and the generation change in interval X, both from event Y and the recovery of Q MW, but dmax cannot be higher than D, as per Assumption 1.
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[Eliminate "min (      )" and "max(       )" from the equations?  Substitute Q for R]
The values n1, …, nI for point “I-X, V” are the number of units in each of the I sets of units or plants that are available for trip consideration in the preceding elements. If event V is the trip of a unit/plant from set i, then ni in “I-X, V” is one lower than ni in “O-X, V”, and n1, …,ni-1, as well as ni+1, …,nI are the same as the corresponding values in “O-X, V”. This is because the one unit/plant from this set that tripped in interval X could not have tripped earlier. If event V is no trip, then n1, …, nI  are the same as the corresponding values in “O-X, V”.

min and max represent the minimum and maximum probability that dmin <= d < dmax, using the value of d at the start of interval X and dmin and dmax as specified in point “I-X, V”.
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Figure 8
Figure 8 shows how these elements link together to form a full tree.

The points that actually link the elements of the tree together are shown in yellow (e.g. “I-0, 2”) and black (e.g. “O-1, 1”, “O-1, 2”). Each element containing a yellow point can connect to up to I+1 other elements containing black points, one associated with a trip of a unit in each set where a unit is available, or no trip. The values of dmin and dmax are shared between all of them; thus only the yellow points show them. min and max of the yellow point are the respective sums of the min and max values for each of the connected black points.

We can follow a “path” from the black point of one element to the yellow point of another; and from the black point of that element to the yellow point of another; and so on, until we reach the green point at the top of Figure 8, discussed below. By doing so, we can trace a “chain of events” over several intervals, ending immediately after interval 0. For example, from Figure 8, Event 1 in interval 1 is followed by Event 2 in interval 0.

The red “I-X, V” points are terminal. These represent a chain of events where the conditions on d will either definitely be met, or cannot be met. If dmin is less than Q, then min and max are equal and are considered to be 1 at “I-X, V”. The reasoning is as follows: 

· As per Assumption 3, d must always be greater than 0. Therefore, for any value of d where 
d <= Q at an “I-X, V” point before the event interval, we can assume that deficiency has decreased to 0 at the time of the trip, which is assumed to occur at the end of the interval.

· The probability that d < dmax is very near to 1.

On the other hand, if dmin is higher than dmax, the conditions are contradictory. The value of d can never be smaller than dmax and greater than dmin so min and max at “I-X, V” are exactly 0. Either way, there is no need to examine earlier intervals.

Note that any “I-X, V” points that are shown in blue at end of each calculation step are elements that can be expanded, but are considered terminal for the purpose of calculating z at the end of each step. In this case, the chain of events can branch, as was the case with the yellow points. However, we have not yet performed the necessary calculations to do so. Instead, an estimate of the minimum and maximum probability is substituted. These points are the source of the error that must be minimized through the process being described in this section.

Finally, note that the topmost point, in green, is identified as “S”. This is the solution point. The dmin for this point is D. There is no dmax. n1, …, nI [these symbols were never defined.  Use other notation.] are equivalent to n1, …, nI. max and min represent the total maximum and minimum probability of success, the difference of which is z. 

Example 1

Consider an interconnection with I = 1, G1 = 1000 MW, n1 = 2, and a secondary response rate of  200 MW/min. Use T = 30 s, E1 = 2102, D = 1400 MW, and Z = 1.4e-4 to find the minimum and maximum values of , such that z < Z.

First, from Equation B-1, we can determine that E1,30 = 0.002. Also, we calculate 
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Example 1, Step 1

Figure 9 shows our initial knowledge. We have no elements in the tree, only point “S”. We understand that, for a successful outcome, our final level of deficiency must exceed 1400 MW. What are good initial estimates for the minimum and maximum probabilities of fulfilling this condition, without extensive examination of the possible events that may have occurred in interval 0 or earlier?
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Figure 9
We can immediately set min to 0 and max to 1, as these are the logical extremes of probability. However, there is one simple calculation that will remove a great deal of this error. From Assumption 1, we know that we can discard scenarios where d >= D, except in the last interval. We can say with certainty that if d < D at the end of interval 1 and we trip no units in interval 0, then d < D at S. Therefore, we should remove from the maximum probability of success the probability that we trip no units in interval 0, which is approximately 0.996, per Equation B-3. The value of max at S, therefore, becomes 1- .996, or 0.004.

We calculate error from Pmin and Pmax at point S. The difference between 0.004 and 0 is 0.004, which is larger than the specified Z.

Example 1, Step 2

There is too much error in the probabilities calculated in Step 1. If we look at all possibilities for trips in the current interval 0 then we can refine our estimates of the minimum and maximum probability values, by expanding the depth and accuracy of our calculations.

To expand the accuracy of our calculation, we must first enumerate the possible events to consider in the current interval. We have assumed that the probability of multiple units tripping in the same interval is negligible. Only two other possibilities exist. One is that one of the 
1000 MW units will trip. The other is that no unit will trip. These possibilities are illustrated in Figure 10.
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Figure 10
Next, we need to determine how much each possible event contributes to min and max. First, let us examine the case where no unit trips in interval 0. From examining Figure 10, we can see that we must determine min and max for point “O-0, 1”. Doing so will require determining 0, and dmin, dmax, n1, min, and max for point “I-0, 1”.

A. What is the probability that no unit will trip in interval 0?

The answer, from Equation B-3, is 0.996.

B. What is dmin for point “I-0, 1”?

From Equation B-5, dmin = 1500 MW.

C. What is dmax for point “I-0, 1”?

Because we only want to ensure that the final level of MW deficiency is above some number, there was no dmax for point “S”. Thus, no condition is propagated to point “I-0, 1”. However, d must be less than D. Therefore dmax for point “I-0, 1” is 1400 MW.

D. What number of units in set 1 will be available for consideration in elements derived from “I-0, 1”?

No unit trips are involved in this event, so n1 remains at 2.

E. What is min for point “I-0, 1”?

The value of dmin is higher than the value of dmax. These conditions are contradictory, so  is exactly 0. Thus, min is 0.

F. What is max for point “I-0, 1”?

From above,  is exactly 0. Thus, max is 0.

We now have enough information to estimate min and max for point “O-0, 1”. As we have determined that there is no chance whatsoever that d in interval 1 can meet the needed conditions, both the minimum and maximum probability that we can meet the conditions for point “O-0, 1” are also 0.

Next, let us determine the contribution of a 1000 MW unit trip to min and max.

G. What is the probability that a 1000 MW unit will trip in interval 0?

The answer, from Equation B-2, is 0.004.

H. What is dmin for point “I-0, 2”?

From Equation B-5, dmin = 500 MW.

I. What is dmax for point “I-0, 2”?

Because we only want to ensure that the final level of MW deficiency is above some number, there was no dmax for point “S”. Thus, no condition is propagated to point “I-0, 2”. However, d must be less than D. Therefore dmax for point “I-0, 2” is 1400 MW.

J. What number of units in set 1 will be available for consideration in elements derived from “I-0, 2”?

One set 1 unit is tripped in this event, so n1 decreases by 1, to 1, for preceding intervals.

K. What is min for point “I-0, 2”?

The values of dmin and dmax, are not contradictory, nor do they imply guaranteed success. Without further examination of past conditions, we can set Pmin to 0, as in Step 1.

L. What is max for point “I-0, 2”?

As in Step 1, we can immediately rule out some portion of max. Consider the case where no unit trips in interval 1. Because d must have been less than 1400 MW at the start of interval 1 (from Assumption 1), and because 100 MW were recovered over interval 1, d could be at most 1300 MW in interval 0. Likewise, if no units tripped in both interval 1 and interval 2, then d could be at most 1300 MW in interval 1 and therefore1200 MW in interval 0. 

How is this relevant? We know that dmin is 500 MW. Therefore, a situation that would force d to be less than 500 MW will not contribute to the probability of success at this point. How many consecutive intervals with no trips would it require to result in such a situation? The answer is dependent on D, on the dmin for this point, and on the recovery rate, using the formula 
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 [substitute Q for R]. We use the ceiling function, because any fraction of an interval implies another full interval is required to force d njbelow dmin. Using this formula for D of 1400 MW, dmin of 500 MW, and R of 100 MW gives us 9.

Thus, we calculate Pmax by subtracting the probability that no unit will trip for 9 consecutive intervals, or 0.996 to the 9th power, from 1. max, then, is 0.035429. In general, we can always initially estimate Pmax for point “I-X, V” as
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(B-6)

using the value of dmin at element “I-X, V”.

We now have enough information to estimate min and max for point “O-0, 2”. min is determined by multiplying the probability that the event will occur (0.996) by the minimum probability that the additional conditions for “I-0, 2” will be met, which is 0. Thus, min = 0. max is determined by multiplying the probability that the event will occur (0.004) by the minimum probability that the additional conditions for “I-0, 2” will be met (0.035429). Thus, 
max = 1.4172e-4. (The notation 1.4172e-4 indicates a value of 
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Having examined each possible event at interval 0, what are more accurate estimates of min and max for point “S”? What is the remaining error? Figure 11 illustrates this question.
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Figure 11
To find min for point S, add the individual min values for “O-0, 1” and “O-0, 2”. Thus, 
min = 0 + 0 = 0. To find max for point S, add the individual max values for “O-0, 1” and “O-0, 2”. Thus, max = 0 + 1.4172e-4 = 1.4172e-4. Finally, z = min – max, or 1.4172e-4. 

Example 1, Step 3

Because 1.4172e-4 is still larger than Z, we must perform more calculations and increase our tree of knowledge. Only blue points are candidates for expansion, and the only blue point is “I-0, 2”.

Figure 12 shows the possible events that could occur in interval 1, given the occurrence of event 2 in interval 0.
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Figure 12
Figure 13, below, shows the correct values in place of each question mark. It also uses these values to update the values of min and max for point “I-0, 2”. Note that both min and max for point “I-1, 2” are set to 1, because d will definitely be greater than the specified dmin of 0, and dmax plays a negligible role in probability. Refer to previous sections for more information on how these values were calculated. 
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Figure 13
Now that we have updated min and max for point “I-0, 2”, we can update point “O-0, 2”. In general, we would continue directly up the tree from child element to parent element. Each time, we would do the following:

· Use the new “O-” point of the child element to recalculate the values in the “I-” point of the parent element.

· Use the “I-” point of the parent element to recalculate values in the “O-” point of the parent element.

· Consider the parent element to be a child element for the next closest element to S.

· Repeat for the next such child element.

Finally, we would use the “O-” point of the element in interval 0 to update point “S”.

Figure 14, below, shows the updated tree, with new values of min and max for point “S”.
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Figure 14
Thus, we consider the final probability of success to be between 8.0e-6 and 1.3372e-4. Based on the newly calculated values of min and max for point “S”, z = max - min = 1.2600e-4, which is less than Z. We have reached a level of error that we have deemed acceptable for this example. 

In 10 years there are 1,051,200 trials, or T=5 minutes, so we expect the number of successes in 10 years to range from approximately 8 to 141. In general, in utilizing this process to estimate the size of the contingency that is not expected to occur more than once per 10 years we will set Z so as to target a much smaller magnitude of the range in the number of successes in 10 years.

Example 2

This problem features a slightly more complicated interconnection, with three potential sets of units that can trip. T, Q, and D remain the same as in Example 1.

Set 1: G1 = 500; E1,30 = 0.01; n1 = 3

Set 2: G2 = 1000; E2,30 = 0.02; n2 = 2

Set 3: G3 = 1500; E3,30 = 0.01; n3 = 1

For the given tree pictured in Figure 15, which elements are available to expand next? Of these, which elements might reduce the error faster?
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Figure 15
At the point in calculations shown by Figure 15, there are only two blue points, each contributing some portion of z, point “I-0, 2” and “I-1, 1”.

We can use a simple heuristic to decide which of the two elements to expand, in order to reduce error with fewer steps: simply compare the amount contributed to z by each element. If we assume that the reduction in total error, or z, resultant from expansion of an element has a somewhat proportional relationship with the amount of error contributed by that element, then expanding the element that accounts for the largest portion of the error is likely to remove the largest amount of error.

Figure 16 shows only the portion of Figure 15 that is ancestral to the two elements that we can expand, as well as the elements themselves.
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Figure 16
For element “0, 2”, the portion of z is the difference between max and min for point “O-0, 2”, or 1.1810e-4. For element “1, 1”, however, it is somewhat more complicated. From Figure 16, we can see that the element contributes to a sum probability at point “I-0, 3”, which is then multiplied by an event probability for event “0, 3” to calculate max and min for point “O-0, 3”, which contribute directly to z. Thus, the portion of z derived from “1, 1” is equal to the difference between max and min of point “O-1, 1”, multiplied by the probability of event “0, 3”, or 2.7672e-4. 

More generally, the contribution of an element “X, V” to z is calculated by taking the difference between max and min at point “O-X, V”, then multiplying it by the event probability for each higher connected element.

In this case, element “1, 1” contributes 1.1810e-4 to the error, while element “0, 2” contributes 2.7672e-4 to the error. In our next step, we would expand element “0, 2”.
Conclusion

In summary, our process is an iterative method that continually traverses and expands a knowledge tree. For each step, we perform the following actions:

1. Find the element “X, V” that makes the greatest contribution to the error. For the first step, all elements will be expanded from point “S”, which is considered to be an element for that purpose.

2. Create up to I+1 sub-elements in interval X+1, branching from element “X, V”, one representing the case where no unit trips and one for each set in which a unit or plant is available to trip. For the first step, substitute interval 0 for interval X+1.

3. For each sub-element, referenced by X, V, thus created, use the values of dmin, dmax, and n1, …, nI  from point “O-X, Y” to determine the values of dmin, dmax, and n1, …, nI for the sub-element.

4. For each sub-element, use the conditions to determine min and max. If the values differ, then the element contributes to z and is a candidate for expansion in future steps.

5. Use the min and max for each sub-element to recalculate min and max for element “X, V”. Continue to propagate modified values directly up the tree until point “S” is updated.

6. Use min and max at point “S” to recalculate z. If z >= Z, go to step 1 to expand another element.

Once z < Z, we have determined an acceptable range of values for P, which we will use to determine the number of expected successes in ten years.  [What value of Z was chosen and why?  z narrows as you expand the number of trials?  You iteratively apply the tree methodology to the sets of plants and units defined by average generation, in downward order from largest average generation to smallest, to determine which size brings the cumulative probability to the equivalent of one event in 10 years?  What duration of event did you divide by 10-years to arrive at a fraction representing once-in-ten-years?  T=5 minutes?  Has any confirmation been made that the successes are indeed distributed binomially?]   
� EMBED Equation.3  ���
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		5		19		153		60.016		59.939		60.007		59.973		2002May19 00:53		-0.034		32		-1100		32353		Limerick U1		1190

		5		24		1325		59.967		59.891		59.955		59.922		2002May24 12:25		-0.033		35		-1040		31515		500 kV Line Trip		1155

		6		5		1010		60.030		59.842		59.992		59.977		2002Jun05 09:10		-0.015		103		-690		46000		NE MIS and Bucksport Rejection		525

		6		11		15		59.995		59.939		59.986		59.951		2002Jun10 23:15		-0.035		29		-1000		28571		Paradise SP U3		1224.9999999999

		6		13		1146		60.007		59.933		60.005		59.938		2002Jun13 10:46		-0.067		2		-2240		33433		Duke Belews Creek (Coal)		2345

		6		14		1516		60.037		59.918		59.990		59.965		2002Jun14 14:16		-0.025		69		-980		39200		Sandy Pond		874.9999999999

		6		16		1230		59.988		59.939		59.984		59.955		2002Jun16 11:30		-0.029		57		-900		31034		Bowen U4		1015.0000000001

		6		22		1517		59.988		59.939		59.977		59.953		2002Jun22 14:17		-0.024		81		-1039		43292		NJ Hope Creek U1		839.9999999998

		7		25		702		59.988		59.932		59.979		59.949		2002Jul25 06:02		-0.030		50		-825		27500		Maryland Calvert Cliffs U1		1050

		7		27		1428		59.988		59.939		59.981		59.956		2002Jul27 13:28		-0.025		69		-721		28840		MAPP Unit		874.9999999999

		7		28		1741		59.995		59.946		59.987		59.963		2002Jul28 16:41		-0.024		76		-756		31500		Pennsylvania Martins Creek #3		840

		9		19		1228		59.995		59.925		59.988		59.942		2002Sep19 11:28		-0.046		5		-1286		27957		TVA Cumberland U1		1610

		10		2		1552		60.002		59.946		59.997		59.967		2002Oct02 14:52		-0.030		50		-1100		36667		Fermi 2 (1100MW) in MECS		1050

		10		16		156		59.974		59.952		59.967		59.946		2002Oct16 00:56		-0.021		93		-870		41429		SOCO Farley Unit 1		735

		10		18		1309		59.981		59.745		59.979		59.946		2002Oct18 12:09		-0.033		35		-1070		32424		Minnisota Dickinson HVDC 2 poles Coal Crk Units		1155

		11		7		1539		60.009		59.946		60		59.962		2002Nov07 14:39		-0.038		18		-1266		33316		Illinois Byron 1		1329.9999999999

		11		14		1003		60.002		59.877		59.972		59.957		2002Nov14 09:03		-0.015		103		-327		21800		Maritinme Coleson Cove U3		525

		11		15		1058		60.009		59.932		59.999		59.97		2002Nov15 09:58		-0.029		57		-953		32862		NYISO Indian Point 3		1015.0000000001

		12		14		622		59.995		59.932		59.99		59.949		2002Dec14 05:22		-0.041		14		-1191		29049		Callaway U1		1435.0000000001

		12		23		259		60.002		59.87		59.978		59.939		2002Dec23 01:59		-0.039		16		-1150		29487		NE Millstone U3		1365.0000000001

		1		3		1510		60.016		59.911		59.994		59.977		2003Jan03 14:10		-0.017		98.0		-700		41176		NE Phase II HVDC Trip		595.0000000001

		2		17		1938		60.009		59.960		60.001		59.972		2003Feb17 18:38		-0.029		54.0		-870		30000		MAPP Unit		1014.9999999999

		4		12		2322		60.037		59.960		60.031		59.974		2003Apr12 22:22		-0.057		1.0		-1151		20193		TVA Sequoia		1995.0000000001

		4		24		428		59.995		59.898		59.987		59.945		2003Apr24 03:28		-0.042		11.0		-1059		25214		Michighan Cook U1		1470.0000000001

		4		24		428		59.946		59.891		59.939		59.902		2003Apr24 03:28		-0.037		20.0		-1059		28622		Michighan Cook U2		1295

		5		13		1845		59.995		59.946		59.985		59.96		2003May13 17:45		-0.025		72.0		-860		34400		MAPP Unit		874.9999999999

		5		16		2155		59.988		59.925		59.976		59.944		2003May16 20:55		-0.032		38.0		-800		25000		MAPP Unit		1119.9999999999

		5		28		1234		59.995		59.946		59.985		59.961		2003May28 11:34		-0.024		77.0		-857		35708		Maryland Calvert Cliffs 2		840

		6		15		757		59.981		59.918		59.973		59.947		2003Jun15 06:57		-0.026		68.0		-1200		46154		NEISO Mystic 7 & 8		909.9999999999

		6		26		1922		60.009		59.967		60		59.981		2003Jun26 18:22		-0.019		94.0		-1000		52632		NYISO Indian Point 3		664.9999999999

		7		19		2359		59.995		59.925		59.99		59.955		2003Jul19 22:59		-0.035		27.0		-615		17571		MAPP Unit		1225.0000000001

		9		15		232		60.016		59.953		59.963		60.009		2003Sep15 01:32		0.046		111.0		875		19022		PJM Lost 7 Pumping Units		-1610

		10		14		1520		59.995		59.932		59.989		59.968		2003Oct14 14:20		-0.021		93.0		-850		40476		MAPP Unit		734.9999999998

		11		11		1514		59.995		59.946		59.988		59.959		2003Nov11 14:14		-0.029		54.0		-865		29828		MAPP Unit		1014.9999999999

		11		17		1434		59.995		59.939		59.987		59.947		2003Nov17 13:34		-0.040		14.0		-856		21400		MAPP Unit		1400

		11		25		444		59.988		59.925		59.982		59.936		2003Nov25 03:44		-0.046		6.0		-1398		30391		Ohio Zimmer U1		1610

		11		29		1504		60.016		59.939		60.009		59.959		2003Nov29 14:04		-0.050		4.0		-1250		25000		AEP Amos 3		1749.9999999999

		12		1		1920		60.009		59.967		59.976		59.989		2003Dec01 18:20		0.013		109.0		610		46923		Mass. Cape Cod Blackout		-454.9999999999

		12		3		536		59.981		59.918		59.973		59.939		2003Dec03 04:36		-0.034		31.0		-1202		35353		Braidwood U2		1190

		12		30		1427		60.032		59.96		60.019		59.973		2003Dec30 13:27		-0.046		6.0		-1060		23043		Michighan Cook U2		1610

		1		16		1237		60.030		59.953		60.005		59.960		2004Jan16 11:37		-0.045		6.0		-1200		26667		Tenn Watts Bar U1		1575.0000000001

		1		18		1841		60.002		59.946		59.998		59.957		2004Jan18 17:41		-0.041		13.0		-850		20732		PJM Conemaugh U2		1434.9999999999

		1		27		1930		59.981		59.925		59.973		59.935		2004Jan27 18:30		-0.038		14.0		-1230		32368		Missouri Ameren lost Callaway U1		1329.9999999999

		2		3		639		59.995		59.918		59.975		59.940		2004Feb03 05:39		-0.035		20.0		-1230		35143		Missouri Ameren lost Callaway U1		1225.0000000001

		2		13		1007		60.023		59.946		60.012		59.971		2004Feb13 09:07		-0.041		12.0		-1166		28439		Kansas  Wolf Creek		1435.0000000001

		2		22		1829		60.023		59.953		60.017		59.967		2004Feb22 17:29		-0.050		4.0		-1230		24600		Catawaba Unit 1		1750.0000000002

		3		6		150		60.023		59.932		60.008		59.971		2004Mar06 00:50		-0.037		16.0		-900		24324		NE Millstone 2		1295.0000000002

		3		15		2120		59.981		59.884		59.964		59.940		2004Mar15 20:20		-0.024		50.0		-900		37500		NE Millstone 2		840

		3		20		1440		60.009		59.960		60.002		59.969		2004Mar20 13:40		-0.033		24.0		-854		25879		Maryland Calvert Cliffs 1		1155

		3		22		1945		59.988		59.939		59.979		59.952		2004Mar22 18:45		-0.027		44.0		-703		26037		Martins Creek 3 - 703 ?line?		945

		3		28		1727		60.002		59.911		59.993		59.930		2004Mar28 16:27		-0.063		1.0		-1235		19603		TVA Cumberland U1		2205.0000000001		<<<<<Look, only half required response!!! < < < < <

		5		5		1527		60.002		59.946		59.995		59.963		2004May05 14:27		-0.032		30.0		-870		27188		Ill Dresden 3		1119.9999999999

		5		31		411		60.079		59.995		60.011		60.058		2004May31 03:11		0.047		88.0		1600		34043		Raccoon Mountain Pmpd Strg 765kV Trip&Reclose		-1644.9999999999

		6		18		439										2004Jun18 03:39		-0.032		29.0		-1240		38750		Amos 3		1120

		6		22		1411		59.995		59.939		59.985		59.956		2004Jun22 13:11		-0.029		39.0		-1131		39000		PJM Limerick U2 & 500kV line		1014.9999999999

		8		6		936		60.002		59.932		59.994		59.949		2004Aug06 08:36		-0.045		6.0		-1250		27778		Cumberland 2		1575.0000000001

		1		22		1411		59.995		59.932		59.985		59.946		3600Oct26 17:30		-0.039		22.0		-1275		32692		AEP Gavin 2		0

		1		26		1030		59.981		59.925		59.975		59.935		3600Oct30 13:49		-0.040		20.0		1000		-25000		Constellation Energy (Wanger and Brandon Sh)		0
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Sheet2

		86923		-1130		86923.076923042		19022				negative		31698

		31750		-635		31749.999999995		46923				positive		33329

		31944		-1150		31944.4444444432		34043

		21481		-580		21481.4814814807						overall		31757

		31083		-1119		31083.3333333322

		29032		-900		29032.2580645172						std dev

		26250		-525		26249.9999999959						positive		9963.7939282311

		24528		-1300		24528.3018867937						negative		13964.3438637865

		47500		-950		47500.0000000095

		25000		-900		24999.9999999991						CI

		36842		-1400		36842.1052631611						positive		2230.8186551986

		31481		-850		31481.4814814815						negative		25654.2948858049

		28333		-850		28333.333333339

		32258		-1000		32258.0645161303

		29070		-1250		29069.767441861

		10000		-240		10000.0000000026

		26471		-900		26470.588235295

		28261		-1300		28260.8695652178

		25000		-600		24999.9999999991

		29651		-1275		29651.1627906982

		27097		-840		27096.7741935494

		38750		-3100		38750.0000000008

		49261		-1133		49260.8695652257

		47800		-478		47800.0000000095

		32353		-1100		32352.9411764716

		31515		-1040		31515.1515151503

		46000		-690		45999.9999999983

		28571		-1000		28571.4285714314

		33433		-2240		33432.8358208954

		39200		-980		39200.0000000022

		31034		-900		31034.482758617

		43292		-1039		43291.6666666778

		27500		-825		27499.999999999

		28840		-721		28840.0000000016

		31500		-756		31499.9999999988

		27957		-1286		27956.5217391308

		36667		-1100		36666.6666666653

		41429		-870		41428.5714285699

		32424		-1070		32424.2424242412

		33316		-1266		33315.7894736871

		21800		-327		21799.9999999992

		32862		-953		32862.0689655133

		29049		-1191		29048.7804878021

		29487		-1150		29487.1794871784

		41176		-700		41176.470588228

		32692		-1275		32692

		21250		-850		21250

		30000		-870		30000

		20193		-1151		20192.9824561396

		25214		-1059		25214.2857142848

		28622		-1059		28621.6216216224

		34400		-860		34400.000000002

		25000		-800		25000.0000000028

		35708		-857		35708.333333332

		46154		-1200		46153.8461538528

		52632		-1000		52631.578947373

		17571		-615		17571.4285714267

		19022		875		40476.1904762026

		40476		-850		29827.5862069003

		29828		-865		21400.0000000005

		21400		-856		30391.3043478265

		30391		-1398		25000.0000000014

		25000		-1250		35352.9411764717

		46923		610		23043.4782608699

		35353		-1202		26666.6666666657

		23043		-1060		20731.7073170748

		26667		-1200		32368.4210526344

		20732		-850		35142.8571428534

		32368		-1230		28439.0243902412

		35143		-1230		24599.9999999979

		28439		-1166		24324.3243243203

		24600		-1230		37499.9999999986

		24324		-900		25878.7878787869

		37500		-900		26037.0370370361

		25879		-854		19603.1746031739

		26037		-703		27187.500000003

		19603		-1235		38750

		27188		-870		39000.0000000049

		34043		1600		27777.7777777767

		38750		-1240

		39000		-1131

		27778		-1250





Sheet3

		-0.013		-1130		8692.3076923042						average		3174.5036372646				tstat		1.99

		-0.020		-635		3174.9999999995						stdev		992.2229072759

		-0.036		-1150		3194.4444444443

		-0.027		-580		2148.1481481481						CI		222.1512596116

		-0.036		-1119		3108.3333333332

		-0.031		-900		2903.2258064517

		-0.020		-525		2624.9999999996

		-0.053		-1300		2452.8301886794

		-0.020		-950		4750.0000000009

		-0.036		-900		2499.9999999999

		-0.038		-1400		3684.2105263161

		-0.027		-850		3148.1481481482

		-0.030		-850		2833.3333333339

		-0.031		-1000		3225.806451613

		-0.043		-1250		2906.9767441861

		-0.024		-240		1000.0000000003

		-0.034		-900		2647.0588235295

		-0.046		-1300		2826.0869565218

		-0.024		-600		2499.9999999999

		-0.043		-1275		2965.1162790698

		-0.031		-840		2709.6774193549

		-0.080		-3100		3875.0000000001

		-0.023		-1133		4926.0869565226

		-0.010		-478		4780.000000001

		-0.034		-1100		3235.2941176472

		-0.033		-1040		3151.515151515

		-0.015		-690		4599.9999999998

		-0.035		-1000		2857.1428571431

		-0.067		-2240		3343.2835820895

		-0.025		-980		3920.0000000002

		-0.029		-900		3103.4482758617

		-0.024		-1039		4329.1666666678

		-0.030		-825		2749.9999999999

		-0.025		-721		2884.0000000002

		-0.024		-756		3149.9999999999

		-0.046		-1286		2795.6521739131

		-0.030		-1100		3666.6666666665

		-0.021		-870		4142.857142857

		-0.033		-1070		3242.4242424241

		-0.038		-1266		3331.5789473687

		-0.015		-327		2179.9999999999

		-0.029		-953		3286.2068965513

		-0.041		-1191		2904.8780487802

		-0.039		-1150		2948.7179487178

		-0.017		-700		4117.6470588228

		-0.029		-870		3000.0000000004

		-0.057		-1151		2019.298245614

		-0.042		-1059		2521.4285714285

		-0.037		-1059		2862.1621621622

		-0.025		-860		3440.0000000002

		-0.032		-800		2500.0000000003

		-0.024		-857		3570.8333333332

		-0.026		-1200		4615.3846153853

		-0.019		-1000		5263.1578947373

		-0.035		-615		1757.1428571427

		-0.021		-850		4047.6190476203

		-0.029		-865		2982.75862069

		-0.040		-856		2140.0000000001

		-0.046		-1398		3039.1304347826

		-0.050		-1250		2500.0000000001

		-0.034		-1202		3535.2941176472

		-0.046		-1060		2304.347826087

		-0.045		-1200		2666.6666666666

		-0.041		-850		2073.1707317075

		-0.038		-1230		3236.8421052634

		-0.035		-1230		3514.2857142853

		-0.041		-1166		2843.9024390241

		-0.050		-1230		2459.9999999998

		-0.037		-900		2432.432432432

		-0.024		-900		3749.9999999999

		-0.033		-854		2587.8787878787

		-0.027		-703		2603.7037037036

		-0.063		-1235		1960.3174603174

		-0.032		-870		2718.7500000003

		-0.032		-1240		3875

		-0.029		-1131		3900.0000000005

		-0.045		-1250		2777.7777777777

		-0.039		-1275		3269.2307692308

		-0.040		-1000		2500





Sheet4

		0.046		875		1902.1739130435						average		3332.912308167				tstat		3.182

		0.013		610		4692.3076923084						stdev		1396.4343863787

		0.047		1600		3404.2553191492

												CI		2565.4294885805

		3174.5036372646

		1463





Sheet5

		-0.013		-1130

		-0.020		-635

		-0.036		-1150

		-0.027		-580

		-0.036		-1119

		-0.031		-900

		-0.020		-525

		-0.053		-1300

		-0.020		-950

		-0.036		-900

		-0.038		-1400

		-0.027		-850

		-0.030		-850

		-0.031		-1000

		-0.043		-1250

		-0.024		-240

		-0.034		-900

		-0.046		-1300

		-0.024		-600

		-0.043		-1275

		-0.031		-840

		-0.080		-3100

		-0.023		-1133

		-0.010		-478

		-0.034		-1100

		-0.033		-1040

		-0.015		-690

		-0.035		-1000

		-0.067		-2240

		-0.025		-980

		-0.029		-900

		-0.024		-1039

		-0.030		-825

		-0.025		-721

		-0.024		-756

		-0.046		-1286

		-0.030		-1100

		-0.021		-870

		-0.033		-1070

		-0.038		-1266

		-0.015		-327

		-0.029		-953

		-0.041		-1191

		-0.039		-1150

		-0.017		-700

		-0.029		-870

		-0.057		-1151

		-0.042		-1059

		-0.037		-1059

		-0.025		-860

		-0.032		-800

		-0.024		-857

		-0.026		-1200

		-0.019		-1000

		-0.035		-615

		-0.021		-850

		-0.029		-865

		-0.040		-856

		-0.046		-1398

		-0.050		-1250

		-0.034		-1202
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