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4) The 10-minute, or even longer, averag&GfE in one control area be tolerated then& PS, as proposed in [6] and [7], that measures ex-
is independent of the same in another control area. pected value of the product of hourly average®\GE and frequency
. . . . error should be enacted. In such a case, audited MWh data, instead of
We continue to believe our data analysis reported in [6] and, hence, data. should. of course. be used
seeno b_aS'S on which any of these assum_ptlonS could.stanq. ~ Many control areas had@PS; score higher than 180% in all the
In setting target frequency for the above interconnections in Sectigitrc ' ps compliance reports we monitored during 1998 to 2000.
3.6, pp. 3-15 to 3-18, we realized that we could provide US contrglen among control areas that did not much overachiels, it was
areas W|t_h the opp_ortunlty of_ saving hundreds of millions of dollarg;;e tg find one with £'PS, score of less than 150%. On this basis,
annually if we provided the highest allowance on R&/.5 of ACE 45 \ve expected; PS, has no influence on the realized frequency. It is
several minute average. The Iargerl the allowance, the .Iesser needct%pliance With' PS,, other non€'PS related NERC requirements,
a control area to track load fluctuations, as the fluctuations would Bgq continued traditional control practices by many control areas that
served by the interconnection. This in turn would reduce the need {Q4s maintained frequency at the current experience. Witides,
unit maneuvering in the control area. For realizing the same frequengya ras s of all averages of frequency error could grow even further

however, the highest allowance can be provided if the interconnectighy nence. we do not support the paper's main conclusion@hass
can be assured of independence amaGgs. By realizing amACE (. iterion provides no additional insight in terms of control performance
that has no dependency on time of day a control area can mak€H#s ,nq the monitoring of’ PS; suffices.”

independent of othe¥CEs. AnACE whose several-minute averagesis The authors have analyzed data from different interconnections to
ra_ndom, i.e., has negligible auto-_cprrelatlon inall orders_beyond sevesghstruct Table | in the paper. We believe that if they comptilé s
minutes, could have only a negligible dependency on time of day. oy 1 and 10-minute frequency error average, the former will be consid-
Whenever the dependency &CEs on time of day becomes erably lower thar,, while the latter will be about or higher than, .
negligible, theRM .S of T' clock-minute frequency error average will|f so, would this finding not go against the assumptions and the above
decay at a much higher rate than has been experienced. On this basisclusion made in the paper?
we recommended the curves presented in Fig. 3.8, page 3-17, as thehe objective of Tie Line Bias Priority-based Control presented in
target frequency for the Eastern and ERCOT interconnections. Thg¥ction VI is to realize, with minimum unit maneuvering, A®E that
allow a much larger target for clock-minute frequency error averaggindependent oACEs in other control areas. We ski, at a value
than was being experienced, but provide a somewnhat tighter targettf@it imposes no additional restriction on control areas WHGE is
longer-term frequency error averages. independent of others. If ever control practices make&s sufficiently
We believed, and continue to believe, that at least two points on eastlependent of each other, then, as said in the third paragraph of page
of the recommended curves should be used as interconnection &6, continued imposition (or removal) 6fP.S, would not be an issue.
performance standards. We recommended one point at 60 min so tha&tublication of this paper encouraged us to reiterate our findings and
audited MWh data, instead of MW data, could be used for measurisare the constraints and incentives that led to the adoptiohFs,;
each control area’s performance. The other point could be in the raragel C' P.S.. We wish the authors well in all their endeavors.
of 1 to a dozen minutes.

Some members of PS did not want afiy’S to include the effects
of metering and other errors inherent in interconnected operation. On
this basis, these members rejected the use of audited MWh data in
measuring control area performance. Some others, who had concerns )
about increased unscheduled power flow over their ties, adamantly ad- Closure of “Analysis of Load Frequency Control
vocated aC' PS that explicitly requires limiting several minute aver- Performance Assessment Criteria”
ages ofACE.

Under the above constraints, we recommended that NERC adopt a
C PS which would measure the expected value of 10-minute average
ACE times 10-minute average of frequency error. To break the im-
passe, however, we seized the opportunity and suppGHes and  George Gross and Jeong Woo LegUniversity of Illinois at Ur-
C'PS,. The target for 1-minute frequency average erroCiftS: is  pana-Champaign]: We welcome the comments and questions of Jaleeli
even somewhat larger than the target we had sought. Further, we c@Ry vanSlyck and appreciate their interest in our work. We begin our
puted the limit applied on 10-minute averag€E on the basis of response by reiterating the importance with which we view the pio-
avoiding any additional constraint on a control area WhAGE is in-  neering work of the discussers [6], [7] and the key role this work played
dependent of others. Therefore, the resuliing for all control areas i the research reported in this paper. At the outset, we also need to em-
became significantly larger thakty, the limit imposed by the old\z,  phasize that the aim of our paper was to provide a firm analytical basis
and for most control areas;o became two to four times dt.. The  for the formulation, analysis, and evaluation of load frequency con-
NERC adoption o' P5; andC'P5» accomplished one major objec- | (LFC) performance criteria. We constructed a solid analytical basis
tive we had, that was to provide the power industry with the opportunity; effectively exploiting the concepts of random processes and prob-
of increasing its benefits from interconnected operation by hundreds{¥fijistic models to develop the general criteria for LFC performance.
millions of dollars annually. The general LFC criterion we formulated using our analytical frame-

As indicated in Section 7.4.1 pp. 7-4 and 7-5, we believed complirork has as special cases the NERES1and CPS2criteria. As a
ance withC'PS; andC PSS, alone would not maintain frequency statis-
tics _at the experienced levels. The anglysis performed on the frequenc,%anuscript received February 15, 2000
rea.ll.zed undeC'PS, andC'PS; by Vgrlous members of PS has since The authors are with the Universit)’/ of Illiﬁois at Urbana-Champaign, Urbana,
verified our concerns. The remedy is not to lowerby a large per- || 61801 USA (e-mail: gross@uiuc.edu).
centage or tightening . If further deterioration in frequency cannot Publisher Item Identifier S 0885-8950(02)03795-1.
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byproduct of our analysis, we found a redundant relationship betweamresses these random factors since the only uncertainty is that of the
the two criteria under the conditions stated in the paper. As such, fhequency r.v. at each instant of time. However, no loss of generality
similarities mentioned in the discussion should not in any way be sus-incurred by assuming that these random factors can have the same
prising. impacts at any instant of time and so are considered to be not time-de-
The discussion presented has, by and large, an implementation pandent. It is precisely this rationalization that led us to assume that
entation. We appreciate the review of the work in [6] and, in particulafF'(¢t¢): ¢ = 0, 1, 2, ...} is a collection of r.v.s with identical distri-
the emphasis on the practical considerations and multiple constraimisions. Moreover, we view the r.v.s in this collection to be independent
that clearly must be taken into account in the implementation of LF€Iince the r.v. at’ has no effect on the r.v. &t, '’ # t'. Thus, we have
criteria. We recognize the importance of these aspects of the work ewecollection{ F'(¢,): £ = 0, 1, 2, ...} of independent and identically
though they were not within the scope of the work we reported odistributed r.v.s.
Rather, our objective was the construction of a general framework toAll of the statements that describe the stochastic profkss are
permit the assessment of key issues associated with metrics for L&gually applicable to the stochastic proce<SE ().
performance. We aimed to provide a basis for the analysis of the LFCThe second question is concerned with the basis for the assumption
performance criteria. that the state of the frequency add@'E r.v.s “in one instant has no ef-
The tone of the discussers’ comments, however, leads us to infett on the state at any other instant.” The response to the first question
that, in many ways, both our objective and the nature of our resuliddressed, in effect, this question, as well. Furthermore, the sole rela-
were misinterpreted. As we concluded in the paper, we developed thmship betweedCE and the other variables is the defining equation
framework “to bring considerable new analytic insights into the LFC
performance assessment problem.” This very general framework pro- ACE;(t) =T;(t) — 10B; - F(t).
vides a basis for the formulation of LFC criteria and serves well for the
analysis of the measurement requirements for LFC. Consequently, dbis relationship clearly states thACC'E;(t) is related tdT’;(t) and
paper should be judged in that context. F(t) with all variables being observed at the same instafihere is
We next turn to responding to the specific questions raised by tA@ other relationship in terms of time that is given. In terms of the
discussers. These questions are concerned with the assumptions ifligsussion on the stochastic procéd(t¢): { = 0, 1, 2, ...}, the
duced in constructing the analytical framework. The first three quedssumption thalC E;(t') is independent oACE; (t") with t' # ¢"
tions are focused on the rationale for the assumption that the collé&perfectly reasonable.
tion {F(t,): ¢ = 0, 1, 2, ...} constitutes a set of independent and The responses here to the first two questions provided the answer to
identically distributed random variables (r.v.s). The first question askse third question. This third question focused on why “a collection of
the basis for the assumption that the probability distribution of the freamples of each of these variables is a set of independent and identically
quency error and that of ACE are independent of time. We do not matstributed random variables.”
such an assumption in our framework. In fact, we carefully heededThe fourth question of the discussers focused on the independence of
the warnings and statements in [6] “that current practice and the AGI@ 10-minute, or even longer, averageAd?'E in one control area of
coding logic presently used by many control areas yields a frequeribgt of another control area. It is appropriate to consider the operations
error that is “dependent” on time.” It was precisely the fact that the fré one control area as reasonably independent of those of another area
guency error is time dependent that motivated us to apply the concegite to the characteristics of the load and the nature of the generation
of stochastic processes. Such processes are inherently time deperrgsntirces of each control area. Moreover, the work of the discussers
and consequently no assumptions of time independence are madeinwates thatAC E; (t) and ACE;(t) are weakly correlated [6]. We
explain briefly why the discussers may have interpreted otherwise. can interpret “weakly correlated” as approximately “uncorrelated.” We
Let f(¢) denote themeasuredrequency error. This is onsample used theCentral Limit Theoremto show that for each control area
pathof the random procesB(t). The random procedss(t) is clearly ACE;(t) is approximately normally distributed. Since two normally
time-dependent and so is the sample path. In our framework, we dodiistributed r.v.s are independent if and only if they are uncorrelated,
troduce the assumption of the probability distribution of eacl¥t(¥.) it follows that the weakly correlatedCE;(t) and ACE;(t) can be
for an arbitrary time instant’ is independent of the value ¢f se- considered to be independent.
lected. In other words, the probability distribution of the #(¢') is In summary, the assumptions introduced are necessary for the con-
the same as that & (¢ ), wheret'’ is some other time instart, # ¢'.  struction of the analytical framework for our work. We relied heavily
Therefore, we assume that the probability of each r.v. of the stochagtitthe body of data provided in [6] to justify their reasonableness.
process{F(t¢): { = 0, 1, 2, ...} is independent of time. Of course, We thank the discussers for their detailed comments. These com-
the distribution depends on many random factors, such as weather avahts provided good insight on the implementational aspects of the
consumer behavior, whose outcomes are uncertain. The model dUpE criteria which will be useful for future work in the area.
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