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CHAPTER I
INTRODUCTION

1.1 Past Developments and Future

of Wind‘Energy,Systems

Harnessing power from wind has been known to mankind for centu-

ries. Howevef, only during the turn of the 19th century, windmills were

used for the generation of electricity. Early developments in this area

took place mostly in European countries, notably in Denmark, France,
Germany, and Hol]and. ~In Denmark, during fhe first and the second world
wars, due td a cutoff}of 95 percent bf their fuel supply, geﬁeration of
power from wind becamé a necessity. Seeing the early successes, the
neighboring countries of England, France, and Germany undertook the
development of small and large wind éystems for thé‘generation of e1e¢-
tricity. In almost all cases the projects had to be‘abandbned‘due to
frequent technical problems and the high cost involved in their repair,

Among the Targe windmills built and Successfu]]y opefated in
Europe in the past are the "Gedser mill" (200 kW) in Denmark (1956~
1957),(1), the 800 kW "BEST Romani" near Paris (1958-1963), (2), the 100
kW unit in Okney, U.K. (1952-1956), (3, 4), and Hitter's 100 kW system
in Germany (1958), (5, 6).

The ear]y’51gn1f1cant works in this area in the United States were

initiated by Palmer Putnam in 1934 (7). The 1250 kW Smith-Putnam wind



plant was built and commissioned on October 19, 1941. It experienced
problems frequently and the project was discontinued after one of its
blades brdke off in March, 1945, and due to the sUbsequent preoccu-
pation of the country with World War II (8).

The brief oil embargo of 1973, the sharp rise in the energy con-
sumption in the decade of the seventies, the rising cost of fossil
fuels and their dwindling supply and the public awareness of the
environmental impacts of unrestricted consumption of fossil fuels have
rekindled the interest in wind power in the United States. In early
1973, the National Science Foundation (NSF) was given the responsibility
for planning and executing a program whose objective was to develop the
technology to build reliable, cost competitive wind energy conversion
systems for commercia1 implementation. The National Aeronautics and
Space Administration (NASA) and other govérnmental agencies cooperated
with NSF in devé1oping the program. By January, 1975, the responsibil-
'1ty was transferred to the then newly formed Energy Research and Devel-
opment Administration (now the Department of Energy) which, along with
NASA, initiated a number of parallel activities under 45 dffferent '
projects on wind energy conversion systems réséarch deve1opment and
design (9).

The future of wihd energy utijlization appears to be in two major

areas (10):
| 1) Refinement of current designs to develop ihexpensive, durable,
small and medium size systems for use in homes and farms in rural areas.

2) Development, fabrication and testing of large experimental Mega
Watt scale wind-electric systems for operating in parallel with exist-

ing utility systems.



Integration of large WECS with utility grids n\jses quest?ah\\\

.—u-_.‘

regard1ng the re11ab111,y of _the.overall system«andﬁthe capacity cred1t

.

(if any) that can be assigned to wind systems and how these are influ-
enced by factors such as the wind regime, amount of penetration, load

model, and the Tike.

1.2 Reliability Concepts Applied

to Power Systems

The term "re]iabi]ity" is defined in the aerospace industry as
“the probability that an item will perform the intended function for a
specified interval under stated conditions." The period of time is
defined as the "mission time," and the component has to function suc-

- cessfully not only at the end of the mission time but also during the
entire mission (11).

The definition of re]iabt]ity for power system apparatus as con-
tained in the Federal Power Commission Report Vol. II (June, 1967) on
“Prevention of Power Failures" reads as follows: "Reliability is the
degree of assurance of bulk power supply in delivering electricity to
major points of distribution" (12).

This definition reveals the probabilistic nature of reliability by
the inclusion of the phrase "degree of assurance" and it does not pre-
cisely state anyth1ng about the spec1f1c measure of the re11ab111ty

Thus the teng\“re11ab111ty" as app]led to Power Systems js- general and

broad-based. It is related to actual phenomena in an inexact manner.

S~

é%éﬁgﬁiiifyumode13wandfa§§EBEEhes are useful in describing and
ana]yztng sjtuations wherein untertainty is'an important factor. Suc-

cessful planning, design and operation of electrical power systems with



a high degree of reliability requires the consideration of several
sources of uncertainties. Some of the major sources of uncertainties
are the time of occurrence of failures or forced outages, the time to
repairvfhe failed components, the magnitude of the peak load demand,
the datéibf installation of new facilities and the frequency and dur-

ation of weather extremes (13).
1.3 Literature Survey

Most of the probabilistic approaches in the power systems area have
been in the planning of generation capacity requirements for conven-
tional generation systems (14 - 20). Generating capacity reliability
evaluation is broadly divided into the areas qu§i32321§ﬁ§:§§1ﬁﬁfng“"x}
,~réduikém€ﬁ£§ff380th of these are considered at the planning leQ;i:WMwﬂ
Stétic réqu;;ement is the installed capacity which is p1ahned and con-
structed in advance of the system load growth. The static reserve must
be sufficient to take care of the overhaul of generating equipment,
outages that are not scheduled ahd:the error in the forecasted load
growth. Too low a reserve capacity may lead to excessive interruptions
while too high a value results in excessive costs. The greater the
uncertainty regarding the actual reliability of any installation, the
greater the investment wasted.

In the typical case of system generating capacity reserve, the‘
prob]em'not only concerns the risk of outage but also the economic
balance between the generation reserve and tie capacity in providing
against local outage concentrations. The complexity of the problem, in
general, makes it difficult to find an answer by ruie of thumb. One

such rule that was in usé had been to provide a total generation



capacity (planned and installed) in excess of the expected demand by
some fixed percentage. The main drawback of this type of proéedure

is that it does not take into consideration the differences in the ldad
characteristics and the unit'Sizes of installed and planned generating
Capacity. A sTight]y better reserve criterion that followed was to
provide a reserve equivalent to the capacity of the largest unit in the
system plus some fixed percentage of the maximum demand. App]ication
of probability methods to the static generation capacity problem pro-
vides an analytical approach to planning the generation. Further, ff
is possible to incorporate the effects of partial and complete inte-
gratibn of systems, capacity interconnections, difference in sizes,
scheduled maintendnce, and the economic aspects based on reliability
standards (21).

A probabf]istic approach to conventional generation studies was
in%tiated as ear]yvaélin the earfy thirties of this century. The first
such paper ever to appear waé in 1933 (22). Pioneering works in this
area were pub]ished by Calabrese (23), Seelye (24, 25), and Loan and
Watchorn (26). They suggested some basic concepts upon which present
methods of re]iabi]ity of conventional generation systems are based.

A subcommittee of the AIEE on the application of‘probability methods
prepared a report in 1949 giving precise comprehensive definitions for
equipment outages and equipment expectancies. The group of papers pub-
Tished in 1947 has evolved, with some modifications, into the well known
"Loss of Load Probability Approach" and the "Frequency and Duratiqn
Approach" for generation capacity reliability evaluation. Important
papers on interconnection, and determination and allocation of capacity

benefits resu]ting from interconnection by Watchorn (27) and Calabrese



(28) appeared in 1950 and 1953. With the advent:of high speed digital
computers, Kirchmayerkand his associates (29) pub]ished a paper on the
evaluation of economic unit additions in system expansion studies. A1l
of these papers and three AIEEicommittee repofts on equipment forced
outages experience published in 1949, 1954, and 1957 (except for a
small section of the 1949 report) deal with information on thermal
units. Brown, Dean and Caprez (30) published results in 1960 on statis-
tical studies using five years of data on 387 hydro-electric generating
units. A large number of excellent papers on static generation capa-
city re]iabi]ity,(31, 32), spinning generating capacity evaluation (33,
34), re]iabi]ity of transmission and distribution (35), composite system
reliability (36, 37), etc., appeared in the late sixties and in the
early sevénties. The bulk of‘the pubiications on pdwer systems relia-
bility evaluation pertain to generation cépacity requirements; How-
ever, publications on reliability studies of transmission and distribu-
tion systems and on spinning generating capacity eVa]uation, composite
systems and intérconnected systéms are relafively fewer in nﬁmber.

A survey of all of the pub]icatiohs shows that the "Loss of Load
Probability" method with simple load model with aSsuméd daily peak
loads is preferred}above any other method. This method is relatively
simple and can incorpofate changes in load characteristics, load fore-
cast uncertainty, and the reliability aspects of multiple intercon-
nection facilities.

The duration and'the interval of an outage is given by the "fre-
quency and duration approach," and this method is suitable to link the
generation and transmission systems to permit the evaluation of bus

reliability at any point in the utility network.



A11 of the works on the reliability of power systems discussed so
far involved conventional generation units.- With the expected entry of
large wind-electric conversion systéms (WECS) into the utility grﬁds of

the future, interest in similar works on WECS is recently gaining
importance. Melton's work (38) on 1oss}of load probability and capa-
city credit calculations for WECS deals with WECS operating in parallel
with the conventional generators of the Hawaiian Electric Company. It
is based on hourly wind speedvdata for a period‘of over fifteen years.
WECS is modeled in terms of a number of preselected capacity (full |
capacity,.zero capacity, and a number of partial capécity) states and
the availabilities of each of the states for each hour of the day are
computed. Further, the loss of load approach has been followed to
evaluate the reliability of WECS assisted conventional generation sys-
tem. A new term, "capacity credit fof WECS," indicating the conven-

~ tional capacity displacement due to the addition of WECS, has been
introduced. The results derived are fairly acchrate but the.approach

requires the availability and processing of a large amount of wind data.
1.4 Problem Description

Since the input to a WECS is the kinetic energy in Wind; the
behavior of a WECS depends considerably on the charactéristics of the
wind regime. Wind characteristics.depend strongly on the nature of the
region where the WECS is located, plain mainland, mbuntainous or hilly
areas, coastal areas, etc. - As such, the behaviors of the same WECS at
different sites would differ widely.. Further, it fs ihf1uen¢ed by gusty
winds. In addition, the behavior‘bf a WECS depends upon factors such as

the size, number and characteristic of conventional generating units



operating in parallel, the amount of reserve provided and the nature of
the load demand. Influence of transmission system is also important
since, by_nature, WECS will be located in remote areas, connected to
other conventional units and/or other WECS via transmission lines.

.The first step in the study is to develop an understanding of WECS
from the point of view ofbgeneratfon. Once a suitable model is devel-
oped, it can be used to study the overall system re]iabi]fty and the
potential capacity credit. Obviously, the model will be probabilistic
because of the inherent variability of the wind.

It is reﬁuired to develop a procedure to predetermine the behavior
of a WECS operating alone or along with other conventional generating
units. This behavior should be modeled from readily available informa-
tion and if available, using detailed information about the wind regime
at the sfte of installation of WECS. Further, since the location of
WECS would normally be in remote areas, integration of WECS with con-
ventional generation system requires the uée of pfimary feeders. With
increasing number of WECS installed in the near future, their intercon-
nection and operation in parallel with ufi]ity grids will involve a
number of transmission lines in the systeh. Thus, the procedure evolved
should 1hcorporate transmission system also. Such studies and-ensuing
results can be used for planning to meet a specific reliability level
or to make comparison of alternate expansion schemes when they include

WECS as a component.
1.5 Method of Analysis

In order to develop an understanding of a WECS operating in par-

allel with other conventional generators in a power system, the



following steps will be undertaken:
(i) Devé]op probability models for an individual WECS operating
alone or ih parallel with conventional genekating units.
(ii) Employ the models in reliability analysis with an assumed
load model.

(ii1) Compute reliability indices or reliability index range that
are valid for an assumed study period.

- (iv) Study the influence of changes in key parameters on the
reliability index. The parametérs of interest érevthe num-
ber of conventional units, the system load and the wind
regihe. | |

(v) Study the influence of transmission system on the overall
re]iabi]ity_when WECS are present.

The results will be presented in the form of tables and families
of curves. Further, these tables and curves would be interpreted and
some useful conclusions would be drawn which can be used for planning
studies and reserve evaluations. This study will also form a good

foundation for further work and refinements that are yet to come.
1.6 Organization of the Thesis

Chapter II presents an approach to develop capacity outage prob-
ability tables for WECS using mathematical models for the wind-speed
distribution at a site and compares the results obtained with the
results using actual hourly wind data. These tables have been utilized
tb compute the reliability of WECS assisted conventional generation

é&stems using the loss of load probability approach with a simple load

model .
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Chapter III develops a Markov model for WECS‘using the acfua]
wind data for a site. This model, combined with one or more conven-
tional genefating units, is used to evaluate the overall system
reliability using the frequency and'duratfon approach for a typical
load model based on the MarkOV'chain.‘

Chapter IV studies the influence of transmission system on the
vgeneration reliability evaluation of WECS alone and of WECS assisted
conventional generation systems. These reliability studies are based
on frequency and duration approach involving Markov models for hourly
peak loads. Generation reliability studies of two WECS connected
through a transmission line have~a1so been discussed in this chapter.

Chapter V summarizes fhe conclusions and limitations of this work

‘and outlines some suggestions for future research work.



'CHAPTER 11

PROBABILITY'MODELS FOR WIND ELECTRIC CONVERSION
SYSTEMS AND THEIR APPLICATION TO
RELIABILITY STUDIES

2.1 Introduction

Over the past decade, many attempts have been made to analyze and
model wind in connection with the development of wind power (39 - 42).
However, very 1ittle literature is available on the application of
these results to model WECS and'qn the use of such models in reliabil-
ity studies. Melton (38), in his recent work, utilized detailed wind
characterisfics (extended over a period of fifteen years) of the
Hawaiian Islands to study the loss of Toad brobabiiity and capacity
credit of WECS operating in parallel with the conventional generators
of the Hawaiian Electric Company. Though the results derived are
fairly accurate for the system studied, the procedure requires the
availability and processing of a significant amount of wind data,
extending over long periods of time. |

This chapter discusses the development of a probability approach
for modeling the Toss of generation capécity due to the inherent vari-
ability of the wind input. It is based on readily avaj]ab]e para-
meters such as the mean and/or varfance of the wind speed.v The model

is then applied to the study of the wind genératidn availability and

11
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the reliability of WECS operating in parallel with conventional gener-
ators, supplying a common load. The results obtained are discussed and
some conclusions are drawn regarding the reliability of wind-assisted

uti]ity systems.
. 2.2 Types of Wind Data and Probabi]ity Models

Wind is highly variable and site specific. Complete information
on the nature of the wind regime at any éiven site requires'continuous
plots of wind speed and direction as functions of time. A typical plot
of wind speed is shown in‘Figure 1 for a sfte in Albuquerque, New
Mexico (39). However, such-fnformation is not available for any
- extended periods of tine, and designers of wind energy systens have fo-
base tneir calculations on far less information.

Hourly wind speed‘and direction measurements are the most commonly
available data for potential sites. These hourly measurements are
obtained by taking the everage over one minute, ffVe minutes, or ten
minutes every hoqr on the hour, and are.recorded as the values for the
entire hour. Genena11y, wind speed values are given Up to the first
decimal pTace accuracy (see Table I), but sometimes the data are
rounded off to the nearest integer (see Table II).

The accuracy ofltne resdits of the generation reserve capacity and
reliability studies for WECS depends on the'type of wind data available
and on the va]idity of the assumptions made. In this thesis, hourly
(averaged over one minute duration) wind speed data obtéined over a
two-year period for a typical site (Kahuku Upper) on the Hawaiian
Island of Oahu (43) and for a.period of two (low and hign mean wind

speed) months for a site (Livermore) in California (44) are used as
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‘Figure 1. Wind Speed Records on Expaﬁding‘Time Scale



TYPICAL WIND

TABLE I

SPEED DATA FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

HOUR

269 87

OF DAY

DAY 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 27e9 25.7 26e1 2605 29¢6 32.8 3lel 28¢7 32¢1 297 30el 27.3 27¢5 3126 30el 279 284 2607 2645 278 28.2 26¢3 263 29.0
2 3202 2826 2607 25¢8 25.4 26.8 25.8 24.8 25.8 27.0 280 32¢2 300 29.7 3003 2902 293 29¢5 278 283 28.0 2648 274 2607
3 28¢6 27e4 2700 2602 2603 268 2808 270l 27¢6 29¢0 29¢8 3143 33,7 3048 2404 28.7 2309 2607 28e2 28+5 268 2665 2609 2646
4 2606 293 29¢5 27e¢3 28e4 278 29e1 29el 277 2940 28¢2 28el 2862 252 28¢5 28¢0 -1e0 ~1¢0 =10 ~1¢0 =10 -1¢0 =10 -1.0
5 =1e0 ~1¢0 =100 =1¢0 ~1e0 -1¢0 ~1¢0 =220 ~1¢0 -1¢0 =100 =10 =140 -1¢0 ~1¢0 120 =1¢0 =1¢0 -1e0 =160 =120 -1¢0 =10 -1.0
6 <1¢0 ~1¢0 =10 =10 =10 <120 =10 =120 =1e0 =10 =10 =10 =140 =120 =100 =10 =10 =10 =10 =10 =10 =10 =10 -1.0
4 ~1e0 ~1¢0 -21¢0 =1¢0 =10 =10 =10 ~1¢0 =10 =10 =10 =10 =1¢0 32,6 316 319 312 340 32.9 297 28:9 2649 29.0 29.0
8 2847 300 30e1 29¢5 26e6 2648 27e5 26e0 27e8 3001 28¢8 33a6 32¢6 3647 366 315 310 3003 3003 302 29¢8 30.9 27.1 26.7
9 28¢5 28e3 2601 2842 30e7 296 29¢9 24¢8 28¢3 25.0 23e7 235 20e2 23al 28e3 28e2 266 2605 2102 2003 18¢3 17.9 178 18.7
10 1909 14c4 1804 18.8 2366 2625 2826 2303 24¢3 2602 2602 25.2 2309 256 28e3 29¢0 25.9 2606 25:6 25.8 2602 28.7 267 271
11 275 2500 28404 2705 28¢5 30e5 3100 29¢6 27¢5 29¢3 30¢6 29¢3 20e3 28e1 31e7 2945 31¢8 2602 33.9 3241 257 2909 3426 32.7
12 3423 3500 385 3606 37¢8 3846 3608 380 3863 354 33¢0 3509 3104 29.7 318 299 28¢2 31e3 24.0 23¢3 19.0 2203 215 2443
13 2705 28e1 2702 2549 28e0 25.6 2684 28.8 3009 290 33¢9 379 3648 3668 39¢4 39.1 39.4 37.7 38.T7 39¢4 37e5 3647 36e8 35.4
14 3602 3800 3602 34.7 33¢8 3%8.2 33¢8 36cl 35.4 36¢6 3500 3429 3327 3403 31¢9 2802 3002 296 3329 33.8 33.5 3148 348 3047
15 29e2 29¢6 272 3148 29e1 258 3007 300 28e7 2844 329 315 2902 28¢6 30¢3 31¢2 30e3 310 30e9 32.7 29¢5 3140 35.0 35.0
16 3307 33e0 31¢3 36e7 3604 31¢6 33e3 2920 32.8 32.1 32¢3 318 28e1 2804 3004 3143 3301 358 37el 37e5 35¢7 373 34.4 33.8
17 3601 33.8 3209 31.6 30e7 27.% 29.6 3128 3508 3249 316 36.7 30e4 27.6 3009 3840 32.9 33.7 30.6 27.0 26.0 263 274 33.1
18 3308 3lel 30e9 29¢1 2842 27¢6 293 276 2860 2607 27¢8 2Tel 25¢6 2604 25¢4 25,0 26e1 24e3 2509 2600 253 273 276 26.5
19 27e3 27e7 27e3 2601 2603 27el 28e9 2847 2Te2 28e6 28¢0 27¢5 2506 23¢9 2746 2829 26¢8 28e4 24.9 25.1 2644 24.9 247 27.2
20 2600 254 2600 2802 296 32¢7 33¢6 3306 300l 3505 328 297 29el 27¢2 2740 2409 284e4 25.4 26¢6 28.6 30¢4 28.0 26+8 26.6
3 27e84 2602 2705 25¢7 278 28.7 27e7 2505 26.6 2802 28.8 27+6 294 28e1 282 26¢8 3002 296 29.9 29.9 30.1 30.4 32.0 29.8
22 31e1 260l 28¢0 2562 2362 25¢5 29¢7 30e8 31el 29¢4 28¢8 30cl1 28e4 2843 21el 27e3 27e¢7 25¢4 2506 29¢1 32¢7 33.8 29.3 28.6
23 2505 2209 25.6 26e0 24e9 264 2640 2729 31e3 28+8 29«1 28¢5 300 32¢8 29¢8 31¢5 300 30e6 31¢3 328 28.6 29+1 29.6 28.6
24 2809 2407 2300 2247 220 2405 23e1 228 218 2249 248 258 246 2403 23c1 22e1 23.6 28440 2246 27el 22.7 2049 234 27.5
25 3000 3003 290 3266 37«7 31¢9 316 38e2 3346 3002 2601 2607 2407 27e7 2Te6 23¢9 21e1 28e1 25.2 27¢1 27«1 2642 268 22.6
26 21el 13¢9 1007 18e3 9¢0 3e7 60 403 B8¢0 646 1160 13¢7 15c7 1265 122 B8e6 1e8 005 1e3 5e7 143 1302 15¢5 215
27 2009 1827 159 11el 13¢3 10e2 127 1601 5S¢4 549 16¢8 18¢5 2106 21¢2 2101 1601 137 13¢7 18«7 11¢7 10el 12.7 115 5.4
28 1840 100 8e1 103 13el 11e3 9e6 604 17¢6 17e5 13e3 13¢5 9e3 9e84 63 9¢3 11¢2 Tab 6ed 108 12e3 #e7 6¢6 12.4
29 183 163 184 428 0e8 44 18.9 1248 10e7 130 11e9 603 12¢1 1329 1963 15.6 126 9¢7 117 11e1 118 15.0 13.1 13.3
30 11e3 1309 1301 110 117 12+3 20e8 1949 15:5 1322 Tod 14.4 219 139 146 13.7 2¢8 23 1¢9 0.6 0e7 0o7 0.8 B4
31 9e6 130l Te® 5.5 608 112 117 Te6 3¢5 0e6 322 17 28 2e1 006 07 006 149 269 S5¢6 S.3 11.8

-1.0 indicates data not collected.

vl



TABLE II

TYPICAL WIND SPEED DATA FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

22 .20 10 14 18°18 0 12 6- 8 16 20

Hour of day i
Day 0 T 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 36 31 30 30 34 36 36 33 36 36 46 40 42 42 42 40 40 42 38 44 44 38 34 32
2 32.36 34 38 38 38 30 20 20 15 14 14 14 20 20 20 28 27 24 30 36 30 28 28
3 20 22 20 18 18 16 21 14 10 6 4 10 10 20 10 16 20 22 22 22 24 28 30 30
4 28 30 30 26 29 21 18 14 16 16 12 12 14 12 10 12 18 20 21 26 32 28 24 22
5 24 26 33 30 20 12 12 13 6 11 4 10 14 10 12 12 18 22 26 30 30 20 12 2
6 10 18 20 18 9 15 8 14 '8 10 6 .12 10 15 12 14 14 18 24 25 24 22 16 18
7 16 18 12 18 2 6 7 8 8 6 10 10 8 10 14 14 16 12 14 21 22 24 22 24
8 20 18 16 11 -6 10 4 0 O 0 8 12.10 15 22 24 22 26 30 34 38 42 40 36
9 40 40 32 30 25 25 28 36 28 30 30 22 36 38 32 34 38 42 46 44 40 50 50 50
10 42- 42 38 28 23 18 16 14 20 14 12 20 14 8 16 14 26 28 28 30 28 28 28 24
11 24 24 25 28 20 10 4 7 6 10 16 12 10 16 16 20 24 34 32 40 36 36 38 40
12 38 38 42 40 44 15 40 42 37 10 28 28 36 40 38 36 46 44 48 47 42 44 40 32
13 26 22 30 20 20 21 24 22 24 23 20 20 20 14 22 26 34 37 42 38 34 35 36 38
14 38 33 30 24 18 20 20 18 20 20 18 24 20 30 38 32 34 34 10 56 55 60 60 55
15 24 46 44 34 34 32 34 40 30 28 32 30 24 21 40 40 42 48 42 46 48 38 36 36
16 38 42 40 36 42 30 26 32 26 26 20 20 18 14 26 28 35 32 32 22 20 36 32 14
17 24--20 22 20 30 30 1 12 20 20 22 20 20 20 30 32 30 34 30 30 22 28 30 22
18 12 12 1520 8 15 20 20 20 20 14 10 18 20 20 24 20 30 25 30 28 30 30 32
19 30- 30 30 38 30 30 24 25 28 22 20 20 30 20 34 30 36 34 42 37 38 40 44 36
20 32 34 32 36 34 36 26 22 24 20 18 20 20 18 20 22 20 22 22 26 30 22 22 24
21 18 18 18 20 10 8 12 8 0O 6 8 10 10 10 10 14 18 16 24 27 27 26 26 20
22 20 18 18 10 18 18 14 14 18 12 10 12 14 8 10 14 16 25 30 28 28 26 26 30
23 ~24 28 24 24 22 22 14 12 10 20-19 14 15 14 14 24 28 26 24 21 28 30 26 28
24 26 24 24 20 12 12 10 3 6 8 14 14 10 14 18 26 30 30 38 36 30 30 30 30
25 30 28 20 16 10 5 4 2 4 14 12 14 14 10 10 10 18 16 15 14 13 14 10 12
26 10 11 12 12 10 14 16 18 24 27 26 23 18 18 14 15 13 12 14 20 24 22 14 14
27 -16 14 18 1616 22 24 12 14 18 22 20 20 26 32 32 40 36 40 50 50 44 50 50
28 42 48 50 50 50 40 30 37 32 24 28 28 22 24 30 32 34 48 50 42 50 50 50 50
29 46 50 48 46 40 38 32 28 20 14 10 6 10 16 20 26 24 23 20 30 34 35 30 20
30 18 14 9 10 12 13 9 11 16 18 18 16 16. 12 12 6 20 21 28 26 30 36 36 .30
31 20 18 16 18 24 24 20 22 22 22 28 30

Gl
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inputs. The anemometer at the Hawaiian»site is located 30 feet above
ground and is on a 1ookoﬁ£_tower approximately 30 feet above the
ground at the California sité. |

Several probability models have been suggested (45, 46) to model
wind speed distributions. Even af a partiéu]ar site, different models
may be required to approximate the wind behavior durihg different
seasons. The ChiAsquaré (Rayleigh) distribution given by the density

function

2 .
=4 vV _ S N
f(v) =/ 5 exp [ 7 (n1 ) .] (2.1)
\_m : ,
& |
has been found to be a reasonable fit to the observed velocity magni-
tude distribution by several workers (46, 47) including Corotis et al.
The Chi-square distribution is a single parameter (mean speed
-'mv') distribution and is fairly easy to use since it requifes only
one quantity, namely, the mean wind speed.

The Weibull distribution given by the density

- .8-1 N |
f(v) = B VB exp [-(%) ] o (2.2)

is an improvement over the Chi-square distribution, but it requires

two parameters (a and g) to be evaluated from the values of the mean
wind speed and the vaiance. When g = 2 and a = 2mv/\/ﬁ: the Weibull
distribution reduces to the Chi-square distribution.

Using the hourly wind speed data at the Hawaiian site, 'Kahuku
Upper,' and at the California site 'Livermore,' values of mean and

variance were computed for each month of the year for the Hawaiian
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site and for two months for the California site. The parameters ¢ and
B for the Weibull distribution were determined from the sample mean and
variance using the fo1lowing_We11 known relations:

aI‘<1+[—31-> - (2.3)

3
n

5\ r (1 +—) |
<a;> . Tty 1 | (2.4)

The values are.tabu1ated in Tables III and IV. An examination of
Table III‘shows that there is a wide variation in the value of the par- |
- ameter g at the site 'Kahuku:Upper.' This variation and its influence
on the value of the parameter o cémp]icate the approach to WECS relia-
bility studies. In general, the parameter g has a low value (2 to 3)
for Tow mean wind speed (less than 13 mi/h) months with Tow variance
(Tess than 40) or for high mean wind speeds (above 13 mi/h) months with
high variance (above 40). The B value is high (3 to 7) for high mean
wind speed months with low variance. A good cbmpromise value appéars
to be around 4. If the hean-wind speed is very 1ow, or very high with
extremely large variations, the 8 value necessary for good represen-
tation may be even lower (as low as 1.5). A wind regime with high
mean wind speed and low variance requires a 8 value of larger than 4.
The wind speed value of 13 mi/h separating the different wind regimes
is not rigorous. A slight variation is possible depending on the site.
The values of the parameter 8 for the months of January and May, 1974,
for the Lijvermore site are 1.41 and 2.22, respectively. Both 1owtmean

wind speed and high mean wind speed months have Tow values for the



TABLE III

WIND STATISTICS AND VALUES'OF_a AND g FOR THE SITE 'KAHUKU UPPER'

Mg:ﬁh Mean Varignce
Year m, mi/h oy B a'
Apr 76 20.34 28.19 4.33 22.34
May 76 18.59 10.15 6.85 19.89
Jun 76 17.12 22.52 "4.05 18.87
Jul 76 18.86 12.80 6.13 20.30
Aug 76 17.86 18.41 4.74 19.51
Sep 76 14.94 20.99 3.62 16.57
Oct 76 15.60 22.38 3.67 17.29
Nov 76 16.78 31.77 3.27 18.72
Dec 76 18.12 31.54 3.58 20.11
Jan 77 13.78 28.04 2.81 15.47
Feb 77 16.91 . 65.17 2.20 19.09
Mar 77 . 24.96 77.40 3.10 27.90
Apr 77 19.58 68.48 2.53 22.06
May 77 18.93 49.77 2.91 21.23
Jun 77 19.37 19.71 4.99 21.10
Jul 77 22.34 19.43 5.88 24.10
Aug 77 18.38 17.42 5.04 20.01
Sep 77 15.97 19.43 4.07 17.60
Oct 77 14.41 17.06 3.91 15.92
Nov 77 10.31 21.80 2.35 11.64
Dec 77 11.43 23.60 2.51 12.88
Jan 78 10.97 17.55 2.83 12.31
Feb 78 12.28 22.56 2.80 13.80
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parameter B because of véry_high values for the variance (97.21 and
130.35). It is encouraging to note that the discussion regarding the
parametek B for the Hawaiian site holds good for the California site

also.

| TABLE IV |
WIND STATISTICS AND VALUES OF o AND 8 FOR THE SITE 'LIVERMORE'

Month Variance

Mean
and . 2
Year mV mi/h 9y B a
January , .
1974 13.71 97.21 1.41 15.05
May : ' '
1974 24.06 130.35 2.22 27.17

To illustrate the‘fitness of the various mathematical models to
the actual data, three distributions are plotted in Figure 2 for the
month of August, 1976, for the Hawaiian site ('Kahuku Upper'), and in
Figure 3 for the month of May, 1974, for the California site ('Liver-
more'). Each figure hés three curves: a) actual distribution obtained
from measured data; b) Weijbull distribution using a 8 value 4 and the
corresponding o computed from the mean wind speed and Equation (2.3),
and c¢) Weibull distribution with values of a and g computed from the

mean wind speed and variance using Equations (2.3) and (2.4).
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The actual distfibution of the measured hourly wind speed is
obtained by ffrst calculating the total number of hours each of the
speeds occurred during the study period (usually one month). These
numbers are then expressed as fractions of the study period and plotted
in a cumulative fashion, starting with the lowest wind speed of interest.

The Weibull distributiqn corresponding to a chosen value of B and.
a known‘mean wfnd speed (mv) is simply the plot of the distribution

function, FV(V), given by

F (V) =1 - ex‘p [ (5)6] B - | (2.5)

in which the value of o is found from Equation (2.3).

If both the mean and variance of wind speed are known, theﬁ the
parameters o and 8 can be computed using Equations (2.3) and (2.4), and
Equation (2.5) is replotted.

. Figures 4 and 5 show pjots similar to Figure 2 for the months of
March and November, 1977, for the Hawaiian site, and Figure 6 shows the
plots for the month of January,‘1974, for the California site. The
three months selectéd for the study of the Hawaiiah site represent
typical average (August; 1976), maximum (March, 1977), and minimum
(November, .1977) vé]ues of mean wind speed and the»two months selected
for the study of the California site’represent the maximum (May, 1974)
and the minimum (January, 1974) values of mean wind speed.

An examination of Figures 2 thrbugh 6 shows that the mathematical
models fit reasonably wei] with the actual distributions except when
the variance is very high (the month of March, 1977, for the Hawajian

site and the months of May:and January, 1974, for the California site).
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Corotis et ai, (46) showed that the Weibull model used in modeling wind
speed distribution passes}fhe Kolmogorov-Smirnov fitness test in most
cases. Hence, it is believed that in all cases, the models are ade-
quate for reliability calculations.

The most commonly used characteristics in the design and study of
WECS, however, is the wind speed-duration curve. .This is a plot of
Qind speed'versus time (uSua]]y hours)--the speed greater than or equal
to the value in question. The procedure for obtaining the wind speed-
duration curve is outlined Be]ow.

From the measured hourly wind speed data, dfffefent values of wind
speeds and the total number of Hours each of the speeds occurred during
the study period are collected and rearranged in the descending order
of wind spéeds._ Corresponding to each of the wind speed values, a cumu-
lative sum indicating the number of hours that particuTar speed was
greater than or equal to the value in question is calculated. The
required wind speed-duration curve is obtained by plotting the wind:
speed versus the cumulative time. |

The procedure to ca]cd]afe the data for use in the plot of wind
speed-duration curve baSed on the Weibull distribution function is
given below.

The distribution functidn gives. the probability of occurrence of
speeds 1ess’than'or'equa1 to the speed used in the distribution func-
tion. The value of this function corresponding to each wind speed is
multiplied by the total duration (hours) under cbnsideration,:and_the
numbers obtaired are tabulated firét. From this table, the total num-
ber of hours each of the wind speeds occurred_during the study period

is computed. Then a procedure similar to the one used in the case of
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measured houf]y wind speed data yields the required wind speed-
duration curve. Typical wind speed-duration curves are shown in Fig-
ures 7, 8;'and 9 for the Hewaiian site, and in Figures 10-and 11 for
the California site.  Since the wind speed-duration curves are derived
from the wind speed distribution curves, the discussion regarding the

actual distribution and the models is valid.
2.3 WECS Capacity Outage Probabilities

The e]ectrieai outputvef a WECS depends main]yvon the wind char-
acteristics. It also depends on the aeroturbine performance and the
efficiency of the electric generator. These three factors must be com-
bined to obtain a probabi]istic'profiie.(capacity outage probability)

of the WECS output. .

2.3.1 Aereturbine and Generator Characteristics

The present trend in 1argeFWECS deSién and deveTopment‘is to
employ the constant_(or_neariy constant).—speed constant-frequenc}
approach (48). The aeroturbine is operated at a constant épeed and a
synchronoue machine converts the mechanical inpﬁt to constant-ffequency
electrical output. When induetion-generators are employed, the aero-
turbines must slip a little and cdnseduentiy operate at a nearly con-
stant speed. In either case, the unit starts delivering eiectricai
output at a windfspeed called the cut-in speed‘and reaches the rated
e]ectkica]voutpUt at a wind speed called the rated-speed. The elec-
trical output is maintained constant (at the rated value) for further
increases in wind speed (by appropriate b]ade.piteh'contro]) up to the

cutout (furling) speed, beyond which the unit is shut down for safety
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reasons.
Figure 12 shows the‘typica1 operating characteristics of a large
WECS. For the DOE/NASA-Lewis 100 kW MOD-0 unit (49), the cut-in speed
is 10 mi/h, the rated speed is 18 mi/h, and the furling speed is 40
mi/h. The 2000 kW MOD-1 design (by NASA-LeRC) emb]oys a cut-in speed
of 11 mi/h, rated speed of 25 mi/h, and a cut-out speed of 35 mi/h (50).
Between the cut-in and the rated speeds, the relationship between
the electrical output and the wind speed is non-linear due to the com-
bined effects of aeroturbine (coefficient'of pefformance vefsus tip

speed ratio) and generator (efficiency versus output) characteristics.

2.3.2 WECS Capacity Outage

Because of constant variations in the wind input, the output of a
WECS lies between zero and the rated value for nearly half of the time
(or}even longer for poor wind regime months). This is analogous to
unscheduled outages bf conventional generating unitS and as such can be
included in reliability studies in a similar manner.

If over a long period of time, T, the output of a WECS is‘ka for
~a total period of time, Tk;'then the availability, Awk’ of the capa-
city, C,k> s given (with meéhanical outages neglected) by

T

Awk =T . (2.6)

in which both T, and T have the same units of time (usually hours) and
T does not include any time during which the unit was down for scheduled
maintenance. It follows from this that Awk is also the probability of

outage of capacity, Ok’ where
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0, = (C, - C) o i | | (2.7)

The nature of the WECS output is sdch that several partial capa-
city states may be necessary to model its-behavior. The number of such
states to be considered depends upon the type of wind data available,
the nature of the wind regime, characteristics of the electrical com-
ponents,_avaiiability'of computational time, and the accuracy desired.

The wind speed data for the Hawaiian site are available to the
first decimal place accuracy (see Table I).. Use of such data directly
for the development of NECS model will require a large number of par-
tial cepacity states. To reduce the number of partial capacity states
to a reasonable value without unduly compromising the accuracy requires
the modification of such wind speed‘data by rounding off the data to
the nearest integer. Table V shows such modified data for the month
of March, 1977, for the Hawaiian site. The wind speed data for the
California site is already available in the modified form. These.data
can be handled by employing nine output capacity sta%es in all (on the
basis of integer values of wind speeds and ‘the characteristics of the
MOD-0 NASA Lewis wind turBine genefator) for the WECS. A full capacity
state for WECS corresponds to a wind speed greater than or eqda1 to 18
mi/h but less than or equal to 40 mf/h. A zero capacity output state
corresponds to wind speeds greater than 40 mi/h or less than or equal
to 10 mi/h. A paftia] capacity output state is assigned to each one
mile inceement in wind speed ebove 10 mi/h up to and including 17 mi/h.
Once the number of states is selected, the required probabilities can
be obtained by combining the:WECS output characteristics and the wind

speed-duration curve'(actua1 or any one of the mathematical models



TABLE
TYPICAL MODIFIED WIND SPEED DATA FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

. Hour of day
Day 0 1 2 3 &4 5 6 7 8 9 10 11T 12 13 14 15 16 17 18 19 20 21 22 23
1 28 26 26 27 30 33 31 29 32 30 30 27 28 32 30 28 28 27 27 28 28 26 26 29
2 32 29 27 26 25 27 26 25 26 27 28 32 30 30 30 29 29 30 28 28 28 27 27 27
3 29 27 27 26 26 27 29 27 28 29 30 31 34 31 24 25 24 27 28 29 27 27 27 27
g 27 29 30 27 24 28 29 29 28 29 28 28 28 25 29 28 -- -= = a- a- ee oo --
6 mm mm mm me mm en cm mm e em e me mm e me mm e mm me me me el ee -
7 == == o= m- —- o= o= -c o= = - -- -- 33 32 32 31 34 33 30 29 27 29 29
8 29 30 30 30 27 27 28.26 28 30 29 34 33 37 37 32 31 30 30 30 30 31 27 27
9 29 28 26 28 31 30 30 25 24 25 24 24 20 23 28 28 27 27.21 20 18 18 17 19
10 20 14 14 19 24 27 25 23 24 26 26 25 24 26 28 29 26 27 26 26 26 25 27 27
11 28 25 24 28 29 31 31 30 28 29 31 29 20 28 32 30 32 26 34 32 26 30 35 33
12 34 35 39 37 38 39 37 34 38 35 33 36 31 30 32 30 28 31 24 23 19 22 22 24
13 28 28 27 26 24 26 26 29 31 29 34 38 37 37 39 39 39 38 39 39 38 37 36 35
14 36 38 36 35 34 34 34 36 35 37 35 35 34 34 32 28 30 30 34 34 34 32 35 3]
15 29 30 27 32 29 26 31 -30 29 28 33 32 29 29 30 31 30 31 31 33 30 31 35 35
16 34 33 31 37 36 32 33 29 33 32 32 32 28 28 30 31 33 36 37. 38 36 37 34 34
17 36 34 33 32 31 27 30 32 36 33 32 37 30 28 31 38 33 34 31 27 26 26 27 33
18 3 31 31 29 28 28 29 28 28 27 28 27 26 26 25 25 26 24 26 26 25 27 28 27
19 27 28 27 260 26 27 29 29 27 29 28 28 26 24 28 29 27 24 25 25 26° 25 25 27
20 26 25 26 28 30 33 34 34 30 36 33 30 29 27 27 25 24 25 27 29 30 28 27 27
21 27 26 28 26 28 29 28 26 27 28 29 28 29 28 28 27 30 30 30 30 30 30 32 30
22 31 26 24 25 23 26 30 31 31 29 29 30 28 28 21 27 28 25 26 29 33 34 29 29
23 26 23 26 26 25 26 26 28 31 29 29 29 30 33 30 32 30 31 31 33 29 29 30 29
24 29 25 23 23 22 25 23 23 22 23 25 26 25 24 23 22 24 24 23 2723 21 23 28
25 30 30 29 33 38 32 32 38 34 30 26 27 25 28 28 24 21 24 25 27 27 26 27 23
26 2114 11 14 9 4 6 4 8 7 11 14 16 13 12 9 1 1 1 6 14 13 16- 22
27 21 19 16 11 13 10 13 16 5 6 17 19 22 21 21 16 14 14 15 12 10 13 12 5
28 -14 10 8 10 13 1110 6 18 18 13 14 9 9 6 9 11 7 6 11 12 5 7 12
29 14 16 14 5 1 4 15 13 11 13 12 6 12 14 19 16 13 10 12 11 12 15 13 13
30 1114 13 11 12 12 20 20 16 13 7 14 22 14 15 14 3. 2 2 1 1t-1 1 8
31 10 7 7 12 8 4 1 3 2 3 5 2 1 1 1 2 3 6 5 12
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discussed earlier) for the site under consideration.

Typical capacity outade'probabilfty data for a WECS is shown in
Table VI for the Hawaiianlsite, and Table VII for the California sité.
The values calculated are based on the characteristics of the DOE/NASA
100 kW MOD-0 system. However, they are valid for other systems also if
their characteristics are similar to the MOD-0 unit and if the numbers
indicating kW are considered as percentages of rated output.

A comparison of the probabilities of outages of capacities obtain-
ed using the mathematical models agree, for the most part, with the
values obtained from actual data. The exception is the model with an
assumed g of 4 for the months of March and November, 1977, for the
Hawaiian site and for the months of January and May, 1974, for the
California site. Based on fhe earlier discussion regarding the selec-
tion of the parameter 8, the wind regimes of the two months mentioned
above for the Hawaiian site qualify for a lower value of 8, say 3. The
wind regimes during the two months considered for the California site
qualify for a still lower value of B, say 2. Tables VIII and.IX show
the results based on g = 3 for the Hawaiian site and g8 = 2 for the
~California site along with the values based on actual data for the
respective months. It is seen that the agreement in the probability
values of states is c]oser'with a properly selected (based on vari-

ability) 8 value.

2.3.3 Gombﬁned Systems

The wide variations and the associated uncertainties in WECS out-
puts are fundamentally contradictory to providing a reliable electric

supply to consumers. Obviously, one has to employ some type of storage
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TABLE VI |
CAPACITY OUTAGE PROBABILITY TABLE FOR WECS FOR THE SITE 'KAHUKU UPPER'

Probability of States

Wind Cap. Cap. _ - August, 1976
Speed Out In ' : a and B
mi/h kW kW Actual g =4 Calculated
28b 0. 100 0.5680119 0.5729079 0.5945981
T17 16 84 0.0881913 0.0731208 0.0825419
16 30 70 0.0852017 0.0675933 0.0733633
15 44 56 0.0642750 0.0605413 0. 0626239
14 58 42 0. 0568012 0.0525704 0.0514387
13 70 30 0.0343797 0. 0442572 0.0406937
12 80 20 0. 0284006 0.0360986 £ 0.0310011
1 92 .8 0.0164424 . 0.0284816 0.0227074
239 } 100 0 © 0.0582960  0.0644287 0.0410318
March, 1977 ‘
i}g } 0 100 0.8029630 0.8623770 10.7947085
17 16 84 0.0029630 0.0279708 0.0321635
16 30 70 0.0118519 0.0238625 0.0291907
15 44 56 0. 0059259 0.0200043 10.0261464
14 58 42 0.0251852 0.0164599 0.0230920
13 70 30 0.0222222 0.0132717 0.0200842
12 80 20 0.0192593 0.0104635 0.0171752
1 92 8 10.0162963 0.0080420 0.0144096
2101 100 0 0.0933333  0.0175482 0.0430298
__November, 1977 '
2u } 0 100 0.0865921 0.0068847 = 0.0865427
17 16 84 0.0083799 0.0132276 0.0334859
16 30 70 10.0167598 0.0288056 0.0419264
15 44 56 0.0377095 0.0523618 0.0508750
14 58 42 0.0405028 0.0809587 0.0598154
13 70 30 0.0572626 0.1083018 0.0681176
12 80 20 0.0935754 0.1272786 0. 0750899
1 92 8 0.0907821 - 0.1331533 0.0800565
21 } 100 0 . 0.5684357 0.4490278 0. 5040905
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| TABLE VII
CAPACITY OUTAGE PROBABILITY TABLE FOR WECS FOR THE SITE 'LIVERMORE'

Probability of States

Wind Cap. Cap. May, 1974

Speed Out In o and B

mi/h kv kW Actual B =4 Calculated

=8 ‘ 0 100 - 0.6209677 0.8706228  0.6434819
16 30 70 0.0362903 0.0267066 0.0309939
15 44 56 0.0134409 0.0224718 0.0297091
14 58 42 0.0645161 0.0185462 0.0282206
13 70 30 0.0053763 0.0149904 0.0265421
12 80 20 0.0470430 0.0118409 0.0246913
M 92 8 0.0053763  0.0091140 0.0226870

g ?8 } 100 0 0.2069892 0.0257074  0.1936740

‘ January, 1974

é 18 } 0 100 10.3293011 0.2023720 0.2892541
17 16 84 0.0040323 0.0830979 0.0314841
16 30 70 0.0389785 0.0942240 0.0337791
15 44 56 ©0.0120968 . 0.0998846 0.0360898
14 58 42 ~0.0470430 0.0994905 ~  0.0383822
13 70 30 0.0067204 0.0934991 0.0406186 -
12 80 20 0.0497312 0.0831668 0.0427498
11 92 0.0040323 0.0701597 0.0447205

2304 100 0 0.5080645  0.1741035 0.4429212




" COP TABLE USING

TABLE VIII
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IMPROVED MODEL FOR THE SITE 'KAHUKU UPPER'

Cap. Cap. Probability of States
Out In March, 1977 November, 1977
kW kW Actual g =3 Actual B =3
0 100 0.8029630  0.7843006  0.0865021  0.0412848
16 84 0.0029630  0.0325922  0.0083799  0.0288614
30 70 0.0118519  0.0297931  0.0167598 ~ 0.0418369
44 56 0.0059259  0.0268933  0.0377095  0.0566461
58 42 0.0251852  0.0239502  0.0405028  0.0718310
70 30 0.0222222  0.0210182  0.0572626  0.0855085
80 20 0.0192593  0.0181475  0.0935754  0.0957496
92 8 0.0162963  0.0153848  0.0907821  0.1010082
100 0 0.0033333  0.0479201  0.5684357  0.4772733




TABLE IX

COP TABLE USING IMPROVED MODEL FOR THE SITE 'LIVERMORE'

a1

Probability of State

Cap. Cap.
“Qut In May, 1974 January, 1974
kw kW Actual B =2 Actual g =2
0 100 0.6209677  0.5970098  0.3293011 0.2975414
30 70 0.0362903  0.0305780 - 0.0389785  0.0474661
44 56- 0.0134409  0.0297927 0.0120968  0.0503334
58 42 0.0645161 0.0288116  0.0470430  0.0526780
70 30 0.0053763  0.0276348  0.0067204  0.0543731
80 20 0.0470430  0.0262650  0.0497312  0.0552998
92 8 0.0053763 . 0.0247073  0.0040323  0.0553516 .
100 0 0.2069892  0.2352008  0.5080645  0.3427522
16 84 - . 0.0080323  0.0442044
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system to supply energy during calm periods br WECS should be operated
parallel with existing conventional generators. The latter is the
logical chpice (from the economic.viewpoint) at present and as such,

the rest of this study will concentrate on wind-assisted utility sys-
tems. For such combined systems, the term "penetration" is defined as
the ratio of the WECS capacity to the total installed capacity (WECS
and conventional). |

When several conventional generators and WECS are operating in
parallel, probability models of both can be convolved in a straight-
forward manner to derive a combined capacity outage probability table.
In this study, all conventional generating units are represented by two
state (binary) mode]s with availability (q) = 0.98 and unavailability
(p) = 0.02 (21).

Tables X and XI show typical combined capacityioutage probability
data for twenty percent-pehetration (total capacity = 500 kW; WECS
capacity = 100 kW) for the month of August, 1976, for the Hawaiian site
and for the month of May, 1974, for the California site. Probabi]itj
values less fhan 10—6 have been neglected in compiling these tables.

It can be seen that the differences in the probability values computed
using actual data and using the mathematical models are smaller than

the corresponding differences in Tables VII and VIII for WECS alone.
2.4 Calculation of a Reliability Index

2.4.1 Load Model

By combining any one of the generation‘mode1s developed in the

previous section with a suitable load model, an index representing the



TABLE X

COP TABLE FOR COMBINED SYSTEM WITH 20% PENETRATION

FOR AUGUST, 1976, FOR THE SITE 'KAHUKU UPPER'
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Cap. Probability of States

In : a and B

kW Actual g =4 Calculated
500 0.5239161 0.5284320 0.5484384
484 0.0813447 0.0674443 0.0761340
470 0.0785873 0.0623459 0.0676680
456 0.0592852 - 0.0558414 0.0577623
442 0.0523916 0.0484893 0.0474454
430 0.0317107 0.0408214 0.0375346
420 0.0261958 -0.0332962 0.0285944
408 0.0151659 0.0262705 0.0209446
400 0.0965391 0.1025625 0.0826169
384 0.0066404 - 0.0055057 0.0062150
370 0.0064153 0.0050895 0.0055239
356 0.0048396 0.0045585 0.0047153
342 0.0042769 0.0039583 0.0038731
330 0.0025886. 0.0033324 0.0030640
320 0.0021384 0.0027181 0.0023342
308 0.0012380 0.0021445 0.0017098
300 0.0056987 0.0061716 0.0044601
284 0.0002033 0.0001685 0.0001903
270 0.0001964 -0.0001558 0.0001691
256 0.0001482 0.0001395 0.0001443
242 0.0001309 0.0001212 0.0001186
230 0.0000792 0.0001020 0.0000938
220 0.0000655 0.0000832 0.0000715
208 0.0000379 0.0000657 0.0000523
200 0.0001522 0.0001665 0.0001132
184 0.0000028 - 0.0000023 0.0000026
170 0.0000027 0.0000021 0.0000023
156 0.0000020 0.0000019 0.0000020
142 0.0000018 0.0000017 0.0000016
130 0.0000011 0.0000014 0.0000013




TABLE XI

COP TABLE FOR COMBINED SYSTEM WITH 20% PENETRATION

FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

44

Cap. Probability of States
In a and B
kW Actual g =4 Calculated
500 - 0.572761- 0.593527 0.803035
470 0.033473 0.028588 - 0.024633
456 0.012347 0.027403 0.020727
442 0.059508 0.026030 0.017106
430 0.004959 0.024482 0.013827
420 0.043391 0.022774 0.010922
408 0.004959 0.020926 0.008406
400 0.237676 0.227090 0.089265
370 0.002732 0.002334 0.002010
356 0.001012" 0.002237 0.001692
342 0.004858 0.002125 0.001396
330 0.000405 0.001998 0.001128
320 0.003542 0.001859 0.000891
308 0.000405 0.001708 0.000686
300 0.017017 0.016066 0.003942
270 0.000084 0.000071 0.000061
256 0.000031 0.-000068 0.000051
242 0.000149 0.000065 0.000043
230 0.000012 0.000061 0.000035
220 0.000108 0.000057 ~0.000027
208 0.000012 0.000052 0.000021
200 0.000497 0.000467 0.000086
170 0.000001 0.000001 0.000001
156 0.000001 0.000001 0.000001
142 0.000002 0.000001 0.000001
130 0.000001 0.000001 0.000001
120 0.000001 0.000001 0.000001
108 0.000001 0.000001 0.000001
100 0.000005 0.000005 _ 10.000001
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expected risk of loss of load is derived. Figure 13 shows a load model
that 15 traditionally used’fn such studies. It is a plot of peak load
versus the number of time units the load is‘greater than or equal to
the value during the stﬁdy period. With WECS present and with the
availability of hourly wind data, the mdst appropriate time unit to

use is hours, and the final result for the loss of load will then be in
terms of hours per study period (hours or months).

Referring back to Figure 13, it is seen that the minimum peak load
is taken as 40 percent of thé-maximuﬁ peak 1oéd. ‘This is fairly typi-
cal for such load mode]s.v To study the influence of the load model
itself (and indirectly, the amount of reserve capacity), the maximum
peak load is varied from 50 percent tp 100 percent of the total (WECS
plus conventional) installed capacity in six steps. This prdcedure is
repeated for eight different values of penetration to study its effect
on the reliability of the combined system. Changes in the penetration
values were simulated by maintaining the WECS capacity constant (at
100 kW) and varying the number of conventional units (100 kW each)

operating in parallel.

2.4.2 Loss of Load Probability (LOLP) Method
(21, 51) | |

The purpose of providing reserve cabacity is to decrease the
probability of occurrence of loss of load. The work described in sec-
tion (2.3.3) dealt with 1oss}of generétion capacity only. The system
load, however, undergoes hourly, daily, and §easona1 variations. Any
capacity outages, therefore, may or may not result in a loss qf load

depending on whether the remaining capacity is sufficient to supply
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the Toad while the outage exists. To take this factor into account,

a load duration curve is needed in addition to generation probabili-
ties of the combined system previously calculated. The above 1oad,
duration curve can bé modified to allow for the possibility of carrying
load at a reduced vo1ta§e, if necessary.

Let Ogl’ 092, ..... 5 ng, 0g(k+1)’ ..... , be the combined system
(WECS plus conventional) exact .generation capacity outage values obtain-
ed for the combination of WECS and a nuhber of conventional génekating
units. These are shown by vertical lines on the load model (Figure
13). In the long run average duration in the study period the load.
exceeds the available generating capacity, otherwise known as the loss
of load probability (LOLP), may be calculated by noting that with an
exact capacity outage of ng, loss of load is Tikely to occur during
the time tk when the load exceeds the available capacity. If Agk is
the probability of outage of capacity, ng, then the product, Agktk’
gives a measure of the 1ikelihood of loss of load contributed by the

combined system capacity outage, 0 By summing the contributions

gk’
from all the combined syStem exact capacity outage values, Ogl’ 0

g2
..... s ng, Og(k+1)""" the loss of load proability is obtained as
below
LOLP = E Agkt (2.8)

Figures 14 through 18 show the computed values (sample data for 20
percent penetration for the months of March, 1977, and May, 1974, for
Kahuku Upper and Livermore are tébu]ated in Tables XII and XIII, re-
spectively), of LOLP plotted against the peak load in per-unit for dif-

ferent penetrations for the three sample months (August, 1976, March,
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TABLE XII

LOSS OF LOAD PROBABILITY DATA FOR 20% PENETRATION
MARCH, 1974, FOR THE SITE 'KAHUKU UPPER'

FOR

Load % of

Installed a and B

Capacity Actual Calculated g =4
50 0.076690 0.048100 0.027654
60 0.149432 0.117455 .0.074294
70 2.093428 1.408845 0.904663
80 . 4.166291 3.345196 2.248528
90 28.567190 21.573270 16.143400
100 54.114310 45.643960 34.329100

TABLE XIII

LOSS OF LOAD PROBABILITY DATA FOR 20% PENETRATION
MAY, 1974, FOR THE SITE 'LIVERMORE'

FOR

Load % of

Installed o and B ‘
Capacity Actual Calculated B =14
50 0.154869 0.149284 0.036851
60 - 0.303609 0.288280 0.091480
70 4,035583 3.895436 1.150754

80 8.125736 7.742704 2.721691
90 49.967020 48.416100 19.395900
40.349220

100 - 96.101650 92.149940
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1977, and November, 1977) for the Hawaiian site, Kahuku Upper, and for
the two months (January, 1974, and March, 1974) for the California
site, Livermore.
Each figure consists of three parts:
a) expected loss of load with actual (measured hourly wind speed)
data, A
b) expected loss of load using the model wifh B =4 and o com-
puted from the mean wind speed and Equation (2.3),
c) expected loss of load using'the model with both o and B calcu-
lated from the mean wind speed and the variance and Equations
(2.3) and (2.4).

These results and their implications are discussed in the follow-

ing section.
2.5 Discussion

In Figures 14 through 18, the plots are hade‘up of straight-line
segments to emphasize the fact that the break points are indeed the
calculated values and that many more runs may be necessary to locate
the intermediate points required to draw smooth curves. An examination
of these results reveals that when fhe peak Toad is Tower than the con-
ventional generation capacity, the Tnfluence of WECS on the combjned-
system expected loss of load is not significant. As the peak load
approaches and exceeds the conventional generation capacity, the
expected Tloss 6f load increases sharply. This indicates a Tow confi-
dence in wind generation. In addigion, the EXpecfed loss of Tload
increases with an increase in the penetration and decreases with an -

increase in the mean wind speed (better wind regime). Although not
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immediately obvious from the figures, for a given peak load (less than
or equal to the conventional generation cépacity), removal of WECS
increases the system loss of load expectancy. From this statement, one
can infer that it is possible to assign a capacity credit to WECS--the
amount of conventional capacity that should be added to realize an
identical decrease in the expected loss of load (see reference 38).
Referring to Figure 14, it is seen that the general nature of
variation of the expected loss of load is the same with all three
approaches. In fact, the maximum difference between the figures obtain-
ed using actual data and mathematica] model is Tess than six percént.
Similar consistency is exhibited in Figure 15 also, with a maximum dif-
ference of 15 percent befween,the LOLP obtained using actual data and
from calculated o and B. However, fhe difference between actual and
the model with g8 = 4 is large--around 40 percent maximum for the
Hawaiian site and very large for the California site. This is due to
an inappropriate choice of 8. As discussed earlier, for the month of
March, 1977, for the Hawaiian site, a rea1istic value of g is 3 and for
the month of May, 1974, for the California site, a realistic value of
g is 2 (extremely large variance--over 100). These choices for the B8
value Wi]] once again bring the actual and the model values within 15
percent. The wind régime during November, 1977, for the Hawaiﬁén site
and during January, 1974, for the California site are Very poor, and
these are reflected in the high values of éxpected loss of load shown
in Figures 15 and 17. Even with a g value of 4, the models and the
actual figures agree within six percent for the Hawaiian site and
within 12 percent for the Ca]%fornia site. Better chofces for the B

value (3 in case of the Hawaiian site and 2 in case of the California
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site) do not improve significantly the agreement between the actual and

the model with an assumed 8 value.

2.6 Consideration of Scheduled Maintenance

and Mechanical Outages of WECS

Watchorn (52) has worked extensively on seasonal and miscellaneous
capacity feductions, and schédu]ed and routine maintenance requirements.
A simple maintenance schedule was incofporated in a digital computer
program by Kirchmayer et al. (51). In a combined generation system
(WECS plus conventional), maintenance reduces the generatfon capacity
and should be considered és such. However, without significant error,
it may be considered as an increaée in tHe system load. - The increase
of load considered depends on the type of generation system and the
duration of ﬁperation of the unit (52). As an example, thérma1 gener-
ation system scheduled maintenance involves maintenance of boilers,
turbines, and electric generators and, moreover, the older the unit,
the longer the scheduled maintenance. Inclusion of maintenance by
this procedure alters the peak Toad variation, as shown in Figure 19.
Figure 19 is obtained frdm Figure 13 by raising the resu]ting maximum
effective load level to the minimum possible amount (minimum ordinate
on the load duration curve) conéisten£ with the maintenance ﬁeriod. A
typical maintenance schedule assumed‘fér all conditions is shown in
Table XIV and in Figure 19 for a tota1’generation capacity'df 1000 kW
(nine conventional genergtipg unips of 1001kw each plus one WECS of
100 kW). Figure 1§‘inv01ves the scheduled maintenance of conventional
generating units only. Each of the convenfiona] generating units in

the system is assumed to be withdrawn from service for an average
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- period of 40 hours a month. In the case of WECS, the maintenance
schedule was arranged during the calm (less than cut-in) period within
the time under consideration. Such a procedure makes sense from the
economié pqint of view (extraqt méximum energy during good wind
speeds). If such a schedule for WECS is not possib]é, then maintenance
could be arranged during the low output hours and its effect can be
incorporated by altering the 1oad model as discussed above for conven-
tional generating units. Such changes can be easily incorporated in

the computer -program.

TABLE XIV
MAINTENANCE PATTERN

Time, at the End of - Capécity Out of Service
the Interval : During Interval
(Hours) (Hours)
384 M0 = 0
504 | M, = 100 kW
744 M2 = 200 kW

It is reasonable to assume a mechanical outage value of 0.01 for
WECS, and its effect can bé considered by derating the capacity of WECS
by 0.01. Mé]ton (38) suggested that forced outages due to mechanical

failure combined with scheduled maintenance averaged to about three
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percent for an individual WECS. .Therefore, derating the WECS capa-
city by this dmount can account for the expected mechanical outage

and scheduled maintenance for re]iabi]ity studies.
2.7 Capacity Credit

Due to wide variations in the output capacity resulting from vari-
ations in the wind input; WECS alone cannot be expected to meet unsched-
uled Toad demands or assist in a crisis arising due to the failure of a
conventional generating unit operating in parallel with WECS. As such,
one is Tikely to conclude that installation of WECS will not displace
the installation of any amount of conventional generation capacity.
However, using the approach for determining the reliability indices
for conventional generatibn systems, it can be shown that installation
and operation of WECS in parallel with utility grids indeed improves
. the overall system reliability and therefore it is possible to "assign"
a capacity credit for WECS. Determination of capacity credit for WECS
is a complex problem. It depends upon factors such as machiﬁe para-
meters, generation mix (penetration), load demand, wind regime, and
the 1ike. Instead df consideraing all of these factors in detail, a
simple approach suggested by Melton (38) will be used. In this method,
the WECS in the generation mix is rep]aéed by a highly reliable con-
ventional generation unit whose capacity is varied from a Tow value to
a value equal to the WECS rating and for each value the reliability
index is computed for the same load demand. This reliability index is
plotted against the capacity:df.the conventional unit added. The value
of the capacity readoff from this plot corresponding to the expected

Toss of Toad with the WECS in the combined system is indicative of the
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capacity credit that can be assigned for WECS.

To estimate the capacity credit for the two sites under consider-
ation, the WECS in the generation mix is replaced by a conventioha]
generating unit with failure and repair rates of 0.01 fai]ureﬁ/day and
0.49 repairs/day, respectively. The capacity of the unit replacing
the WECS in the generation mix is varied from 10 kW to 100 kW in steps
of 10 kW and the reliability index corresponding to each capacity value
is determined assuming the load to remain the same. This procedure is
repeated for different load demands fof the period under consideration.
A typical plot of re]iabi]ity index versus the capacity of the'rep1ac-
ing conventional unit for maximum generation capacity of 500 kW (four
conventional generating units of 100 kW capacity each plus a conven-
tional generating unit replacing WECS with maximum capacity 100 kW)
and for a maximum load (see page 46) of 80 percent of the system gen-
eration capacity is shown in Figure 20. Plots are obtained for differ-
ent installed capacities and for different load demands. It has been
observed that the value of capacitiesireédoff from these plots corres-
ponding to the expected loss of l1oad with WECS in the combined system
are different for different 1oéd deménds and‘for different generation
mixes. As such, for a given wind regime and for a certain value of
generation mfx, it is logical to dﬁscuss a capacity credit range,
determined from the plots for different load values. The procedure is
continued for the same wind regime but with different generation mixés.
A mean of these capacity credit fanges is representative_of'the expected
value of the capacity credit that can be assigned to the WECS for.the
wind regime under consideratioh. Determination of a more appropriate

and realistic range of capacity credit requires the computation of
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capacity credif ranges for a similar period over several years (ten to
fifteen years) and taking a mean of these ranges. The results with
hourly wind speed data for low mean wind speéd and high mean wind
speed months for the two sites, 'Kahuku Upper' and 'Livermore' are

given in Table XV.

TABLE XV

EXPECTED CAPACITY CREDIT RANGE FOR THE SITES
'KAHUKU UPPER' AND 'LIVERMORE'

Month Mean Speéd Variance Capacity

v and mi/h 52 Credit

Site Year m, v kW
Kahuku Upper March 1977 24.96 77.41 - 50-60
November 1977 - 10.31 21.81 0-10
Livermore January 1974 13.71 ‘ 97.21 20-30
May 1974 24,06 1130.34 40-50

2.8 Conclusions

»Probébi]ity models of wind speed can be used to develop capacity
outage probability tables for wind electric conversion systems. These
tables have been employed in the re]iabi]ity evaluation of wind systems
operating in parallel with conventional generators. |

The primary step in the procedure is the selection of a suitable
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model for the wind speed distribution. fhis depends on the nature of
the wind data available for the site in questfon. It has been shown
that, in most‘éases, the mean'(hour1y) wind speed and a knowledge of
jts variability are enough to make an appropriate selection (of 8 and
consequently of the model). The range of values for the parameter B
are discussed by considering two totally different sites. If both mean
and variance are known, it is possible to arrive at a fairly accurate
model.

The family of expected loss of load curves computed and presented
for two typical WECS sites should Tead to an understanding of the
inter-action of the basic parameters involved and the manner in which
they influence the overall syétem re]iabi]ity. Procedures to include
the effects of scheduled and mechanical outages in the system have

also been discussed.



CHAPTER III

MARKOV MODEL FOR WECS AND ITS APPLICATION IN
RELTABILITY STUDIES USING THE FREQUENCY
AND DURATION APPROACH

3.1 Introduction

Static generating capacity re]iabi]ity evaluation of conventional
generation systems has been under investigation over the last thirty
years. Excellent papers have been published on modeling a conventional
generation system and on its application in reliability studies. With
the expected entry of large WECS and their operation in parallel with
the utility grids in the near future, estimation of generation reserve
and the load-carrying capability of the overall system assumes impor-
tance. An accurate assessment of the reliability of such cbmbined sys-
tems requires the development of'a.more realistic model for WECS than
the one employed in the previous chapter.

The Markov process is a particular kind of stochastic process
which finds increasing app]ication in power systems reliability studies
(34, 53). Interest in the Markov process arises from the fact that it
models real life situations fairly accurately and the mathematical for-
mulation is well developed and relatively simple. Appendix A gives a
brief summary of the assumptions and the equations involved. Based on

this approach, a Markov model is developed for WECS in this chapter.
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It is a multi-state model, derived from the measured hourly wind data.
The Tonger the duration over Which data is available, the better the
model and the repreéentation.

In recent years, increasing attent1on is being given to the
development of reliability measures that are valid for the entire
(generation and transmission) power system (32). Since frequency and
duration approach is the accepted practice for evaluating transmissipn
system reliability, development of a Markov model for WECS offers the
opportunity for the eventua1.1ntegration of generation and transmission
system studies with the ultimate goal of arriving at an overall reli-

ability model and reliability indices.
3.2 Markov Model for WECS

In modeling WECS, the unit is defined by a maxihum capability and
by the long-run behavior patterh.with regard to the occurrence and the
cyclic interchange between its different states (full capacity, zero
capatity, and a number of partial capacity states). The WECS is char-
acterized by the existence of various amounts of‘capacities available
(or conversely, an outage), the expected availabilities of these capa-
cities and the expected recurrence, or the cycle time of these states.

The WECS is described in terms. of a number of cepacity states and
the rates of departures between the states. Further, tﬁe model in
terms of exact capacity states can be readily transformed into a cumu-
lative model. These models are used to implement the cohmon]y used
generation system reliability computation techniques to generate
information concerning the frequency and the duratton of the‘outage

states. These measures for the generation system are compatible with
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the transmission and distribution system reliability measures.

The primary goal of this chapter is to present a logical develop-
ment of a generation model for WECS based on the Markov model and to
compute the system reliability using a suitable Toad model (Markov
chain model) when the WECS is operating in parallel with other conven-
tiona1 generators.

The‘abi1ity of a WECS fo supply power is equal to its instantan-
eous generation éapacity. This is a value changing from time to time
and is dependent uponAthe environment about the p1ant’and‘the state of
the associated auxiliary equipmenf. The capacity may be at full mach-
‘1ne rating for certain périods of time, changing suddenly to a lower
(partial capacity) value due to a change in the input wind speed or due
to a loss of certain auxiliary equipment, or it may be zero when the
wind speed is low or too high. The transitions‘from one capacity state
to another are assumed to take place instantaneously and they may occur
at any time. The average amount of time the capacity remainéiat a cer-
tain value before transitioning tQ some other capacity state is called
the residence time for that state.. | |

A partial capacity state is a relatively short term randomly
loccurring derating of the WECS and js caused by the variation of the
input wind speed; As defined in this thesis, the partial capacity
states are seasonal and hence are predictable. ‘Mechanical outages,
including the loss of a portion of the unit auxiliary equipment and
scheduled maintenance of the WECS wﬁich may reduce the maximum capa-
bility of an array of WECS are excluded from consideration in develop-
ing the model. |

The Markov model proposed for WECS is shown in Figure 21. The
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assumptions'in?o]ved are the same as those given in Appendix A for the
homogeneous discrete-state continuous-transition Markov process.

The approach described in Appendix A for computing steady state
probabilities cannot be applied directly to the WECS model since the
information available is only the hourly wind speed input to WECS over
a certain period of time and the rates of departures between the states
is not available directly.

Biggerstaff and Jackson (34), Ad]er.(54), and Cook et al. (55)
have developed models incorporating a partial capacity state in addi-
tion to full capacity and zero capacity states for conventional gener-
ating units. In the pfesent work on WECS, the method developed by
Biggerstaff and Jackson has been extended to recogniee and include a
number of partial capacity states in WECS capacity.

Biggerstaff and Jackson have also shown that the number of tran-
sitions out from a state in the Tong run is equal to the number of
transitions into the state. Thus, the rates of departure to down and

up states are given by:

Number of‘transitions from the_higher (Tower) capacity
_ state j to the lower (higher) capacity state k ‘ - (3.1)

Pap. =
Jk Long-run duration of time the output stayed in the
capacity state j '

and the availability of a state j is given by

(3.2)

where tj is the long-run duration of time the output stayed in

state J and T is the total time under consideration.
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Hall et al. (31) have shown that the frequency of encounter and
the cycle time of state j, in the long-run, are given by the following
equations:

total rate of departure) (3.3)

fj = (availability of state j) x‘(from state j

cycle time } - 1 - (3.4)
for state j § frequency of encounter of state j '

3.3 Exact-state Capacity Model for WECS

The exact-state capacity model for WECS for use in the frequency
and durétion approach 'is derived from the basic parameters for.each of .
the capacity outage states--namely, thé'probabi]ity and effective rates

of departure to lower and higher capacity states.

3.3.1 Wind Data and Aeroturbine-Generator

Characteristics

Hourly wind speed daté are essential for the apbroach fo]]owed in
the present studies.‘ The wind speed data could be average values over
one minute, five minutes, or .even ten minute durations, every hbur on
the hour. The data for the two sites, 'Kahuku Uppér' of Hawaii and
*Livermore' of California have been considered in the present studijes.
DOE/NASA-Lewis 100 kW MOD-0 unit has been considered once again for the

reliability studies.

3.3.2 Availabilities of Output Capacity
States of WECS |

On the basis of integer values of wind speeds (modified wind speed



70

data for the Hawaiian site) and the characteristics of the MOD-0 NASA-
Lewis wind turbine generator, nine output capacity (full output capa-
city, zero output capacity and seven partial output capacity) states
have beenvemp1oyed (see WECS Capacity Outage, page 33). The magnitude
of the output cépacity'of each partial capacity is computed from the
characteristic of the wind turbine generator under consideration (see
Figure 12). For each output capacity state, the total number of hours
the output remained in that state is extracted from the (modified)
input wind speed data. These numbers of hours, when divided by the
total number of hours under consideration, yield the availabilities of

the various output capacity states of the WECS.

3.3.3 Rates of Departure to Down and Up States

Computation of the rates‘of departure from each of the WECS output
states to a]i'of the other down and up states requires the counting of
the number of transftions from each of the WECS states fo all other
down and up states. This process is made easy by an additional modi-
fication of the wind speed data used in the computation of the avail-
abilities. Wind speeds greater than or equal to 18 mi/h but less than
or equal to 40 mi/h are replaced by 18 mi/h, and the wind speeds
greater than 40 mi/h or less than or equallto 10 mi/h are replaced by
10 mi/h, keeping all other wind speed values unchanged. Such modified
wind speed data for the two sites under stddy ére shdwn in Tables XVI
and XVII. The total number of transitions from each of the wind speed
values (which corresponds to an output state of WECS) to all other
Tower and higher speeds (which correspoﬁds to Tower and higher capa-

city states) in the modified wind data array are counted. These



TABLE XVI

MODIFIED WIND SPEED DATA TO COMPUTE THE TRANSITIONS FROM ONE STATE TO

ANOTHER FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

Hour of day
Day 0 1 2-3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1 18 18 18 18 18 18 18 18 18 18 13 18 18 18 18 18 18 18 18 18 18 18 18 18
2 18 18 18 18 18 18 18 18 18-18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
3 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
4 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 -- -= - == - == wc ==
5" cm mm oo e e ee mm mm e em cm cm mm mm mm mm mm ee e em e ae ce oo
6 T T T T T A S
7 -= == == == —= == - 4= 4= 4= -- -- -- 18 18 18 18 18 18 18 18 18 18 18
8 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
9 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 17 18
10 18 14 14 .18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
1 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
12 18 18 18 18 18 18 18 18 18 ‘18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
13- 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
14 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
15 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
16 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
17 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 13-18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
19 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
20 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
21 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
22 18 18 18 .18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
23 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
24 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 .18 18
25 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
26 18 14 11 14 10 10 10 10 10 10 11 14 16 13 12 10 10 10 10 10 14 13 16 18
27 18 18 16 11 13 10 13 16 10 10 17 18 18 18 18 16 14 14 15 12 10 13 12 10
28 14 10 10 10 .13 11 10 10 18 18 13 14 10 10 10 10 11 10 10 11 12 10 10 12
29 14 16 14 10 10 10 15 13 11 13 12 10 12 14 18 16 13 10 12 11 12 15 13 13
30 1M 14 13 11 12 12 18 18 16 13 10 14 18 14 15 14 10 10 10 10 10 10 10 10
31 10 13 10 10 10 11 12 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 12

LL



TABLE XVII

MODIFIED WIND SPEED DATA TO COMPUTE THE TRANSITIONS FROM ONE STATE TO
ANOTHER FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

: Hour of day -

Day 1 2 3 4 5 6 7 8 9 70 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 18 18 18 18 18 18 18 18 18 18 10 18 10 10 10 18 18 10 18 10.10 18 18 18 .
2 18 18 18 18 18 18 18 18 18 15 14 14 14 18 18 18 .18 18 18 18 18 18 18 18
3 18 18 18 18 18 16 18 14 10 10 10 10 10 18 10 16 18 18 18 18 18 18 18 18
4 18 18 18 18 18 18 18 14 .16 16 12 12 14 12 10 12 18 18 18 18 18 18 18 18
5 18 18 18 18 18 12 12 13 10 11 10 10 14 10 12 12 18 18 1€ 18 18 18 12 10
6 10 18 18 18 .10 15 10 14 10 10 10 12 10 15 12 14 14 18 18 18 18 18 16 18
7 16 18 12 18 10 10 10 10 10 710- 10 10 10 10 14 14 16- 12 14 18 18 18 18 18
8 18 18 16 11 .10 16 10 10 10 10 10 12 10 15 18 18 18 18 18 18 18 10 18 18
9 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 10 10 10 18 10 10 10

=10 10 10 18 18 18 18 16 14 18 14-12- 18 14 10 16 14 18 18 18 18 18 18 18 18

1 18 18 18 18 18 10 10 10 10 10 16 12 10 16 16 18 18 18 18 18 18 18 18 18
12 18.18 10 18 1C 15 18 10 18 10 18 18 18 18 18 18 10 10 10 10 10 10 18 18
13 18 18 18 18 18 18 18 18 18 18 18 18 18 14 18 18 18 18 10 18 18 18 18 18
14 18..18 18 18 18 18 18 18 18.18 18 18 18 18 18 18 18 18 10 10 10 10 10 10
15 16 10 10 18 18 18 18 18 18 18 18 18 18 18 18 18 10 10 10 10 10 18 18 18
16 18 10 18 18 10 18 18 18 18 18 18 18 18 14 18 18 18 18 18 18 18 18 18 14
17 18 18 18 18 18 18 10 12 i8 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 12 1215 18 10 15 18 18 18 18 ‘14 10 18 18 18 18 18 18 18 18 18 18 18 18
19 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 10 18 18 18 10 18
20 18 18 18 .18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
21 18 1¢ 18 18 10 10 12 10 10 10 10 10 10 10 10 14 18 16 18 18 18 18 18 18
22 18 18 18 10 18 18 14 14 18 12 10 12 14 10 10 14 16 18 18 18 18 18 18 18
23 18 18 18 18 18 18 14 12 10 18 18 14 15 14 14 18 18 18 18 18 18 18 18 18
24 18 18 18 18 12 12 10 10 10 10 14 14 10 14 18 18 18 18 18 18 18 18 18 18
25 18 18 18 16 10. 10 10 10 10 14. 12 14 14 10 10 10 18 16 15 14 13 14 10 12
26 10 11 12 12 10 14 16 18 18 18 18 18 18 18 14 15-13 12 14 18 18 18 14 14
27 16 14 18 16 16 18 18 12 14 18 18 18 18 18 18 18 18 18 18 10 10 10 10 10
28 10 10 10 10 10 18 18 18 18 18 18 18 18 18 18 18 18 10 10 10 10 10 10 10
29 10 10 10 10 18 18 18 18 18 14 10 10 10 16 18 18 18 18 18 18 18 18 18 18
30 18 14 10 10 12 13 10 11 16 18 18 16 16 12 12 10 18 18 18 18 18 18 18 18
31 18 18 18 10 14 18.18 10 12 10 10 16 18 18 16 18 18 18 18 18 18 18 18 18

A
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numbers are»given in Tab]es XVIII and XIX for the Hawaiian and Cali-
fornia sites. The number of transitidns from an output capacity state
to a lower (higher) ohtput capacity state when divided by the total
number of hours the output remained in that output capacity state
(from which transitions are emanating) yields the corresponding rate of
departure to the down (up) state. Tables XX and XXI show the rates of
departures to down and up states for 'Kahuku Upper' and 'Livermore.'-
Using the results obtained thus far, the frequency bf encounter
and the cycle time of an exact output capacity state k of WECS in the

long run can be calculated as follows:

| Ty total rate of
frequency of ' _[availability '
encounter of state kf [of state k ]>< departure from. (3.5)
. state k
the cycle time) _ R | (3.6)
of state k f ~ Frequency of encounter of state k )

Tables XXIT and XXIII give (in consolidated form) the exact-state
output capacity model for WECS. It lists capacity on oﬁtage, capacity
in service, availability, total rate of departure from each state to
lower and higher states, frequency of encounter, and cycle time of
exact capacity states for the month of March, 1977, for 'Kahuku Upper'

and for the month of May, 1974, for 'Livermore.'

3.4 Markov Mdde] for Conventional

Generating Units

In practice, it is rare to operate the WECS alone (because of wide
variations in the input speed). They will be operated in parallel with

a number of conventional generating units. Since WECS has been modeled



TOTAL NUMBER OF TRANSITIONS FROM ONE STATE TO ANOTHER
FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

TABLE XVIII

74

To State
From State 1 2 3 4 5 6 7 8 9

Down State
1 - 1 4 0 3 1 0 0 0
2 - - 0 0 0 0 0 0 0
3 - - . 0 2 3 0 1 1
4 T 0o 0
5 - - - - - 2 0 1 5
6 - - - - - - 3 4 4
7. - - - - - - - 1 6
8 - - - - - - - - 2
9 - - - - - - - - -

Up State -
1 - - - - - - - - -
2 2 - - - - - - - -
3 1 0 - - - - - - -
4 0 0 0 - - - - - -
5 3 0 2 2 - - - - -
6 0 0 2 0 1 - - - -
7 1 0 0 1 2 0 - - -
8 0 0 0 0 3 2. 4 2 -
9 1 1 0 1 3 4 4 4 -
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TABLE XIX

TOTAL NUMBER OF TRANSITIONS FROM ONE STATE TO ANOTHER
* FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

To State
From State 1 2 3 4 5 6 7 8 9
Down State
1 - 0 m 1 1 0 7 0 32
2 - - 0 0 0 0 0 0 0
3 - - - 1 3 0 4 1 ]
4 - - - - 3 1 1 0 1
5 - - - - - 1 4 0 Mn
6 - - - - - - 1 0 2
7 - - - - - - - 0 13
8 - - - - - - - - 2
9 - - - - - - - - -
] - - - - - - - - -
2 0 - - - - - - - <
3 13 0o - - - - - - -
4 4 0 0 - - - - - -
5 16 0 5 2 - - - - -
6 0 0 0 0 1 - - - -
7 5 0 0 1 7 2 - - -
8 0 0 1 0 .0 0 1 - -
9 28 0 6 5 10 .0 10 3 -




TABLE XX

RATE OF DEPARTURE FROM ONE STATE TO ANOTHER FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

From To State
State 1 2 3 4 5 6 7 8 9
Down State
1 - 0.0018450 0.0073801 0.0000000 0.005535 0.0313450. 0.0000000 0.0000000 0.0000000
2 - Co- 0.0000000 0.0000000 0.000000 0.0000000 0.0000000 0.0000000 0.0000000 .
-3 - - - 0.0000000 0.250000 .0.3750000 0.0000000 0.1250000 0.1250000
4 - - - - 0.250000 0.5000000 0.2500000 0.0000000 0.0000000
5 - - - - : - 0.1176471 0.0000000 0.0588235 0.2941176
6 - - - - - - 0.2000000 0.2666667 0.2666667
7 - - - - - - - 0.0769231 0.4615384
8 - - - - - - - - 0.1818181
9 - - - - - - - - -
Up State
) - - - - - - - - -
2 1.0000000 - - - - - - - -
3 0.1250000 0.0000000 - - - - - - -
4 0.0000000 0.0000000 0.0000000 - - - - -
5 0.1764706 0.0000000 0.1176471 - - - - - -
6 0.0000000 0.0000000 0.1333333 0.0000000 0.6666667 - - -
7 0.0769231 0.0000000 0.0000000 0.0769231 0.1538461 0.0000000 - - -
8 0.0000000 0.0000000 0.0000000 0.0000000 0.2727273 0.1818181 0.3636363 - -
9 0.0158730 . 0.0.58730 0.0000000 0.158730 - 0.0476190 0.0634921 0.0634921 0.0634921 -

9.



TABLE XXI

RATE OF DEPARTURE TO DOWN AND UP STATES FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

To State

From -
State 1 2 3 4 5 6 7 8 . 9
‘ Down State
1 - 0.0000000 0.0238095 0.0021645 0.0324675 0.0000000 0.0151515 0.0000000 0.0692641
2 - ' 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000
3 - - - 0.0370370 0.11171111 0.0000000 0.1481481 0.0370370 0.0370370 .
4 - - - - 0.3000000 0.1000000 0.1000000 0.0000000 0.1000000
5 - - - - - ‘0.0208333 0.0833333 0.0000000 0.2291666
6 - - - - - - 0.2500000 0.0000000 0.5000000
7 - - - - - - - 0.0000000 0.3714285
8 - - - - - - - - 0.5000000
Up State
1 - - - - - - - - -
2 0.0000000 - - - - - - - -
3 0.4814814 0.0000000 - - - - - ~ -
4 0.4000000 0.0000000 0.0000000 - - - - - -
5 0.3333333 0.0000000 0.1041666 0.0416667 - - - - -
6 0.0000000 0.0000000 0.0000000 0.0000000 0.2500000 = - - - -
7 0.1428571 0.0000000 0.0000000 0.0285714 0.2000000 0.0571429 - - -
8 0.0000000 0.0000000 0.2500000 0.0000000 0.0000000 0.0000000 0.0571429 - -
9 0.1818181 0.0000000 0.0389610 0.0324675 0.0649350 0.0000000 0.0649350 0.0194805 -

LL



TABLE XXII
EXACT COP TABLE FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

Cap. | Cap. : v Rate of Departure
Qut In Down Up Frequency of Cycle Time
kW kW Availability States. States Encounter / hr. in hrs.
0 -100.0 0.8029630 0.0166052 = 0.0000000 0.0133333 75.00002
16 84.0 0.0029630 0.0000000 1.0000000 0.0029630 337.50000
30 70.0 0.0118519 0.8750000 0.1250000 0.0118519 84.37500
44 56.0 0.0059259 1.0000000 0.0000000 0.0059259 168.75000
58 42.0 0.0251852 0.4705882 0.4117647 0.0222222 45.00000
70 30.0 0.0222222 0.7333333 0.2000000 0.0207407 48.21429
80 20.0 0.0192593 0.5384615 0.3076923 0.0162963 61.36363
92 ' .0 0.0162963 0.1818181 0.3181817 0.0162963 61.36365
100 .0 0.0933333 ©0.0000000  0.2857143 0.0266667 37.50000

8L



| TABLE XXIII
EXACT COP TABLE FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

Cap. Cap. - Rate of Departure ‘ _
Out In - Down Up Frequency of Cycle Time
KW KW Availability States States Encounter/ hr. in hrs.
0 100.0 0.6209677 . 0.1428571 0.0000000 0.0887096 11.273
30 70.0 0.0362903 0.3703703 0.4814814 0.0309140 32.348
44 - 56.0 0.0134409 0.5999998" 0.4000000 0.0134409 74.400
58 42.0 0.0645161 0.3333333 - 0.4791666 0.0524193 19.077
70 30.0 0.0053763 0.7500000 0.2500000 '0.0053763 186.000
...80 - 20.0 ... . 0.0470430 0.3714285 0.4285714 0.0376344 26.571

92 8.0 0}0053763 0.5000000 0.5000000 0.0053763 186.000
100 0.0 0.2069892 0.0000000 0.4025971 0.0833333 12.000

6.
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as a Markov process, it is necessary to employ a Markov model for con-

~
ventional generating units also.

3.4.1 Binary Model for Conventional

Generating Units

A simple two-state mdde]rfor a conventional generating unit is
shown in Figure 22a. The unit is a reversible device which is either
in the available (up) or in the repair (failed) state. It is assumed
that the mean time to failure 'm' and the mean répair time 'r' are
finite and constant. The assumption of a constant failure rate and a
constant repair rate brings the conventional generating unit model into
the most restrictive C]ass of the Markov process. Since both m and r
are finite and constant over a Tong period ofitime, the conventional
'genekating unit avai]abiiity is a fraction greater than zero.
Expressions for the time-dependent probabilities for the two

states can be derived in a strightforward manner.

() He Ace'(XC+“c)t 3.7)
q.(t) = + -
c Otug) Otul)
) Ao A e-()‘cﬁ‘c)t (3.8)
l_q t = - - 3.8
c (lc+uc7 ()
The availability of the unit is:
Ao = limqc(t) | (3.9)
i
= < ‘ (3.10)

+
Acu
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Figure 22. Markov Models for Conventional Gener-
~ating Units a) Binary Model,
- b) ‘Ternary Model
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Unavailability = A_ = 1-A_ = . (3.11)

and

(3.12)

3.4.2 Ternary Model for a Conventjonal

Generating Unit

In the operation of a conventional generating unit, a partial
capacity state may arise. This state is a relatively short-term random-
ly -occurring derated capacity of a generating unit and méy be caused
by the lbss of a portioh of the unit auxiliary equipment. Not included
in the partial capacity state ére seasonal, hencevpredictable, effects
which may reduce the.cbnventidna] generatihg unit maximum capability.
With one.partial capaéity (or derated) stéte introduced in between the
full capacity state and the zero capacity state (55), the transition
diagram is shown in Figure 22b.

Substituting the appropr1afe‘parameters in the third order matrix
derived from equation (A.6), and solving it gives the steady-state
probabilities of_the'up state (A.;), the derated state (A.p) and the

failed state (Ac3) as follows:
Acq = (“c3“c2 Foucpier t ucl>‘§3)/Den (3']3)
Acz = (herhea * meahe1 * Heahcp)/Den (3.14)

Aes = (uCZACl * Aesrel +')‘c3)‘c2)/Den (3.15)
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in which

Den = uciica * Meake3 * Mertez Meite3 * Hertel
Y ¥etez T Aertez T Ac2hes

Cook et al. (55) have shown that there is a consistent but small
difference between the ternary and the equivalent binary state repre-
sentation of a conventional unit. These small differences do not
strongly recommend the use of the more complex ternary representation_
for conventional generating units. Therefore, in this thesis, studies
on combined systems (WECS‘and conventional generating units) are con-
ducted by representing conventional generating units in equivalent
binary states with the availability of the up state as 0.98»énd with
a failure and repair rates of (0;01/24) failures/hour and (0.49/24)

repairs/hour, respectively (21).

3.5 Markov Model for a Combined (WECS and

Conventional Generating Units) System

When a WECS is operatéd in parallel with two or more conventionai
generating units, from the point of view of modeling, it is convenient
to start with the WECSland add one conventional generating unit at a
time until all of them are included. Employing a binary model for each
of the conventional generating units, the total number of output capa-
city states (NT) for the combined system (one WECS plus N conventional

generating units) is given by:

total number of N ‘
N, =|output capacity X [2 ] . . (3.16)
states for the WECS
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where N is the total number of conventional generating units operating
in parallel with the WECS. A1l other parameters of the combined system

are computed in a straightforward manner.

3.5.1 Identical Capacity States

In the construction of the exact-capacity availability or outage
tables for a combinéd sysfem, fdentica] capacity states may be gener-
ated by different combinations of WECS and conventional generating unit |
capacities; In the transition diagram for such a system, if drawn, it
will be seen that there is-no possibility for direct. transfer between
any two identica]_capacity states. Therefore, such capacity states may
be merged-as diécussed below.

Since transfer cannot occur direct]y between fdentica] capacity
states, their availabilities add directly. Let i and j be two identi-
cal capacity states and let k designate‘the'mergéd state. Then the cap-
acity and the avai]abi]ity»for the merged state are given as follows

(31):

Capacity

= . 3.
Cgk 091 ng (3.17)
Availability -

The total rates of departure from the merged state to lower and

higher capacity states may be found, respectively, frbm
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A, =A. Xgi +A (3.19)

gk *gk = “gi 9j’q]

and

A A (3.20)

=A .u.+A .u._.
gk"gk = Agi¥gi * Agiigj

- By incorporating these feTat1ons, the exact capacity availability

or outage table can be completed.

3.5.2 Frequency and Duration of Exact-

capacity States of the Combined System

Once the availabilities and the rates of departure to down and up
states have been determined, the frequency of encounter (fgk) of a state

“and the duration of existenée.(ng) of that state are given by (56):

fgk ='(Agk)(tota1 rate of departuré from state k) | (3.21)
A : ‘
. gk , '
D, =A% (3.22)
gk fgk :

In addition, the cycle time of exact state k of the combined sys-

tem is:

rgk = 1Fg | - (3.23)

For a combined system with 33.3 percent penetration, Tables XXIV
and XXV give the capacity on outage, capacity in service, avaijlability,
rates of departure to down and up states, frequency and cycle time for

all the exact states.



TABLE XXIV

COP TABLE FOR A COMBINED SYSTEM WITH 33.3% PENETRATION FOR
' MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

Rate of Departure

Cap. Cap. :
Out In Down Up Frequency Cycle Time
kW kW Availability States State (per hour) “(hours)
0 300.0 0.7711656 0.0174385 0.0000000 0.0134480 74.36
16 284.0 0.0028456 0.0008333 1.0000000 0.0028480 351.12
30 270.0 0.0113825 0.8758333 0.1250000 0.0113920 87.78
44 256.0 0.0056913 1.0008310 0.0000000 0.0056960 175.56
58 242.0° 0.0241878 0.4714215 0.4117647 0.0213624 46.81
70 230.0 0.0213422 0.7341666 0.2000000 0.0199372 50.15
80 220.0 0.0184966 0.5392948 0.3076923 0.0156664 63.83
92 208.0 0.0156510 0.1826514 0.8181817 0.0156640 63.84
100 200.0 0.1211134 0.0050406 0.2167661 0.0268637 37.22
116 184.0 0.0001161 0.0004167 1.0204150 0.0001186 8434.00
130 170.0 0.0004646 0.8754165 0.1454166 0.0004743 2108.49
144 156.0 0.0002323 1.0004149 0.0204167 0.0002371 4217.00
158 142.0 0.0009873 0.4710047 0.4321812 0.0008917 1121.48
170 130.0 0.0008711 0.7337499 0.2204165 0.0008312 1203.10
180 120.0 0.0007550 0.5388780 0.3281086 0.0006545 1527.78
192 108.0 0.0006388 0.1822347 0.8385982 0.0006521 1533.45
200 100.0 0.0039798 0.0017231 0.2847207 0.0011400 877.19
216 84.0 0.0000012 0.0090000 1.0408320 0.0000012 833333.33
230 70.0 0.0000047 0.8750000 0.1658332 0.0000049 204081.63
244 56.0 0.0000024 1.0000000 0.0408333 0.0000025 400000.00
258 42.0 0.0000101 0.4705882 0.4525979 0.0000093 107526.88
270 30.0 0.0000089 0.7333333 0.2408332 0.0000087 114942.53
280 20.0 0.0000077 0.5384615 0.3485255 0.0000068 147058.82
292 8.0 0.0000065 0.1818181 0.8590149 0.0000068 147058.82
300 0.0 0.0000373 0.0000000 0.3265475 0.0000122 81967.21
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TABLE XXV
COP TABLE FOR A COMBINED SYSTEM WITH 33.3% PENETRATION FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

Cap. Cap. v Rate of Departure :
Qut In Down ' Up Frequency Cycle Time
kW KW Availability States States (per hour) (hours)

0 300.0 0.5963774 0.1432911 0.0G00000 0.085455 11.70
30 270.0 0.0348532 -0.3708043 0.4814814 0.0297049 - 33.66
44 256.0 0.0129086 0.6004338 0.4000000 0.0129142 77.43
58 242.0 0.0619613 0.3337672 0.4791666 0.0503704 19.85
70 230.0 0.0051634 0.7504340 0.2500000 0.0051657 193.58
80 220.0 - 0.0451801 0.3718625  0.4285714 0.0361637 27 .65
92 208.0 0.0051634 0.5004340 0.5000000 0.0051657 193.58

100 200.0 0.2231342 0.0159947  0.3598371 0.0838609 11.92
130 170.0 0.0014226 0.3705871 0.4921148 0.0012273 814.82
144 "~ 156.0 0.0005269 0.6002165 - - 0.4106336 0.0005326 1877.59
158 142.0 0.0025290 0.3335502 0.4898000 0.0020823 480.24
170 130.0 0.0002108 0.7502169 - 0.2606335 0.0002130 4693.97
180 120.0 0.0018441 0.3716453 0.4392048 0.0014953 668.77
192 108.0 0.0002108 0.5002169 0.5106335 0.0002130 4693.97
200 100.0 0.0083623 0.0044538 0.4015882 0.0033955 294.51
230 70.0 0.0000145 0.3703703 0.5027487 0.0000127 78740.16
244 56.0 0.0000054 0.5999998 0.4212673 0.0000055 - 181818.18
258 42.0 0.0000258 -+ 0.3333333 0.5004339 0.0000215 ~ 46511.63
270 30.0 0.0000022 0.7500000 0.2712673 0.0000022 454545 .45
280 20.0 0.0000188 0.3714285 0.4498387 0.0000155 64516.13
292 8.0 0.0000022 0.5000000 0.5212673 0.0000022 454545 .45
300 0.0 0.0000828 0.0000000 -0 - 0.0000351 © 28490.03

.4238644

L8
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3.6 Calculation of a Reliability Index

The event in which ultimate interest rests is the "failure to
carry the load" by the generation system. The term "failure to carry
the load" includes any situation wherein it is impossible to perform
maintenénce as scheduled, absence of capacjty available for spinning
reserve or, still worse, a_condition of inadequate capacity requiring
system frequency and/or- voltage reduction, actual shedding of various
amounts of load, or a combinatioh of such emergency measures. Such
conditions occur when the available capacity is equal to or less than
the load demand.

The generation capacity model described in the last section is in
itself a Méasure of the reliability of the generation system. Gener-
ally, the system load undergoes hpur]y, daily, and seasonal variations.
Generation capacity outages may not result in the system loss of load,
depending on when the outage occurs. Thus, it appears that the com-
putation of a more adequate measure of the overall system reliability
entails the consideratiohlof the expecfed load pattern. This will
require the convo}Ution of the exact state.generation model developed
earlier for the combined'éystem (WECS plus conventional) with a suit-

able load model.

3.6.1 Loqd Model

Since the generation modelvis based on the Markov process, its
combination with the load model to obtain the margin states requires
the load model to be a Markov model also. |

Appendix B describes the méthematical aspects of the load model
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that has been utilized in the present studies on frequency and duration

approach to reliability evaluation (32). The load is modeled 1n'tefms

of four hourly peak-load Tevels (assumed to exist throughout the hour)

over a period of 24 hours. Further, it is assumed that the 16ad demand

pattern repeats

consideration.

itself on a daily basis during the entire period under

Details of the load demand along with the peak load

levels are given below (32):

Load

Week Days (Monday through Friday)

Level . No. of Occurrences

peak load

80 percent
50 percent
30 percent

Load

peak Toad

80 percent
50 percent
30 percent

of peak load
of peak load
of peak load

ﬂoowmoo

Weekends (Saturday and Sunday)

Level o No. of Occurrences
4
of peak load 2
of peak load 2
of peak Toad 16
' 24

Combining the above two load demand patterns (week days and week-

ends) gives an average load demand for the entire week as follows:

Load

Average Load Demand Over a Week

Level A . No. of pccurrences

peak load

80 percent
50 percent
30 percent

of peak load
of peak Toad
of peak load

—
oOwhP

N
i~
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The combined peak Toad levels and their durations, though not
exact, are reasonably accurate for the development of a Markov load
model for reliability studies. .

Table XXVI shows a typical Toad model data arrived on the basis of
the load demand discussed above. The peak load demand in this table is
taken as equal to the insta]]ed capacity with a 33.3 percent penetration
by WECS. To consider the influence of the load ftse]f, the peak load in
the model is varied from 50 percent to 100 percent of the total installed

capacity in 10-percent steps..

TABLE XXVI
TYPICAL LOAD MODEL DATA

L?ﬂd | Rate of Departure
kW » Availability Down State v Up State
300 0.2916667 '0.7391304 0.0000000
240 - 0.1666667 0.5652174 0.3043478
150 0.1250000 0.4347826 . 0.4782609
90 0.4166667 0.0000000 0.6086957

3.6.2 Reserve Margin - State Model

The exact capacity model developed in the section on identical cap-

acity states and the load model described in the last section can be
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combined to yield such measures of reliability as the probability of
occurrence, the frequency and the duration of the loss of load. As a
first step, the models are combined to yield the probability and dur-
ation of margin states. Reserve or margin is defined as the available
capacity minus the load demand (32). A margin state, My > is the result

of the combination of the generation capacity; C ., and the load state,

gi
Lj’ as given below: ’

m = Cgi —'Lj | A (3.24)

The computation of the complete margin (reserve) state array
requires the computation of the rates of deparfure to smaller and larger
margin states. The rates of departure to down (smaller) and up (larger)

margin states are given as:

\ _ ; _
nk gi + “Lj . (3.25)

A

Mok = Vg + ij | | (3.26)

In other words,'assuming‘independent geheration capacity states and
load states, the rate of transfer from a given margin state to a lower
(higher) margin state is equal to the rate of transfer down (up) in
capacity plus the rate of transfer up (down) in load.

The availability of the margin state is given by

= A.A ' - o (3.27)

Amic = RgifLs

Table XXVII illustrates a typical margin-étate array for the exact

margin states. This table involves a two-machine system (one WECS and



MARGIN STATE

TABLE XXVII

ARRAY FOR MARCH, 1977, FOR THE SITE

'KAHUKU UPPER'

L, 160.0 128.0 80.0 48.0
~ load > A, 0.2916667 0.1666667 0.1250000 0.4166667
Generation 1 . 0.7391304 0.5652174 0.4347826 0.0000000
' b ; 0.0000000 0.3043478 0.4782608 0.6086956
ot 200.0 . m 40.0  72.0 120.0 152.0
Ay = 0.7869037 A 0.2295136 0.1311505 0.0983629 0.3278764
Ag1 = 0.0170218 x  0.0170218  0.32136% 0.4952826 0.6257174
g7 = 0-0000000 u ~ 0.7391304 0.5652174 0.4347826 0.0000000
184.0 24.0 56.0 104.0 136.0
0.0029037 0.0008469 0.0004840 0.0003630 0.0012099
0.0004167 0.0004167 0.3047644 0.4786775 0.6091123
1:0000000 1.7391300 1.5652170 1.4347820 1.0000000
170.0 10.0 42.0 90.0 122.0
0.0116148 0.0033877  0.0019358 0.0014519 0.0048395
0.8754166 0.8754166 1.1797630 1.3536760 1.4841110
0.1250000 0.8641304 0.6902174 0.5597826 0.1250000
156.0 -4.0 28.0 76.0 .108.0
0.0058074 0.0076938 ' 0.0009679 0.0007259 0.0024198
1.0004150 1.0004150 1.3047620 1.4786750 1.6091100
0.0000000 0.7391304 0.5652174 0.4347826 0.0000000
142.0 - -18.0 140 62.0 94.0
0.0246815 - 0.0071988 0.0041136 0.0030852 0.0102830
0.4710048 0.4710048 0.7753527 0.9492657 1.0797000
0.4117647 1.1508940  0.9769821 0.8465472 0.4117647
130.0 -30.0 2.0 50.0 82.0
0.0217778 0.0063518 0.0036296 0.0027222 0.0090741
0.7337499 0.7337499 1.0380970 1.2120100 . 1.3424450
0.2000000 0.9391304 0.7652174 0.6347820 0.2000000
~120.0 -40.0 -8.0 40.0 72.0
0.0188741 0.0055049 0.0031457 0.0023593  0.0078642
0.5388781 0.5388781 0.8432260 1.0171380 1.1475730
0.3076923 1.0468220 0.8729097 0.7424749 0.3076923
- 108.0 -52.0  -20.0 28.0 60.0
0.0159704 0.0046580 0.0026617 0.0019963 0.0066543
0.1822348 0.1822348 0.4865826 0.6604956 0.7909304
1.1818187 1.5573120 1.3833990 1.2529640 0.8181817
100.0 -60.0 -28.0 20.0 52.0
0.1075258 0.0313617 0.0179210 0.0134407 0.0448024
0.0028345 . 0.0028345 0.3071823 0.4810953 0.6115301
0.2460914 0.9852218 0.8113088 0.6808740  .0.2460914
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TABLE XXVII (Continued)

1.0452600

L, 160.0 128.0 80.0 48.0
Load » A .  0.2916667 0.1666667 0.1250000 0.4166667
Generation ) ;  0.7391304 0.5652174 0.4347826x  0.0000000
\ u i 0.0000000  0.3043478 0.4782608 0.6086955
84.0 -76.0 -44.0 4.0 36.0
0.0000593 0.0000173 0.0000099 0.0000074 0.0000247
0.0000000 0.0000000 0.3043478 0.4782608 0.6086956
1.0204160 1.7595460 1.5856330 1.4551980 1.0204160
70.0 -90.0 -58.0 -10.0 22.0
0.0002370 0.0000691 0.0000395 0.0000296 0.0000988
0.8750000 0.8750000 . 1.1793470 1.3532600 1.4835950
0.1454166 0.8845470 0.7106340  0.5801992 0.1454166
 56.0 -104.0 -72.0 . -24.0 - 8.0
0.0001185 0.0000346 0.0000198 - 0.0000148 0.0000494
1.0000000 1.0000000 1.3043470 1.4782600 1.6086950
0.0204167 0.7595470 0.5856340 0.4551992 0.0204167
42.0 -118.0 286.0 -38.0 -6.0
0.0005037 0.0001469 0.0000840 0.0000630 0.0002099
0.4705882 0.4705882 0.7749360 0.9488490 0.0792830
0.4321813 1.1713110 0.9973987 0.8669639 0.4321813
_ 30.0 -130.0 -98.0 -50.0 -18.0
0.0004444 0.0001296 0.0000741 0.0000556 0.0001852
0.7333333 0.7333333 1.0376800 1.2115930 1.3420280
0.2204166  0.9595470 0.7856340 0.6551992 0.2204166
20.0 -140.0 -108.0 -60.0 -28.0
0.0003852 0.0001123 0.0000642 0.0000481 0.0001605
0.5384615 0.5384615 0.8428093 1.0167210 1.1471560
0.3281089 1.0672380 - 0.8933263 0.7628915 0.3281089
8.0 -152.0 - =120.0 -72.0 -40.0
0.0003259 0.0000951 0.0000543 0.0000407 0.0001358
0.1818181 0.1818181 0.4861659 0.6600789 0.7905138
0.8385983 1.5777280 1.4038150 1.2733800 0.8385983
0.0 -160.0 -128.0 -80.0 -48.0
0.0018667 0.0005444 0.0003111 0.0002333 0.0007778
0.0000000 0.0000000 0.3043478 0.4782608 0.6086956
0.3061309 0.8713483 0.7409135 0.3061309
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one conventional generating unit, i.e., 50 percent penetration by WECS)
and the load model has four states (Figure 23). The entries in this
table for exact margin states represent all possible combinations of
generation states and 1qéd states.

The frequency of encounter of an exact margin state is given by
Fok = (i) Qg + vy | | (3.28)

and the cycle time is given by the reciprbca1 of the frequency;

In the construction of the exact margin state array for a large
generatioh system With a multi-state load model, identical margin states
may be generated. Following the reasoning discussed earlier, these

identical margin states can be merged as follows:

mk = ml = m2 = ‘\T.... le | (3.29)
N1 : ('
A, = 1T A - (3.30)
mk o,y M ‘ | :
N1 _
f,= 53¢ f : (3.31)
mk  oop M
and
N1
Mk = E AmzAmQ/Amk (3.32)
=1
N1 _
Hmk ~ 251 Ang* me/ Amk (3.33)
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Equations (3.30) to (3.33) assume that no transfer can take place
between any two identical margin states without passing through an

intermediate state of differing margin.

3.6.3 Cumulative Margin State

In the case of loss of load probability method, sometimes it is
more informative to know the probability of ffnding an outage of a cer-
tain capacity or greater. Similar reasoning holds good in the case of
the frequency and duration method for generation model as well as for
the reserve margin state model. The availabilities of the cumulative
reserve margin states are obtained by first arranging the reserve mar-
gin states along with their availabilities in the ascending order
starting with the most negative margin state up to the ]argest margin.
Next, the avaiiabi]ities are summed in a cumulative fashion.‘ The
reserve margin states along with their cumulative avai]abi]itieé are
then rearranged in the descending order starting with the largest margin
down to the most negatiVe'mainn. Such cumulative reserve margin data

are shown in Tables XXVIII and XXIX for the examples discussed earlier.

3.6.4 Reliability Index

The reserve margin has been defined as the available generation
capacity‘minUS’the load and a cumulative margin stafe contains all
states with margins less than or equal to the specified margin. Based
on this description, a negative margin state éonstitutes a loss of load
due to a deficiency in the system generation capacity of magnitude
equal to the margin and a cumulafive negative margin state corresponds

to a loss of load due to a genekatioh deficiency greater than or equal



MARGIN STATE PROBABILITIES FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'

TABLE XXVIII
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Margin State Cumulative Margin State Cumulative
in kW Probability in kW Probability
255.0 0.9999985 45.0 0.0043410
239.0 0.6786795 39.0 0.0042466
225.0 0.6774939 36.0 0.0042462
211.0 0.5763555 ©34.0 0.0042074
209.0 0.5739842 33.0 0.0041736
197.0 0.5736285 25.0 0.0040937
195.0 0.5635503 22.0 0.0035943
185.0 0.5621275 20.0 0.0034297
181.0 0.5532350 11.0 0.0032942
180.0 0.5525236 10.0 0.0032932
175.0 0.4239961 9.0 0.0031480
167.0 0.4162892 6.0 0.0031479
164.0 0.4132658 0.0 0.0030801
163.0 0.4127916 -3.0 0.0029543
155.0 0.4062703 -5.0 0.0029501
150.0 0.3531387 -8.0 0.0029495
145.0 0.1263184 -12.0 0.0026616
139.0- 0.1240063 -15.0 0.0025551
136.0 0.1239580 -19.0 0.0025514
134.0 0.1230095 -20.0 0.0025511
133.0 0.1221796 -25.0 0.0016337
125.0 0.1202232 -30.0 0.0016305
122.0 0.1048905 -33.0 0.0014103
120.90 0.1008592 -36.0 0.0014091
111.0 0.0975394 -37.0 0.00174089
110.0 0.0974426 -42.0 0.0014061
109.0 . -0.0938856 ° -45.0 0.0012198
106.0 0.0938711 -50.0 0.0012032
100.0 0.0922112 -55.0 0.0000416

97.0 0.0891284 -64.0 0.0000406
95.0 0.0887171 -66.0 0.0000402
92.0 0.0886590 -67.0 0.0000399
88.0 0.0816043 -75.0 0.0000391
85.0 0.0789958 -78.0 0.0000344
81.0 0.0786329 -80.0 0.0000327
80.0 0.07869039 -90.0 0.0000313
75.0 0.0521935 -94.0 0.0000299
70.0 0.0518790 -100.0 0.0000292
67.0 0.0464841 -108.0 0.0000279
64.0 0.0463607 -112.0 0.0000249
63.0 0.0463414 -120.0 0.0000239
53.0 0.0460752 -130.0 0.0000150
55.0 0.0415103 -142.0 0.0000128
50.0 - 0.0397432 -150.0 - 0.0000109




TABLE XXIX

MARGIN STATE PROBABILITIES FOR MAY, 1974, FOR THE SITE 'LIVERMORE'

Margin State

‘Margin

Cumulative Cumulative
in kW Probability in Probability
255.0 0.9999985 36.0 0.0079099
225.0 0.7515080 33.0 0.0078221

- 211.0 0.6624387 25.0 0.0077957
197.0 0.6570601 22.0 0.0067444
195.0 0.6312430 20.0 .0.0063229
185.0 0.6268864 11.0 0.0059080
181.0 0.6247349 . 10.0 0.0059057
180.0 0.6231214 6.0 0.0058706
175.0 0.5237252 0.0 0.0057169
167.0 0.5049002 -3.0 0.0054096

-163.0. 0.49715517 -5.0 0.0053989
155.0 0.4950036 - -8.0 0.0053970
150.0 0.4013857 -12.0 0.0046594
145.0 ©0.2216335 -15.0 0.0046243
136.0 0.2159860 -19.0 0.0046234
133.0 0.2138346 -20.0 -0.0046227
125.0 0.2131892 -25.0 -0.0031675
122.0 0.1847047 -30.0 0.0031597
120.0 0.1743779 -33.0 0.0026218
111.0 0.1642123 -37.0 0.0026186
110.0 0.1639928 -42.0 0.0026177
106.0 0.1631323 -45.0 0.0025562

-100.0 0.1593673 -50.0 0.0025215

97.0 0.1518373 - -55.0 0.0000800
95.0 0.1507835 -64.0 0.0000777
92.0 0.1506057 -67.0 0.0000768
88.0 0.1325337 -75.0 0.0000765
85.0 0.1316732 -78.0 0.0000662
81.0 0.1315854 -80.0 0.0000619
80.0 0.1315196 -90.0 . 0.0000576
75.0 0.0928246 -94.0 0.0000573
70.0 0.0920562 -100.0 0.0000557
67.0 0.0788787 -108.0 0.0000526
63.0 0.0785626 -112.0 0.0000450
58.0 0.0784748 -120.0 0.0000447
55.0 0.0769688 -130.0 0.0000303
50.0 0.0734582 -142.0 0.0000248
45.0 0.0081404 -150.0 0

.0000241
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to the specified reserve margin. The availability of the first nega-
tive cumulative reserve margin state may be converted to a number rep-

resenting the loss of load for the period under consideration as fol-

Tows (57):

loss of load
expectancy index
(for the period
under study)

cumulative probability total number
of the first negative | x |of hours  [(3.34)
margin state under study

Tables XXX and XXXI show.the loss of load expectancy or reliabil-
ity index for the two sites, 'Kahuku Upper' and 'Livermore' for the

same load with different penetrations of WECS.
3.7 Discussion of Results

Though the results for the expected loss of load for WECS assisted
generation systéms are available for a two-year period for the site,
'Kahuku Upper,' becauselof the cdnsistent nature of the results, it is
sufficient to consider the months with high and Tow mean wind speeds.
The expected loss of -Toad for wind qssisted systems depends on three
major parameters: wind regime, penetration and load demand, as shown -
in tables for 'Kahuku Upper' and 'Livermore.' An examinafion of these
tables reveals that, for a given wind regime and with a certain value
of penetration by WECS, an increase in the system load demand causes a
slight increase in the expected loss of load for the system as long as
the load demand is less than or equal to the total conventional gener-
ation. When the Toad demand exceeds the convehtional generation capa-
city, fhere is a steep risevin the expected loss of load, 1ndicating
the Tow 1oad—carry1ng;capab111ty‘of WECS. The extent of the occurrence

of the expected loss of load depends mainly on the wind regime.



TABLE XXX

LOSS OF LOAD EXPECTANCY TABLE FOR MARCH, 1977, FOR THE SITE 'KAHUKU UPPER'*

Penetration

Peak Load % 4

of Installed : .

Capacity  33.3% 25% o 20% 16.66%  14,3% 12.5%  11.1% 10%
50 1.99 0.07 0.09 0.00 0.00 0.00 0.00 0.00
60 2.43 1.99 0.14 0.15 0.15 0.00 0.00 0.00
70 29.74 3.42 3.13 2.82 0.24 0.32 0.32 0.0l
80 37.70 - 33.19 4,57 4 .37 5.13 5.35 5,03 0.59
90 59,11 46,81 49.]3 47.81 46,73 44 .89 47.99 8.71

100 66.47 66.37 . 53.03 - 56.42. 59.70 62.62 65.24 65.39

*
(hours)

0oL



TABLE XXXI
'LOSS OF LOAD EXPECTANCY TABLE FOR MAY, 1974, FOR THE SITE 'LIVERMORE'*

Penetration

Peak Load %

of Installed , .

Capacity 33.3% 25% 20%  16.66% 14.3% 12.5% 11.1% 10%
50 4,02 0.15 0.17 - 0.01 0.00 0.00 0.00 0.00
60 - 5.0 3.65  0.28 ©0.29 ~0.28 10.01 0.01  0.00
70 55.40 7.03 6.00 '5.21 0.49 0.61 0.63 0.02
80 © 66.53 58.67 8.97 8.60 9.54 9.04 8.63 1.14
90 111.27 85.74 86.31 76.29 78.12 68.99 72.02  15.80

100 125.31 122.37 96.61 100.00 102.94 105.05 107.27 105.27

*(hours)

Lot
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A better wind regime gives a lower value for the loss of load, and
vice versa. The influence of penetration on the expected Toss of
lToad is complicated by the fact that the ]ead model is not Tinear but
stepped (Markov model with discrete load levels). In general, a-

-decrease in the penetration causes a decrease in the loss of load.
- 3.8 Conclusions

A Markov model for WECS has been developed on the basis of avail-
able hourly wind speed data. The parameters for the model are evalu-
ated by extracting information from the hOUrly wind speed data over a
certain period of time. The model is then used to compute the relia-
bility of a combined system by the‘frequency and duration approach.

The main step in the approach is the modeling of WECS by a cer-
tain number of output capacity states. This number depends both on the
type of hourly wind speed data avai]ab]e‘ahd on the characteristics of
the WECS under‘consideratiOn; Once the number of states to be employed
in the model is decided, computation of parameters ef the model is
straightforward, as described in this chapter. The WECS model thus
developed is combined with the model for conventional generating units
to obtain a model for the combined systemf' An integration of this
model with é load model (based on the Markov chain) yields a sef o%
reserve marginistates_which could be further utilized to compute a

‘relidbility index--a techniqde which is well developed and described
in the 1iferature; |

The Markov model developed for WECS allows the inclusion of other
components of the power system such as transmission and distribution

lines to evaluate the overall fe]iabi]ity of the complete system. This
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topic .is discussed in the next chapter.
Tables of expected loss of load given in this chapter are for two
typical sites--totally different in terrain and geography. They pro¥

vide an insight into the ré1iab11ity aspects of WECS in power systems.



CHAPTER IV

INFLUENCE OF TRANSMISSION SYSTEM ON THE RELI-
ABILITY OF WECS ASSISTED UTILITY SYSTEMS

4.1 Introduction

Over the last few decades, power system planning engineers have
been posed-withlthe problem of obtaining a meaningful quantitafive rela-
tionship between power system reliability and the cost of the system.
This involves a study and evaluation of all three major branches--gen-
eration, transmission, and distribution. Modes and events leading to a
failure of the system, development of mathematical models and a deter-
minatfon of the parameters involved and their applications to‘actua]
sitdations leading to the reliability evaluation process for the three
branches ment1bned above afe fairly well developed. In the reliability
evaluation process, the generation system has been rated high (meahing
most developed) among the three branches, since investigations in this
area have been initiated early and extensively carried over the last
several decades. Next in the rating is the distribution branch; The

transmission sector of the power system has been rated low in the reli-
ability evaluation proCesé. It does not mean that the transmission
systém is the most unreliable sectdr of the power system; in fact, of
the total failures in a power system, transmission system failures

account for only ten percent. Though the failures in the transmission

system are fewer in number, they could become a major cause of collapse

104
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of the power system, as happened in the big northeast blackout in the

United States in November, 1965, and again in New York City in July,
1977. The major reason for such disastrous failures is the complex
nature of the transmission sector compared to the simple parallel con-
figuration of the generation system and the series structure in dis-
tribution systems (58).

The transmiésion system would be an integral part of future WECS
installations because their most 1ikely‘1ocations would be far from
loaﬂ centers and they should be interconnected with utility grids to
avoid the large loss of load (see Chapters II andVIII). In this chap-
ter, influence of the transmission system'has been considered~in its
simp]eét form. The cases discussed are 1) a WECS connected to a load
bus by a transmiséion line; 2) a WECS operating in parallel with a
number of cdnventioné] generating units supplying a 1oad center through
a transmission line, and 3)-a WECS in éeries with a transmission line
is connected to a load bus; at the Toad bus, a number of conventional
genekating units are operating in parallel. |

This chapter also coﬁsiders the parallel operation of two WECS
(located in tofa]]y different wind regimes) interconnected by a trans-
mission Tine and develops a capacity outage probability table for such

a system configuration.
4.2 Transmission System Outages

Reliability studies on transmission systems were initiated in the'
fifties. Earlier papers (59 to 61) on primary feeders and distributors
discuss the basic re11ab111ty concepts, modeling and estimation of para—

'meters and their app]icat1on in reliability analyses. The studies in
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this area took an important turn with the publication of two papers
(62, 63) in 1964 by Todd, and Gaver et al., wherein environmental
severity variations Were considered in an analysis based on the Markov
theory. | |

Transmission system outages may be "scheduled" 6r forced. In
either case, the outage occurs when the circuit breaker at the source
bus is tripped. Under proper network operation, this should result in
automatic fkipping of all of the network protective circuit breakers
Tocated in the Tow voltage side of the network transformers supplied
by the primary feeders. Thus, the primary feeder is totally isolated
'from the source as we]] as the dfstribution network.

When the feeder is ready for service, it is re-energized by é]os-
ing the circuit breaker at the source bus. Under proper vaTtage con-
ditibns,.the system delivers power from the source to the distribution
network. If a number of feeders emanate from a bulk power source, an
outage of one primary feeder reduces the tofa] feeder and transformer
capacity. In most power systems, the outage of a single feeder can be
to]erated\for a considerable length of time. However, consecutive
losses of additional feeders would bring the remaining feeders as well
as network-unit capacity below that required to meét the load demand.

Scheduled outages of transmission systems are initiated for the
- purpose of testing,'maintenance, or network exténsion. Since such out-
ages are scheduled, the time of their occurrence is known and their
duration of existence can bé estimated. -But studies on forced outages
require a probabilistic approach. Such outages may arise due to net-
work transformer faults, cable failure, junction failures, and thezlike.

In recent studies on composite (genefation plus transmission)
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systems, fhe evaluation of the risk of loss of load included contingen-
cies such as unacceptable voltages and circuit overloads (64).lBut, as
the first step in the studies pursued in this chapter, only the trans-
mission system outages are considered. The transformers and other pro-
tective devices are assumed to be ideal with 100 percent availabilities.
Further, ft has been assumed that the trahsmission system is operating
in normal weather environment all of the time (one stéte condition of
ehvironment) and contingencies such as unacceptable vo]tages.and cir-

cuit overloads are not possible.
4.3 Markov Model for a Transmission Line

Under the assumptions stipulated 1n_the last sectipn; all trans-
mission syﬁtems reduce to a sing]e transmfssion 1ine for the examp]es‘
considered in this chapter. A transmission line has two possible |
states--an operéb]e state or state No. 1 (full capacity output state or
Up state), and a failed state or state No. 2 (zero capacity output
state or Down state). A third state or partial capacity state is not
possible. The up-times and the'down—times are assumed to be exponen-
tially distributed. Transitions from one state to the other are allowed
at any instant of time. This brings the transmission 1ine model into
the homogeneous discrete-state continuous-time MarkoQ process discussed
previou$1y. Figure 22a shows thé state space diagram for this binary
model. Since up-times and down-times are exponentially distributed,
transition rates Ap and ﬁT in the model are constant.  With a transition
from up-state to down-state of Ars the ekpected value of up-time or the
residence time in state No. 1 is (1/AT) and, similarly, with the tran-

sition rate from down-state to up-state being W the expected value of
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down time or the residence time in state No. 2 is (1/uT).
For this binary model, the availability and the unavailability can
‘be computed, as discussed previously. The results are:

A ' (4.1)
T Ap My : v ’

| T | (4.2)
1-A = 4.2
T T A+ _

-
1

The transmission line considered for studies in this chapter is
assumed to have failure and repair rates of 0.002/24 failures/hour and
1.998/24 repairs/hour. This gives the'ava11ability (steady state prob-
ability of the Up4state) for the Tine as 0.999 (32).

4.4 Generation Models

Evaluation of the reliability at the load bus due to the combined
effects of generation}and transmission faciiities requires models for
both generation and fransmission systems. A model for the transmission
Tine based -on tﬁe'Markbv,process has been discussed in the last section.
The generation system consisfs of WECS as we]I as conventional units.

An individual model for each of the two types of generation and a model
for the combinéd'system are necéssary for the reliability studies in
this chapter. Markov models for WECS, conventional generation units and
for the combined system haVe a]ready been discussed in Chapter III.
These models are empToyéd in thé evaluation of the reliabjlity of com-

posite systems at the load bus, as discussed in the next section.
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4.5 Case Studies

Three typical cases are examined to study the effect of 1nc1uding
the transmission system in the reliability calculations. Thesé cases,
though simple, représent the basic configurations expected to be
encountered as WECS make their entry into the power systems of the
future. The following assumptions are implicit in the analysis that
follows:

a) Thé model for the transmission line is based on a two-state
Markov process. |

b) The model for the WECS and Conventiona] generation system are
alsc based on the Markov process.

c) The behavior of the transmission line, WECS and conventional
generation units are statistica1]y indepeﬁdent of each other.

The three examples considered for analysis are based on simple
configurations of the composite system wherein one WECS and a single ‘
transmission line are present along with a number of conventional gen-
eréting units. The point of interest is the ioad bus. The three
examples studied are gi?en-be]ow.

I. One WECS connected to a load bus by a transmission line
(Figure 24a).

IT. 40neVWECS, operating in parallel with a number of conventional
generating units supp]yihg a load center through a transmissioh line
(Figure 24b). |

ITI. A WECS in series with a single transmission line is connected
'to a load bus; at the 1oqd bus a number 6f conventional generating units

are operating in parallel (Figure 24c).
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TRANSMISSION LINE ILOAD BUS

WECS
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Figure 24. Composite Systems Under Study
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_ Examples I and II are similar in nature; example III is a simple

extension of example I. As such, example I is discussed in detail.

Example I

The two-state model for transmission 1line discuﬁsed in the section
on the Markov model for a transmission line, with capacity CT and fail-
ure and repair rates of Ap and Hy is considered in the analysis. The
model used for WECS is a multi-state model discussed in the section on
~ the Markov model for WECS. The ultimdte objective of the analysis is
to obtain a 1ist of capacities available, availabilities of various
capacities and the frequency of their occurrence, all at the‘1oad'bus.
This information is obtained by analyzing the system in two steps (32).

Step (i) - Transmission line is up.

When the transmission Tinebis up, the output capacity ét the load
bus is the generation capacity as long as it does not exceed the capa-

city of the transmission line. Therefore, the capacity available is

CokT = Min (ka, CT) | (4.3)

and the availability of the capacity CokT is

A = A A (4.4)

wkT wk T

Since the behaviors ofithe genération system and the transmission line
are assumed to be statistically independent, and since these two afe in
series, the total rate of departure to lower capacity state is computed
from the fact that either the cépaC1ty of.WECS can go down or the capa-

city of the transmission line can go down. Thus,

Akt T Ak T A (4.5)
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Since the transmission line is in the Up state and as it does not have
a higher capacity state, the rate of departure to the higher capacity
state is equal to the total rate of departure (to a higher capaéity

state) of the generation system alone. Thus,

MkT = Mk (4.6)
Step (ii) - Transmission line is down.
When the transmission line is down, the output capacity at the load
bus being equal to the generation capacity not exceeding the capacity of

the transmission 1line which is zero, we get

~Cpper = min (cwk, C;) (4.7)

and the availability of the capacity kaT is

A =A A (4.8)

wkT ~ “wk T

With the transmission line down, the total rate of departure to Down

state obviousiy is

MkT = 0 | (4.9)

Unless the transmission line goes up, the output of the system cannot

go up. Therefore, the total rate of departure to Up state is
kT = M (4.10)

When the results of step (i) and step (ii) are arranged in the
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descending order'of’capacities. one may encounter identical capacity
states. These identical capacity states can be merged as before into
a single equiva]ént merged state using equations (3.17) through (3.20)
(see pages 84-85). The results for a 100 kW WECS in series with a °
transmission line of 100 kW capacity is given in Table XXXII. It is
logical to have a transmission line capacity of 100 kW to utilize the
full output of the WECS whenever it is available.

Example II

Since the generation due to WECS is statistically independent of |
the generation capacity of conventiona]kgeneration units, the procedure
discussed in the section on the Markov model for a combined system'Can
be used to construct a combined system model. Once a model for the com-
bined system is available, stepsv(i) and (ii) of Example I can be fol-
Towed to derive the capacities available, availabilities of various
capacities and the total rate of departure to lower and higher capaci-
ties at the Toad bus. The results for a 20 percent penetration of WECS
~and a transmission 1ine of 500 kW capacity are given in Table XXXIII.

- Example IfI

The procedure outlined for Example I gives the capacities avail-
able, availabilities of various capacity states, and the total rates of
departure to lower and higher capacities at the load bus due to a WECS
and a transmission Tine. Since at the load bus a number of conven-
tional generatfng units are operating in para]]é], because of the;
statistically 1ndependent behavior of WECS, transmissfon Tine and con-
ventional generation units, the conventional generation unit model can
be combined W1th the model of a WECS in series with a transmission line

(Examp]e I) in a straightforward manner. The results shown in



TABLE XXXII
COP TABLE FOR WECS IN SERIES WITH A TRANSMISSION LINE

Cap. Cap. : Rate of Departure

Qut In Down Up Frequency of Cycle Time
kW kW Availability States States Encounter / hr. in hrs.
0 100 0.8021600 0.0166885 0.0000900 0.0133868 74.70
16 84 0.0029600 0.0000833 1.0000000 0.0029602 337.81
30 70 0.0018400 0.8750833 0.1250000 0.0118410 84.45
44 56 0.0059200 1.0000820 0.0000000 0.0059205 168.91
58 42 0.0251600 0.4706715 0.4117647 0.0222021 45.05
70 30 -.0.0222000 0.7334166 0.2000000 0.0207218 48.26
80 20 0.0192400 0.5385448 0.3076923 0.0162816 61.42
92 0.0162800 0.1819015 0.8181817 0.0162814 61.42

100 0.0941464 0.0000000 0.2837632 0.0267153 37.43
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TABLE XXXIII

COP TABLE FOR .COMBINED WIND ELECTRIC AND CONVENTIONAL UNITS
IN SERIES WITH A TRANSMISSION LINE FOR MARCH, 1977,
FOR THE SITE 'KAHUKU UPPER'

Cap. Cap. Rate of Departure
Out - In . Down Up Frequency of Cycle Time
kW kW Availability States State Encounter / hrs. in hrs.
0 500.0 0.7406275 0.0166233 0,00C0000 0.0123117 81.22
16 484.0 0.0027329 0.0000181 1.0000000 0.0027330 365.90
30 470.0 0.0109318 0.8750181 0.1250000 0.0109319 91.48
‘44 456.0 0.0054659 1.0000170 0.0000000 0.0054660 182.95
58 442.0 0.0232300 0.4706063 0.4117647 0.0204975 48.79
70 430.0 0.0204971 0.7333513 0.2000000 0.0191310 52.27
80 420.0 0.0177641 0.5384796 0.3076923 0.0150315 66.53
9z 408.0 0.0150312 0.1818362 0.8181817 0.0150314 66.53
100 400.0 0.1465467 0.0068669 0.1679318 0.0256162 39.04
116 384.0 0.0002231 0.0000136 1.0002200 0.0002231 4481.30
130° 370.0 0.0008924 0.8750133 0.1252218 0.0008926 1120.33
144 356.0 0.0004462 1.0000120 0.0002219 0.0004463 2240.66
158 342.0 0.0018963 0.4706015 0.4119862 0.0016737 . 597.49
170 330.0 0.0016732 0.7333463 0.2002214 0.0015621 640.18
180 320.0 0.0014501 0.5384747 0.3979139 0.0012274 814.75
192 308.0 0.0012270 0.1818316 0.8184031 0.0012273 814.78
200 300.0 0.0088783 0.0024742 0.2264221 0.0020411 489.93
216 284.0 0.0000068 0.0000091 1.0004410 0.0000068 - 146357.80
230 270.0 0.0000273 0.8750088 0.1254438 0.0000273 36589.42
244 256.0 0.0000137 1.0000060 0.0004438 0.0000137 73178.94
258 242.0 0.0000581 0.4705969 0.4122082 0.0000512 19513.18
270 230.0 0.0000512 0.7333416 0.2004436 0.0000478 20907.57
280 220.0 0.0000444 0.5384701 0.3081358 0.0000376 26608. 30
292 208.0 - 0.0000376 0.1818270 0.8186246 0.0000376 26610.52
300 200.0 0.0002403 0.0017486 0.2562426 0.0000620 16129.62
316 184.0 0.0000001 0.0000045 1.0006630 0.0000001
330 170.0 0.0000004 - 0.8750043 0.1256656 0.0000004 2688738.00
344 156.0 0.0000002 1.0000020 0.0006658 0.0000002 5377485.00
358 142.0 '0.0000008 0.4705926 0.4124302 0.0000007 1433866.00
370 130.0 0.0000007 0.7333373 0.2006655 0.0000007 1536349.00
380 120.0 0.0000006 0.5384659 0.3083577 0.0000005 1955207.00
392 108.0 0.0000005 0.1818224 0.8188470 0.0000005 1955448.00
400 100.0 0.0000031 0.0007026 0.2743754 0.0000008 1189808.00

6Ll
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Table XXXIV are for a 100 kW WECS in series with a transmission line of
100 kW capacity with four conventional units (of 100 kW capacity each)

operating in parallel at the load bus.
4.6 Reliability Study

The behavior of WECS is different from that of a conventional gen-
erating unit. Economic considerations dictate thaf they should generate
as much energy as possible, lTimited only by the wind input. Since input
wind speed to WECS is generally varying, the output from WECS in general
consists of a sequence of ups and downs and in some cases the output is
Tikely to remain at zero for several days. Therefore, it is highly
unlikely to operate a large capacity WECS alone as the generation in a
power system to supply a certain load. Hence, WECS is operated in par-
.a11e1 with utility grids, directly or through a transmission line,
depending upon the location of the WECS. Therefore, Example I discussed
in the last section is purely academic and has not been considered fur-
ther. The ea]cu]ations of probabiiity of outages and the results given
in Tables XXXIII and XXXIV for Examples II and III, however, provide a
measure of the fe11ability of the generation system. Understanding the
load carrying capability of these systems requires:incorporation of the
variability of the sysfem load. A suitable load model for use in Exam-
e1es IT and III would obviously be a load model based on the Markov
chain., The theory and the mathematical aspects of such load models have
been dis¢ussed in detail in Appendix B. The technique required to
arrive at the risk of the expected loss of load using a generation model
based on the Markov process and a load model based on the Markoy chain

is the well known "frequency and duration" approach (32). This apbroach



TABLE XXXIV

COP TABLE FOR WECS IN SERIES WITH A TRANSMISSION LINE

AND AT THE LOAD BUS A NUMBER OF CONVENTIONAL
MACHINES OPERATING IN PARALLEL

Cap. Cap. - Rate of Departure
Out in Dovin Up Frequency of Cycle Time
ki ki Availability States tate Encounter / hr. in hrs.
0 500.0 0.7398868 0.0167066 0.0000000 0.0123610 80.90
16 484.0 0.0027302 $.0001014 1.0000000 0.0027305 366.24
30 470.0 0.0109208 0.8751014 0.1250000 0.0109219 91.56
44 456.0 0.0054604 1.0001000 0.0000000 0.0054610 183.12
58 442.0 0.0232068 . 0.4706896 0.4117647 0.0204789 48.83
70 430.0 0.0204766 _0.7334347 0.2000000 0.0191135 52.32
80 420.0 0.G177464 0.5385629 0.3076923 0.0150179 66.59
92 £08.0 0.0150161 0.1819195 0.8181817 0.0150177 66.59
100 400.0 0.1464002 0.0069502 0.1679318 0.0256027 39.06
116 334.0 0.0002229 0.0000969 1.0002200 0.0002229 4485.42
130 370.0 0.0008915 0.8750966 0.1252218 0.0008918 1121.35
144 356.0 0.0004457 1.0000950 0.0002219 0.0004459 2242.71
158 342.0 0.0018944 0.4706848 0.4119862 0.0016722 598.03
170 330.0 0.0016716 0.7334297 0.2002214 0.0015606 640.76
180 320.0 0.0014487 0.5385580 0.3979139 0.0012263 815.48
192 308.0 0.0012258 0.1819149 0.8184031 0.0012262 815.53
200 300.0 0.0088695 0.0035575 0.2264221 0.0020398 490.25
216 284.0 0.0000068 0.0000924 1.0004410 0.0000068 146492.10
230 270.0 0.0000273 0.8750921 0.1254438 0.0000273 36623.02
244 256.0 0.0000136 1.0000890 0.0004438 0.0000137 73246.13
258 242.0 0.0000580 0.4706802 0.4122082 0.0000512 19530.87
270 230.0 0.0000512 0.7334249 0.2004436 0.0000478 20926.62
280 220.0 0.0000443 0.5385534 0.3081358 0.0000375 26632.32
292 208.0 0.0000375 0.1819103 0.8186246 0.0000375 26634.95
300 200.0 0.00024¢1 0.0018319 0.2562426 0.0000620 16140.55
3156 184.0 0.0000001 0.0000879 1.0006630 0.0000001
330 170.0 0.0000004 0.8750876 0.1256656 0.0000004 2€91207.00
344 156.0 0.0000002 1.0000850 0.0006658 0.0000002 5382423.00
358 142.0 0.0000008 0.4706759 0.4124302 0.0000097 1435166.00
370 130.0 0.0000007 0.7334207 0.2006655 0.0000007 153774%.00
380 120.0 $.0C00006 0.5385492 ° 0.3083577 0.0000005 1956972.00
392 108.0 0.0000005 0.1819057 0.8188470 0.0000005 1957242 .00
400 100.0 0.0000031 +0.0007859 0.2743754 0.0000008 1190638.00

LLL
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has been discussed in detail in Chapter III (seé pages 64 to 98). To
understand the influence of different parameters-wind regime, generation
mix (penetration) and load demand, these parameters are varied in a sys-
tematic way in the simulation studies. For a given wind regime and with
a certain generation mix (penetration), the peak load demand is varied
from 50 percent to 100 percent of the total system generation (assuming
the transmission Tine capabi]ity is equal to maximum generation avail-
able at its input end) in steps of 10 percent. The procedure: is con-
tinued for different geheration mixes and different wind regimes. The
results for Examples II and III are given in Tables XXXV and.XXXVI,

and discussed in the following section.
4.7 Discussions

Results of the expected loss of 1oad.fof examples II and III are
computed for high and low mean wind speed months for both sites--
'Kahuku Upper' and 'Livermore.' These results appear consistént in
their nature, as such resu]té given in Tables XXXV and XXXVI are for
the high mean wind speed month (March, 1977) for the site 'Kahuku Upper'
only. When‘these results éré compared with the resu]té'of Chapter III
(see Table XXIX), we find that the introduction of a single transmission
line in a‘géne}atioh’system (WECS and/or conventional) causes an in-
crease in the risk va]ﬁe of the loss df-]oad. Though there is a definite
increase in the risk value, the increase is not significant because of
the high reliability of the transmission Tine. Comparison of Tables
XXXV and XXXVI gives a reading of the reliability of the systems con-
sidered as Examples II and III. An examinétiqn df these tables reveals

that under the conditions of identical machine capabilities, load
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TABLE XXXV

LOLP TABLE FOR COMPOSITE SYSTEM OF EXAMPLE II FOR MARCH, 1977, FOR THE SITE
' KAHUKU UPPER'

Peak Load % | - | |
of Installed 33.3% 25 20% 16.6% 14.3% 12.5% 11.1% 10%

Capacity

50 2.667124 0.7476575 .~ 0.7621801  0.0045254  0.0056825  0.0001653 0.0 0.0

60 ' 3.097981> 2.659359 0.8136821 0.151999 - 0.1521866 0.0108841 0.0139808  0.0005657
70 30.38157 4.091211 ’3.800469- 2.817931 0.24817104  0.3295364 0.3383005 0.02681
80 38.33744  33.82884 5.244245  4.368268 5.132797 5'354084.‘ 5.03761. 0.6170425‘
90 - 59.72149 47.43466 49.75868 47.76074 46.68635 44.,85003 47.93826 8.736546

100 67.08065 66.97918 53.65611 56.3708 59.64376  62.56779 65.1934 65.3534
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TABLE XXXVI

LOLP TABLE FOR COMPOSITE SYSTEM OF EXAMPLE III FOR MARCH, 1977, FOR THE SITE
' KAHUKU UPPER'

Peak Load %
of Installed

- 100

Cpaciy 33.3% 25% 204 16.6% 1432 12.5% 11.14 10%
50 ~ 2.003402  0.0730066 0.0876182  0.0045471  0.0057098  0.0001661 0.0 0.0
60 2.434269 1.995085 . 0.1393561 0.1526926 0.1532169 0.010931  0.0140545  0.0005681
70 20.89224  3.432816  3.139592  2.835472  0.2491407 0.3309647  0.3401859  0.0269199
80 37.84809 33.3384 4.591048  4.38581  5.153748  5.378415  5.064282  0.619444
90 159.3301  46.9445  49.27024  47.949 46.8764  45.02028  48.11778  8.767554
66.68922  66.585 53.16767  56.55005 - 50.83386  62.75965  65.38716  65.53317

0clL
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demand, wind regime, and assuming the transmission line capability as
equal to the total system generation at its input, the system given by
Example II has a higher risk of losing the load compared té the system
given by Example III. This is indicative of the low confidence (wide
variability in the output of WECS) in the operation of WECS alone and
transmitting its output to a load center (bus). But operating WECS 1in
“parallel with a number of conventional generating units smoothes out
the variations in the output of WECS and trénsmitting the combined out-
put to a load center is preferab]é from the overall reliability view-
point. This can be seen from the results of Table XXXVI for Example

II1I.
4.8 Interconnection of Two WECS

The advantages of interconnecting two power systems through a tie
Tine are well known. The major benefits ére 1)‘thevpossibi1ity.of
interchange of energy between systems, and 2) the improvement in the
reliability of both systems. The interconnection offers an opportunity
for the two‘systemsAto shdre each other's capacity reserves by taking
advantage of load diversitieé.(houf1y, daily, or seasonal) in the two
systems, diversity of forced outages and the opportunity for a planned
maintenance on the basis of an infegrated system. Interconnection bene-
fits mainly depend on the operating reserve in the individual systems,
limitations of the tie Tine, and the agreement between the two systems
regarding emefgency’power assistance. Interconnection also affords the
opportunity to take advantage of 1afge‘unft‘sizes available at present
(65, 66, 21). |

WECS normally operate for a considerable period of time at much
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Tower capacities than their rated value. Therefore, they cannot derive
all of the interconnectibn benefits enunciated abave. Still, intercon-
nection of two WECS 1ocatéd in different wind regimes should improve
the overall system reliability. The other benefits are not of much
significance with interconnected WECS (67).

In the studies pursued on interconnection of WECS, it has been
assumed that the behavior of the two WECS and the transmission 1line
are statistically independent. Figure 25 shows a scHematic of the
system--WECS No. 1 connected to WECS No. 2 through a transmission Tine.
An examination,of‘this.figure indicates that this system is an extension
of Example I considered earlier (see page 110). Thus, the model devel-
oped for Example I can belintegrated-with the model of WECS II to
develop a model for the ihtegrated’system. The technique is straight-
forward and is discussed in ChapterIiI (see page83 ). For the example
studied, WECS I is assumed to be in a location whose wind.regime is sim-
ilar to 'Kahuku Upper' and WECS fI is assumed to be located at a site
with a wind regime similar to the 'Livermore.' Both units are assumed
to be identical (DOE/NASA 100 kW MOD-0 unit). The transmission line
interconnecting the two WECS is assumed to have a capacity of 100 kW
with an availability of 0.999, failure rate of 0.002/24 failures/hour
and 1.998/24 fepairs/hour. Wind regimes for the month of May, 1977,
is used in the simulation study. Since the wind speed data for this
month are.not available for the 'Livermore' site, the wind speed data
for May,_1974,_are assumed to be repeated during thé month of May, 1977.
Table XXXVII shows the capacities on outage, capacities available, the
availabilities of the various capacities, and the fréquency of encoun-

ter of each state .in the interconnected system at the location of WECS
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TABLE XXXVII
COP TABLE FOR TWO WECS INTERCONNECTED SYSTEM

Rate of Departure

Cap. Cap. . .
Out n Down Up . Freguency of Cycle Time
W [ Availability States - State tncounter / hr. in hrs.
d 209.5 5.3702068 0.2825798 0.0000099 0.1246129 9.56
16 12<.0 0.0817123 0.4082465 0.3973592 3.0658769 15.18
30 170.3 0.0916744 - 0.4296838 0.4410582 0.3798247 12.53
44 156.0 0.0597086 0.4045686 0.4446861 0.9507078 19.72
46 154.0 0.0047754 0.6357597 0.8794406 0.0072357 138.20
58 162.5 3.0643108 ©0.3792713 0.4810572 0.0553284 18.07
60 143.3 0.0052619 0.7026691 0.8762311 1.0092553 108.05
70 130.3 0.0140446 0.4914732 0.413261 0.0127067 78.70
74 126.5 0.0130268 0.6250477 0.8844545 0.0196639 50.85
80 120.90 2.0363840 0.4496863 0.4678569 0.0333239 29.95-
86 12.3 3.0007075 1.0153330 0.6479592 0.7011768 849.79
33 112.9 0.2099063 0.6000093 0.9161830 0.0149604 66.34
92 102.0 0.0045729 0.4697127 0.6711111 0.0355591 179.89
96 134.0 0.0061903 0.6368179 0.8265306 0.0990586 110.39
100 106.0 0.1252629 0.1462947 0.4050828 0.0€30671 14.48.
102 93.0 0.0059304 0.5575996 0.9263527 0.0033005 113.63
108 92.0 0.0007075 0.7653894 0.8979592 0.0011768 849.79
110 90.0 0.0057933 0.6197091 0.8750115 0.0086651 115.41
114 36.0 0.0006822 0.9154266 0.7566134 0.0011407 876.68
116 84.0 0.0299229 0.2801797 0.8151323 0.0327751 30.51
122 72.0 0.0007039 0.7077749 1.0051260 0.0012056 - 829.44
124 76.0 0.0040968 0.5864264 0.8854617 0.0060300 165.84
128 72.0 0.0013500 0.6110454 0.9064169 0.0020485 488.16
130 70.0 0.0233826 0.2621560 0.8307548 0.0255551 39.13
136 64.0 0.0004837 0.7015754 0.9850739 0.0008158 1225.81
138 62.0 0.0028244 0.4575911 0.9635780 0.0040140 249.13
140 60.0 0.0000938 0.9808525 0.7115384 0.0001588 6296.17
144 56.0 0.0172453 0.2100648 0.8539206 0.0183487 54.50
150 50.0 0.0012904 0.5791036 0.9832160 0.0020160 496.03
158 42.0 0.0086804 0.0986149 0.8840592 0.0085300 117.23
160 40.0 0.0006317 0.4715118 1.0285710 0.0009476 1055.35
162 38.0 0.0001083 0.7334164 0.9999997 0.0001877 5327.54
170 30.0 0.0036185 0.2316238 0.8633467 0.0039622 252.3
172 28.0 0.0001985 0.4546286 1.3090890 0.0003501 2856.00
180 20.0 0.0028264 0.1045995 0.9944283 0.0031063 321.93
184 16.0 0.0000144 0.5000833 1.5000000 0.0000289 34629.20
192 8.0 0.0005612 0.0048721 1.3947460 0.0007855 1273.03
200 0.0 0.0002070 0.0000000 0.4858466 0.0001006 9943.95

¥el
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II. Table XXXVIII Tists the cumulative probabilities for this example.
4.9 Conclusions

The Markov model developed for WECS in Chapter IIT along w&th the
models available for conventional generating units and transmission
lines have been used in this chapter to evaluate the reliability at a
load bus for a composite system. The composite systems used in the
studies constitute the basic configurations that can be expected when
WECS, conventional generating Qnits, and a transmission 1ine are present.

The'basic approach in the method followed is the well known “fre-
quency and duration" technique. A model for WECS and/or a model for
conventional generation units are combined with a two {Up and Down)
state model for the transmission line to derive a model for the com-
posite system, depending on the specific configuration studied. To
evaluate the reliability of this composite system, a suitable load
model is used and the variability of the load at the load bus is also -
considered. |

The studies presented in fhis chapter are versatile in the sense
that the risk levels dué to the transmission Tine alone can be eval-
uated by treating the generation system as fu]]yj(100 percent) avail-
able. In turn, the risk levels due to generation capacity alone can
be obtained (results of Chapter III) by treating the transmission sys-
- tem as fully (100 percent) available. The case of an interconnected
two-WECS system has also been studied. For a single 100 kW WECS
located in 'Kahuku Upper' and‘in ‘Livermore,' it was found earlier that
the avai]abi]ities‘of the rated output capacity state for the month of

May, 1977, were 59.7 percent and 62.1 percent, respectively. From
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Table XXXVIII it can be seen that the availability of 100 kW or more for
the interconnected two WECS system is 88.8 percent--a significant
improvement. This improvement is a direct consequence of interconnect-
ing two WECS located in two different wind regimes. Further conclusions

on this aspect will have to come from future work in this area.



CUMULATIVE PROBABILITY OF INTERCONNECTED TWO WECS SYSTEM

TABLE XXXVIII

Cap. in kW Cumulative Probability
200.0 0.9999986
184.0 0.6297917
170.0 0.5480794 .
156.0 0.4564050
154.0 0.3966964
142.0 0.3919210
140.0 0.3276103
130.0 0.3217484
126.0 0.3077039
120.0 0.2946771
114.0 0.2582932
112.0 0.2575858 .
108.0 0.2476795
104.0 - 0.2428067
100.0 0.2366164

98.0 0.1113535
92.0 0.1054230
90.0 0.1047156
86.0 0.0989223
84.0 0.0982401
78.0 0.0683172
76.0 0.0676134
72.0 0.0635167
70.0 - 0.0621667
64.0 ; 0.0387841
62.0 0.0383004
60.0 0.0354760
56.0 0.0353821
50.0 0.0181369
42.0 - 0.0168465
40.0 0.0081660
38.0 - 0.0075344
30.0 0.0074261
28.0 0.0038076
20.0 0.0036090
16.0 0.0007827
8.0 0.0007682
0.0 - 0.0002070
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CHAPTER V
SUMMARY AND CONCLUSIONS
5.1 Summary and Concluding Remarks

Teéhniques for eva]ﬁating the reliability of power systems invol-
ving conventional generation units are well developed and have been in
use for at least two décades. These studies are firmly established in
the power industry and the ﬁecessary standards are fairly well laid out -
for all three major sectors (generation, transmission, and distribution)
of the power systeh. The entry of WECS is one in a sekies of new types
of generators‘added to the family of power system components over the
decades. During the last five years, research and deve]opmeﬁt around
the world has laid the groundwork'necessary for the design, develop-
ment, and fabrication of large WECS for the generation of electricity.
The wide variabi]ity'in the output of a.WECS due to.the vagaries of the
wind input_suggests'operatiOn of WECS in parallel with exiﬁting utility
grids. Such a scenario brings into focus various reliability questions
-~the reliability of WECS-assiS£ed generation systems, composite sys-
tems, interconnected systems, etc. It is also necessary fo study the
influence of factors such as wfnd regime, generation mix (penetration),
Toad demand .(and, 1nd1réct1y,‘the<amount of'reserve).andvthe like, on
the overall system reliability. Solution to these problems requires a
systematic- development of WECS médels and their use from the point of
view of reliability. In fhis'thesis, basic reliability models are

©
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developed for WECS and they are used to study the influence of major
paraméters that are likely to affect a wind-assisted utility system.

The practice, at present for the selection of sites for WECS is
based on hourly wind speed and direction data collected over several
years. Such information, though extremely useful, may not be avail-
able for many potential wind Sites.

Chapter II discgséeé the development of probability models for
WECS based on common1y available parameters such as mean and/or var-
iance of wind speed. A Wéibull model with parameters o and B is used
to fit the actﬁa1 wind speed distribution. The parameters are deter-
mined from the mean and variance of wind speed. The distribution
function is utilized to obtain the wind speed duration curve. The com-
bination of this dﬁration curve with the characteristic of the wind
turbine generator (WTG) leads to a probability model for WECS, in terms
of capacities available and the availabilities of various capacities.
This model is combihéd with an appropriate model for conventional gen-
eration units to evolve a‘mode1 for the combined system. The combined
system model is convolved with a'suitabIe load model to evaluate the
reliability of the system. The results of the expeéted loss of Tload
are within a range of 5-15 percent of the results obtained with actual
data for the two sites studied--'Kahuku Upper' in Hawaii and 'Livermore'
in California. If the variance is not available, a know]édge of the
variability of the wind speed can be utilized to estimate the parameter
B. For Tow mean wind speed {less than about 13 mi/h) months with Tow
variability or high‘meah wind speed with high variability, a g value in
the range of 1.5 to 3.0 may be chosen. High mean wind speed (above 13

mi/h) and low variability requires a g value of 3 to 5.  Such a modeT,
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with a properly estimated g value, gives good results depending'upon
how close the estimated B value is to the ;a]cu]ated B. The farther
the estimated 8 is from the calculated 8 value, the larger the differ-
ence in the results of the expected loss of load. In the absence of
any knowledge on the variébi]ity, mean wind speed alone can be util-
ized with an assumed g value between 3 and 4. In this case, the fina]
~results on most occasions are within 40 percent of the results computed
'with actual data. The expected Toss of load value itself depends upon
factors sdch as load demand, generation mixA(penefration) and wind
regime; For a ‘given wind regime and generation mix, an increase of
system load (up to the_convenfiona] capacity in the system) causes a
slight increase in the expected loss of load. When the System load is
greater than the convéntionaI generatibn'capacity, a Sharp rise in the
expected loss of load occurS,Aindicating a low confidence in the WECS
generation. Further, the expected loss of load increases with increase
in penetration, and decreases with an increése’in the mean wind speed
(better wind regime).

'The method suggested by Melton (38) has been uti]ﬁzed to estimate
the capacity credit of ainCS. The influence of parameters such as wind
regime, generatijon mix and load demand has been considered in detail in
arriving at a range of va]ueé for the expected cépacity credit. The
percentage values for the better wind regime (high mean speed) months

- for the two sites, 'Kahuku Upper' and 'Livermore' are 50 to 60 and 40 to
50, and for the poor wind regime (low mean speed) months are 0 to 10
and 20 to 30, respectively.

Chapter III discusses a Markov model for WECS. The model is devel-

oped from the mean hourly wind speed data and the characteristics of
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the WTG, It is a multi-state model, the number of states depending on
the accuracy required and the output characteristics of the WECS. The
hode] thus evolved is convolved with Markov models for conventiona]
generation units to derive a model for the combined system. Fof study-
ing a WECS-assisted utility system, a load model based on the Markov
chain with hourly peak'1oad values is the logical choice. Combutations
of the resu]ts-for the expected loss of load (i.e., the reliability
indices for the system) have cohsidered é range of values for the major
parameters.such as wind regime, generation mix and load demand. It has
been observed that, for a given wind regime, and with a certain value
of penetration by WECS, an increase in the system load demand causes
only a slight increase in the expected Toss of load as 1ohg.as the load
demand is less fhan or equa]ito the.tota1 conventional generation cap-
acity. When the load demand exceeds the coﬁventiona] generafion-capa-
city; there is a steep rise invthe expected loss of load, indicating
the low Toad-carrying capability of WECS. A better wind regime gives
lower values of loss of‘]oad, and vice versa. The influence of pene-
tration on the expected Toss of load:-is complicated éince.the Toad model
is not 11near.but stepped (Markov model with discrete Toad levels).
In general, an increase in the generation mix causes an increase in the
expected loss of load. |

. Since large arrays of WECS are expected to be located in remdte
areas, it is obVioys that transmission line is an integral part of a
WECS assisted'utility system; The 1ine could be simply transporting
| the power generated by a (or an array of) WECS or it could be paral-
Teling two groups of WECS. Two basic configurations invo]Ving WECS,

conventiona],generation.dnits and a transmission line are studied.
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One of the examples considers a situation wherein a transmission line
is used to transmit the power generated by a WECS operating in parallel
with a number of conventiqha] units to a load bus. The exampie of a
WECS in series with a transmission line qonnected'to a load bus at
which a number of conventional generating units are operating in paral-
lel has also been studied. The analysis of these two examb]es showed
that the introduction of a transmission line in the generation system
causes only é‘s1ight increase in the expected loss of load.

Though nct all of the traditional benefits of interconnection of
two conventional power systems are fully available in the casetof the
interconnection of two WECS,Ain the absence of integration of a WECS
with a conventional utility grid; interconnection with another WECS
located in a totally different wind regime can help fo impfove'the
reliability of both systems.t An improved performance could be expectéd
if a diversity'ih the Toad demands also exists at the two WECS sites.

.The studies pursued in thisAthesis have practical importance. The
methodology developed is general and is applicable to any site and for
any type of wind turbine generator. Thelresu]ts presented and dis-
cussed have laid the groundwork for better understanding of the»re]i?
ability aspeéts of wind-assisted utility systems supplying a common

Toad. It should also be helpful for further studies in this area.

5.2 Scope’for Future Work

Future work on the reTiabi]ity of wind-assisted utility systems
appears necessary in three areas: 1) improvement of WECS models that
have been developed; 2) analysis of other sites and the inclusion of

their diversities in the wind regimes for the purpose of making some
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generalizations, and 3) incorporation of more components in the study
to simulate actual powér system operating conditions. These are dis-
cussed further in the following paragraphﬁ.

Though the WECS_ﬁode1s developed in Chapter II are reasonabTy
accurate, refinements are pos$ib]e to 1ncTude seasonal, diurnal, and
short—term'varfatiohs.

Capacity credit assigned to a WECS located at a site depends upon
parameters such as wind regime, WTG characteristic, generation mix,
load demand, and the Tike. An improvement of the technique used in
this thesis is desired to incorporate additionaT parameters to obtain
a‘representative figure for the capacity credit.

The Markov- model developed in Chapter III can be refined. The
‘model emp]oys seven partial Capacity.;tates--a result of'usihg integer
hourly wind speed data and.the charactefistic of DOE/NASA 100 kW MOD-0
generator. Doubling or tripling the number of partial capacity states
using the hourly wind speed data to the first decimal place éccuracy
and studying_the dffferences in the resu]ts obtained may prove fruit-
ful. The prqb]ém, though straightforward, is expensive in terms of
tomputer time. A recursive technique needs to be deve]oped'to compute
the frequency and duration of residence of cumulative reserve ﬁargin
states. A méthod may be devised to compute the expected loss of load
using the cumulative load mode]. lWhen a WECS 1is operated in parallel
with older (or ]érge modern) Eonventiona] machines, a multistate (3 or
more) model of conventional machine should . be ut%]ized in the analysis.
The load model based on the Markbv chain and houﬁly peak 1oads'ut1ﬁ— ;
ized in this thesis is a theoretical load model. A load model develop-

ed oh the basis of actual hourly load data of a particular system under
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study will be more informative and representative of actual operating
conditions.

Composite system reliability studies:-(including WECS) need snecial
attention. The studies undertaken in this thesis assumed that the
tranemissibn 1ine is operating in normal weather (one environment)
state all of the time and is free from concingencies such as unaccept-
ab]e voltages and circuit overloads and only simple configurations of
WECS, conventional generation system and transmission line are con-
sidered. A realistic study in this area should include stormy weather
conditions (two state environment) and contingencies such'es unaccept-
able voltages, Tine overloads and the Tike for che transmission 1lines.
Maintenance outages of different system components also needvto be
incorporated in further studies.
| Future studies on interconnected WECS should take into account tie
line limitations, if any, instantaneous diversities in}the wind regimes,
and the load sharing characteristics of the two WECS.

‘_ The studies documented in this thesis are based on hourly wind
Speed data fon'two sites located in totally different wind regimes
('Kahuku Upper' in Hawaii; and 'Livermore' in California). Any gener-
alization of the findings of this thesis will require the study and
eva]uétion of many more siteé for longer periods of time (ten tc fif-
teen years).

The re]iability studies of WECS-assisted power systems considered
in thisbthesis involves simple combinations of power system components
--WECS, conventional machines and transmission line. More and'pore
power system components need to be included 1n:the‘system studies to

make the re]iabi1ity studies more representative of conditions in
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actual power systems.

The wind turbine generators considered for the reliability analysis
have all been of the constant- or nearly constant-speed constant-
frequency type which are popular at present. Simi]ar studies need to
be undertaken on wind turbine generators with variable-speed constant
freduency WTG which are quite T1ikely to emerge in the power syétem of

the future.
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