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gYiLkuld

In the following paren an effort hon been mrde to present
a corprehenuive nicture of -ome of the aspects of mower systém
rcserve nroblems. The basle elcmentary idona of the theory of
probabllity anplied to systen reserve problems have been discursed
and the sirnificance of conventionnl mothiode of outage rrobability
calculation has been illustrnted. Some of the short-out methods
have be.n applied to a revresentctive ryotem and the remvltes are
comp rcd with those obtained with exact caleulations. The work
deale morc with snaelysin:: the factors influcneing the determination
of rogerve canacity of power systems, thon 1n the excol solution
of a typiecal problem, thw chlef vastor being the probability of
outa ¢ of vurlous capaclities. The limitations and comnloxitios
involved in the trcatment of hydro unite hove bren diseur-ed. The
imrortance of the problem in an interconncoted system has been
indicated. Tho role of computers in probaobility studies has
been stressed 'ni a computer progremme has boen developed to
determine the cunulstive outa;e probability for various capacity
outages. The reed and scop8 for {further roscaroh hcve beon

indicated.
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INTRODUCTION
In the enginecring of power systems one « the most
important objects is the attainment of a high degree of continuity
of service. In fact the 1ife in the served ares comes to a standstill
when failures occur in the supply systems. Still interruptions do
ocour due to lack of amenities, personal negligence and even for
reasmn e beyond predietions Seldom, however is the proper degree of
service reliability known or defined in quantitative terms and rarely
doce the denigner emnloy a truly rational method to attain it. Some
way of defining the goal must be found and some sciedtific means of
reading 1t sought. In thig investigation an attempt is mede to make
an analysic of the forced outages that occur in the case of generating
equipments which further leads to the determining of the measure of
reliability the system can offer in meocting tho demands of the customers.
Reserve requirements have in the past been based on "rule of
thumb” criteris such ns & fixed percentage of remerve or the ocutage
of & number of the largest generzting units. For example a ourrent
rmle of thumb in the industry is thaﬁ reserve capacity should not
be less than 154 of the system requirements. However, the complexity
of the prodblem often makes it difficult to find an answer by the
“rule of thumb®™. There are no exact methods available which permit
the solution of reserve problems. However & systematic approach can
be made by the applioantion of the thebry of probability.
It hrs beon observed that outarss that occur are more
governed by law of chance and cen be treated as random events. An
- understanding of the kindes of regularity that occcur amid random
fluctuntions and the use of probabilistic mathematical models to
interpret the physical phenomens with appropriate mezsures of

o uncertainity le ds us to r s5till more riporou- treatment of the problem



than that has been used hitherto. In short the use of probadility
pathematios offers a means whereby some consistent account can be
taken of the chances.

The probability theory predicts the average outage
performance of a grouff of units during a long period of time., The
basic informeticn on which such prediotions are made ic obtained from
the previous exnerience o the existing unite., In the united states
statistical data have been established on o nation wide basis covering
the foroed outage rate of bollers, turbines and generators.
Unfortunately, such data which oan bo readily referred to is not

available in our ¢ountry.

120 DQVQ;QE@QI’!E g,n tho Pﬁ-ﬂgt l
The wvalue of probability theory in the fleld of englneering

has beecn forcefully brought out in a paper{ ) published by S.A.8mith
in 1934, entitled "Spore Capacity Fixed by Probabilities of Cutage®.
A problem of this type which is of special interest to the telephone
engineers forms the subject matter of a paper(m) published by L.C,.Hold
in 1935 whioh expiains the fundamentals of the theory by the solution
of sample problems of the types froquently encountered.

Pregentation of four A.E.E.E. papers(3’4’7'11) in 1947
wae & ohief motivating factor in initiatinrg the application of
nrobability methode to solve reserve nroblems of many of the power
systems in the United Statee.' Moreover the inadequacy of the
present system due to growth of load dnd inoreased eomplexities in
the generation and transmission of eouipments also warranted the
development of a new methcd by which reserve problems could be tackled
in 2 more reuscnable ond realistic manner. Vork on thie problem

actually berah in all its earnestness after Calabrese!’) £ave a



mathematical treatment of the pertinent factors involved in 1947.
The paper wns the rosult of investigntion of forced outages on
scveral systens of boilers and steam turbogenerator units, covering
& periol of eix years. In the pame yeur Lyman gave some methods
which have been devecloped to obtain an approximate soluticon to
complicatod probability calculationa. The most valuable contridution
of this noper secms t0 be the development of & short cut method
&' plicable to a syetem with any number of penerating unite of different
siges, The paper by Seelye(11) gave 6 mathematical development of
relatively simple alpgebraic formmlas. Por the study of .reserves,
necensary to tuke cnrc of foreced or emergency outages of gener: ters,
regults in o tanpgible form were developed and the metiod of anplioatio
was indiec~ted. In s subsequent papar(QS) in 1949 he has extended the
pimrlified epproximate method to the development of a fow charts
whereby thce percentage of regerve in terms of toinl system capability
oy total system lond may be found dir.c¢tlys Another paper in the same
serien vas by loane ~nd Tatahorn(7) which deals with en application
of tre thcory of nrobability to a pertioular problem of special
interest t~ those concerncd with hydro-unit treatments.

4 renort by on AJd.E.E. committee(S) in 1949 on
"Cutage Rates of Stcar Turbines and Bollers and Hydro~Unite" made
available the foreed outape data collected by the cormlittecs of the
Edison Dleotric Inst tute. The dats, wns colleoted by supplying
questionaircs to power cormanies cnd the detnils presented are bosioc
to the determination of syetem capaoity requirements by probebility

computations.

In 1950(8) “atchorn presented a paper(g) in which he
demon~trated that thy complex compogite effeo% of all the factors

that affect the system capacity requirements can be evaluated by the



use of “wo sinple basle probability principles applied arithmetically.
The results showed wide differences in the capucity requirements

for vericus donditions end —he concluded that these differenccs can be
evaluated in no other way than by the epplicaticn of probability
met!-ods.

In the articlce in 1947 ond in subsequent rapers in 1950( V)
and in 1951(2) Calobrese hae diccussed the use of loed duration curve
based on daily max. loads for the Jetermination of index of reliability
level, He put forward sore ideas regoriing ihe trentment of
inte co'neoted systems and puggested three methode to determine the
nrobabllity of locs of load with interconnection. 1n the same year
(1951) Stanﬂara(EO) presented a new analytical method of cealoulating
rrobable frequency of occurence of forced cutages and probable

(1)

duration of theso outares, and in 1957 Yatchorn further developed
a simplificd method for the application of the theory of probability
to reserve problems.

There seems to have been a lot of interest developed by
this time in thc probability methodis. In 1958 as meny as eight
Papers (14'15’20’23’24’25’2?’28) were published in the A,I.T.E.
Journal and the contriditors were Kist, Halperin, Hiller, Limmer,
I‘ierone and Hicks to mention only & few, Kiat has ocneidered the
recordsc of emerrency outages of major equipments for a period of
amproximately eight years, praceding the atudy in order to arsign
the ocotual hiatoriecal ocuteage factors to cach element of the syotem
entering into the caloulations.

The nebulous and the di fioult tosk of determinin; economioc
tie~line canprcities h-s been attacked in n syctomatic monne:r in a
paper by Jones and Fierow titled as "The Use of Frobability eti.ods
in the Economic Justifiocation of Interconnecting Facilitiesn Between

Power Systems in South Tex&a"(24). The subject matter pertains to



t oartieular syciten #nd no attennt o boon made to gonornlioce the
rthod. Duce to tho oxiron: Bemplox naturo of the problon, with
tho informoticn cvall-ble, cnch oystem 1o to bo ¢nckled individually,
tokin~ into cceount, nl! {tho portinent fectorn ~ffocting tho oporation
af the ayéton. Oneo tho cconomic oporating conditiono aro cot-blichod,
thor: rorrin only aimlor caloulotions o determdno the saving in
invectmont rnd armucl chorces.
A 0till morc cxnet trcotmont of rocervo problems wog
rorniblo by this tine hon Helporin nnd Adlar(15) progentod a
eathematieal nethed of reosorve studics, bosed on the durntion and
frequenay of outagcs In an ecrlicr paper in 1946(10) the outhoro
havo derived cozo of thoe quitc immortont forrmlas which considor the
varictions in froquoney cnd duration of events. But vhile taking
into aceovnt these varintiono the problem becomes so cumborgomo
thon even with o digital computor *“he solutiono bocome quite inveolved
To eimplify the anproach ithout nsacrificing the accuracy, tho authors
intreodueed the ideo of the uniform oystenm ~nd sub-division of o comple:
pyoster into uniforr ouv=roupd. Lodificd analytienl expressions havo
b.on developed and methedn of application nurgooted which invoked
guite & lot of interont cmon~ thoco keon on tho toples A eritical
rovierr of thonc works in given in chaptor no. III, speeiallydevoted B ih
By thisg time the uce of digital computor hag boeono
nonular cnd pony of tho powor comprnien have begun to solve rosorve
canceity probloms by nmeans of nrobabilily mothods aided by the
computors. In the p~nt, tho tire requirod Zor tho manual caloulatione
for o ~yrtem of ovon medoyato olze hag rootriotoc tho wildecprond uoo
of rrobobility mothods. In 1958, two papors by Breanem, Gallovny cnd
Ldrchonyor dipourscd how o medium ploed d1:1301 ecormuter 1~y be usoed

to ealovl~te thoe probtrbility of connolty ouwic < nnd the probability



of loun of lerd for n nemsintorconncotod nyotor, %The proeccduro
topted 4n this ~cpor effords a ranid cnC ceomcnle 'y to obtinin
e soluticrse To dovolon o +rble of concelty ovta o probnbllisy
for r 27 ehino syoton hoving 40 nosulble valucz of copacity
ente-o reonnidpcd only f£ivo minutoo of cooputor timo. 7Tho same toblo
ronuired abent 8 h-ure to solve 1th o donk orleulator. 4 tnblo
howvins 979 wocolible  voluco of copaelty outnpo required 30 ndmutoo
of carmutor t1imo.

Tho eontribution by Colabrorc in anplylng the mctied o
‘ntoreonncetod oynioms h-6 alreocdy beon rcferrced to. But o cloosienl
trcntrent of thio nrobler: o donc by Cook rnd Co-authors in o papor
nubliched in 1963(13). By mesns of cxrlonntory Vonnediogronms the
authrrs hovo cortobliched poro sinrlo formulno applicablo to cystono
vhich nre non-intorconnceted no woll as to oystems with finite ond ine
finito intorconncetiono. Tho dorivationrs are @:ito intorcoting ond
are disourced in Chaptor Ho. Ve In order $o assceco the valuo of
intorconneetions ond to detormine the instelled rogorve capocity
roduction by poolins, n dipital commutor vrogrirme 1o discuvcods Tho
vorlr mainly oonfinco to t0 intorconncotod myrtems; and though
anceific nroblons lavelving morce ¢hen two arersn ¢an bo golvod oftor
ptudyins tho loe? flowv condltir~ao, furthor roocarxeh work ic occontlal
in obtzinin~ ~ renorcliced noluticne.

a4 nothed {akisr the full deecount of tho hourly, daily and
peagoncl lond vordctions oo woll oo the anrunl lond and monthly
lond nocke o be n ouppccoto’ by Lozel ond Varaet(qﬁ). Zho

nrogofiuvoe oo eloen

1) Anrldyole ond wrojootlon of gynton lood



2) Aanlysls of ceneroting caprelty ovelabllity.

3) Detertinction of & copneity doficioney ond onergy defieioney
ou=ve ond

4) crnlienticn of thoso deficioncy curvoo to tho opocific situation.

anothor papar preoontoed by Vassol and Tibbortn(ze)

ddcouncin- ~ chort ocut method to oxamino capaneity rosorve rogquirctonto
co-na 4o bo tho latest publication on thic topio.

I'ony of tho methods cupgooted have got ocvoral important
edventogos but hove aleco limitations. Judgoment and oxporienoe must
continuo to play a mojor role in intorpreting and applying tho rooulto.
Tho applications of the mothodo have beon va ¢ ané & groat wealth of

informotion oxisto 4in tho form of Technical Paporo.
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CHAPTER 11
2.1. Basis of Probability Study:

Probabdbility is a measure of the chance of ¢ certain event
by the ratio between the number of events that can occur in that
certain way and the number of total poanible events. Consider the
performance 0 & single generating unit during a long past period T.
During thie period the unit has been in operation for a period of S,
eand out of service ‘ue to forced outages of tho unit itsclf for a

period 0,. The averago outare rate of thin un;t is thon 01 .
&}1 + C)1

The outage "nd service timcs can be expressed in hours or days. If

the 'n' unite of a ayctem are or are arsumed to be similer in design

and operating conditions the outage rate of the individual average

unit is ealculated with the formula:

01 + 02 YRR oo Onf c.-.¢+0n

.‘...0!02&1

LR850, 5 (By + 050 + seeslBy + 80+ ve (8, +0,)

Where 0, is the total forced outaoge time and Sk the total service tinme
of the k'O unit. The service rate 'p' of the average unit cen be

determined in the same way and is equal to

81 + §g~+ "‘..'..Sk_* ovn.mnSnn . eerseslela

(51 + 01) + (32 + 02) + Qttisk + Ok)+cdl'(sn + On)

With a given amount of the units pnet performsnce availeble
a series of valucs of q are caloulated by adding coch yenr's forced
outage and service times respectively to the cumuletive forced cutage
and service times of the rreceding years. If thio leads to a stable
value of q i.e., a valoe which chang s 11 tle with increase in demand

time this value may be used to predict the expeoted future performance



of “he uy:ivroe units In the ortiele publishe? by Celabtzoso in 1947,
he hno e erted on ouic o faoctor of 0.03. Howevor oo o recult of
Lurther Set-4lod dnvooti; atien o nationcl avoraro of 0§02, for
ponar: fors, koo beon cotobliched 4n tho United dtotos.

4th the roeordc uzed in the study of soma of the oyrtomo
1t hno roen fount that thero io no chnrcetcriotic variation in tho
frceucney el ouraticn of in'ivicual gencrator cutages with odve meko
or o+ o coulpment. In the onclysis done in thio inves*iration 1t
hos boenm oooured tht the munbor o” outoges for any goncrator ig
dircetly nronortional to it's exzpooure. Iorcover in s syotom consloid
of o nurber 0" moechines, no tho growth of loand oocurs, now machineo
are ingtalled an’ old and new cquirmonis arce put into corviea to
meot the lood dememd. Thire vy opoin lead to an intermediate volvo
for 'a' and the corrcetion “or oging doon not oceem to bo osrentiels

In cages vhere oqu pmentc arae conncted in sorico roletion
the outame of onc cloment ccusee the whole groun to bo outs A an
exomnle a Turbo genere of outore may be couscd by trouble in the
voilers or in the Yurbire or in thc genorctors In goneral o unit
pay be comnosud of ocvercl olomonto a, by, ¢, 4 in sorico havirg outage
rates qn, qb, gc¢, oto. -2ch onc of thooe ocutages is caleulatod
coneidoring only  he cutcse eauocd by troubles in the partiocular
elcmont and not in thy othor Leloments. Thoe qorresponding sorvico
rrobabilitleo cro Do o 1 «» o, P o™ - qb, p0 = 1 - ge and ge Lforth.
Tho cervico probability »n, of ho unito co a whole by the multiplicatic
nrireinlo 40 = Pa-Hb PO Pd ceeesso Tho outaso rato q, of tho unito =
T « pa.pb.pe Pleses

Zhe vezebrbility of ocourcaco of olthor one or he othor of
tro rmtuclly crolunive cvontc Iv e cur of the rearcetive nrobobllitic
Thus the »nrodnblility o v vlry; cither of Lo %o unity o ocnd b on foroo

ontoro ta(no.nh ¢ oh.and Toturlly cxelnsdws mern Aammmannn A0 man e



exoluding the occurcnce of the other event.

By applyin: the formal rules of tic probability theory
the cutare protabilities of the combinations of n dissimilar units
having individual outages Q0 Q2 ....Qn arc obtained by developing
the following products of dbinomial faotors

(91 + Q1)‘(P2 + qz) Oooc;-(pk + qk) .,..(pn + qa)

If the n units of the group arc arsumed to be similar, the rame
outage rate q 1s used Tor all of them, In that case the binomial
factore degencrate into the well know Binomial formula

1

qQ+n (n=1) pnmz'qe + evenns

2]

(p +q)® = p® + np™

This expansion provides the bdaois for determining the probability of
firding various numbers of 'n' units available for service., In the
expansion the first term represents the probability for no outage

the eec- nd term for the forced outage of one unit, the third term for

the foroed outage of two units tnd co on.

2.2 Caloulation of Capacity Outape Probabilities by the Conventional
Nethodas
A hypothetical system containing five steam units 3,25 Lw
unite and 2,40 IV unite is considered. An outage factor of 0.02
for each sraller unit and 0.03 for the larger unite are attributed.
Combination of the probabilitiee for the thr.e smaller units is

accomnlighed by the Binomial exransion

(p+q)3 = (0,98 + o.oz)3
a 0.941192 + 0.057624 + 0.001176 + 0.000008 eesf



Probability factors for the 40 MV are obieire’ from the

exvangion (0,97 + 0.03)2

0.9409 + 0.0582 + 0.0709

oeof11)

By multiplying (1) and (1i) the combined probability faotors for

tre whole system can be obtained 2s tabulnted belows

(1)

(2)

Capacity outa e Probabllity

in MV,

(3)
Unite on Porced
Outage.

40
80
25
65
105
50
90
130
15
115

155

0.8855675528
0.0547773744
0.0008470728
0.0542184216
0.0033537168
0.0000518616
0.00?1064384
0.0000684432
0.00000906584
0.0000075272
0.0000004656

0.0000000072

0

1

Table 2-1.



Table 2,1 when re-arrangei in the sscending order of capacity outare

table 2,2 is obtained.

(1) (2) (3)

Capagity Outage Probabllity Units in foreced

in MW, Outage
0 0.8855675528 0

25 0.0542184216 ' 1

40 040547773744 1

50 0.0011064984 2

65 0.0033537168 2

15 040000075272 3

80 0.0008470728 2

90 0.0000684432 | 3
105 0.0000518616 3
115 00000004656 4
130 0,0000010584 4
155 0.0000000072 5

Table 2.2



2.5 Iurther Dodificntions in Cutopro Probebllity Caleulations.

The validity of nrithmoticnl mothods to computo cutopoe
nrrobobilitico hoo boen noo foirly octablichods. A conveniont mothod
vhioh porulto i the reduction of tho rosulis to manggeable
rroascptiono hoo boon ourpested by Kict and Thomnne The cuthors
irtroducod the mothod of prorotion of the foreccd outagce probabilitics

to tultinldc of ronsconable capacity. Tho iden enn bo illustrated an

nl on bolow.

Asoumo that it 1o desirod to arrange tho tablo 2.2 with
o wlith of 25 UU capocity. %he 40 L7 coproity is to be climinated
Lincar prorction betweon 25 L7 and 50 I a-signo 10  of tho ocutaro
foctor for 25 IV and 15/25 of tho outage factor tgsso Vs But tho
50 IV cutage condition is furthor nodifiocd by the prorotion of the
65 LU outage condition. Continunticn of the nrocoss rosulto in o new
tedlo os rivon below. Tho table io arranged in the asconding order

of magnitude of vrrious capaeity outagoo.

Q]?L. Probability of Cutage

0 0.8855675528

25 0.0761203713

50 00353144097

75 0.0027247927

100 0.0002521559

175 0.0000114983

150 0.0000002173

175 0.00C00000144

TathMrn o @



Vi

2.4, Tho Concopt of Curulative Outage Probabilitys

The method explained in 2.2 is made use of in determine
ing the various capacity oute es and the exnot outege probadllities
aspooiated with the respective capacitics. DBut more often the
designers are interested in the outs, 0 probabilitiec of losing a
certain capacity or more and in thio connection the term cumlative
outage probability can be introduced. Iy examining the tabdle 2.2
it io found that the exact probability of outage for '0' LV ie
0.88p55675528, and by sirple arjumont it can be shown that the
probaebility of losing '0' X or more ic the sum of all the terms
in the Column No. 2, which is equal to unity. Similerly the
nrobability of losing 25 MW or more is the sum of the terms in
colurn Ilo. 2, but in this case down from row no. 2 only. Table
2,2 modified to represent the cummlative outage probability ie
shown in Table 2.

Sapacity Outare in M Supulative Probability
' 0 1.0000000000
25 0.1144324472
40 0.0602140256 =
50 0.0054366512
65 0.0043301528
75 0.0009764360
80 0.0009689088
90 0.0001218360
105 0.0000533928
115 0.0001300728
130 0.0001065600
155 0.0000000072

Iable 2.4



2,5, Lloss of Load Probability

In *he provicus cectlons it har been shown thet individual
ontare metors can be combined to obtain probability of variocus amount
of caracity on forced outage. As the lord of o ztatlon undergoes
ho'rly dally and semsoncl variatione, eny capacity outa;e may or
may not recult in lose of lord depending unon the time at which the
foreed onutages occurs, Therefore a knovledge of tho probability of loa
various quantitics of supply io not o measure of the effect of their
lovs upon the lond to be served. To meosure the effect of probable
forge? outares on the lond to be served requircs the use of load
duraticn ocurves, If the mox. sysiem demand were constant throughout
the month at 1005% load factor conditions overy outage in éxceae of
installed reserve would cause pore load curtailment. The maximum
effect on the lond, of o capacity outare cen be ersily dctermined from
the lord dur tion curve. But the expected loss from the proboble
forced outage will be much less because the probability factor
associated with any cennoity outnre would ovidently be o small

quantity.

The above mentioned statement is supported by the very
definition of the term 'Expectrntion'. BExpectation is a mathem:tical
rethod of rlacing an event and oan bhe definded as "The probabillity
of an event occurin«, when multirlied by the results realizec if the

[ ]
ever ocecurs®,

Kist and Thomar have suggested n mcthod to evaluale the lous
of loa’ probability which lends to the ditorminntion of a term known
ar the "Index of Reliability". Index of relisbllity is defined ar the
rotie of load served to the load avallablee The authors heve oconsider
th:: historical index of reliability ar the dbenchemark with respect

to whioh the quality o” service is measured., In the present
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inventi-ntion o detoailed tobulor fowm has been pregented, which
$11ustratos the coleulation of tho Indox of rolinbility. A roproeon
totivo rnourl lond duration curve ucod for the caleculation ic shovm
in 71, (2.1)s The ordinntco of tho eurvo ropresent tho daily poak
lordo ort fluctuationo in the load from hour to hour have not been
tokon into conoideration. To cccount for the above montioned factor
locd durntion curvd con be drovn for smallor intorvaln of time vhero
tho ordinnten con roprooont the hourly poak loads or tho average
deily lond factor con bo ineluded in thoe anmnlytienl exprooeionn which

arc beins diocurced in a subscoquend acction,.

2-6. Ixpected Nuration of Loss of Locd! |

In the previoup discussion we have beon conasidering tho
probability of losc of energy, under the title "Losr of lond
probability". This approcch oeemo to be quite rationol in noture
thowrh 8lightly cumbercome in arplication. The toplc has been
dioounncd by 0a1abreae(3) in his parent urticle itself and has
ovolvod two difforont mothods to dotermino loss of load probability.

The proccdurc cdonted cnn bo sumrarised as given belows
En - R ’ i see .o
HETHUD = 11 lcfarring So #ig. (2.2) Oq, 02’03 voesly oo Oyt 1,

revrogont the looo in capneity valueo obtainablo with the voriouo
unit corbinotiono on’ it can bo plotted dowm from the total capacity
linee by the horizentsl dachod 1ineds oy ropresents tho timo intorval
between the inteeopto on tho lood durrtion curve of thoe two
succosoive eapreily valuoo 0y cnd Op+1 o For londo within tho
1n%orvalz:k lo~n of lond ogours 4if tho eapocity outage oxecodo ok.
Lot Pk be the outaze probobility o outa:es in exeens of ok. Tho
rrofuct Py, 4 ) 10 the wrobablilidy of lose of load,durins tho vholo

noricd gontpibutod by connelsy outnses exccoding Ok. In othor vwordo
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Pk Ay represents the total expeoted fraetirn of the whole period
during which less of losd will occur, due to capacity outagee in

excesn of ok. In the same manner probabilities P1 A4 ?2¢12, seese

of losr of lo~d due, resnectively, to capacity outrges exceeding

01’ 02. may be calculated.

Pe m P1A1 + ?2 A 2"’ coooa?k Ak"' sse0ee g?.VQB the total
probability of losc of ‘oad due to all capacity outages during the
wh'le veriod, In the case of a steam plant with large number of
units the probability Pk varies continuously and a continuous curve

i
can be obta ned. The cxpression for Pe becomus ~[Pk dt.
0

BoldlD » 2,

?e may be caleulated noting that with the capaocity
outece Ok. loss of load ocours during the time tk when the load
excoeds the available vemaining ocapacity. If Py is the probability
of losing exactly the caracity O, the product py tk gives the
probability of lors of load contributed by the capacity 0, outage.
By erngidering all capacity values 01. 02 ""Ok a second
expression can be written for the total nrobability of loss of lond

an followss
Pe o ﬂ1 t1 + pz ta + pk tk + 2000

The numérical calculatio?s for the mothod disou sed above
are given in Table (2.6 & 2.7). The associated graph is shown
Pig. (2.2). The probability of loss of load with & reserve of 44 KV
i~ found to be 0.000162. For various reserve values locn of load

rrobability can be determined ir a similar kanner.
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Description of the tystemie

The Fige (2.1) represents the anmunl load duration ocurve,
based on dally peak londs, for the VWestorn U.P. Power Systom, for
+the year of 1965, The installed capncity of the syviem is 224 MW
with o vesk anmal load of 200 Mi. Tho probability of varicus
ecannoity outares har been manipulate. from the table the author
hie nraecente in Chapter(6). A detalled disouccion of the simifi-
conee of gich a table ond the nethod of framing leo denlt in the
Chapter on "Comnuter Anproccht The iable given belovw i}luatratee
the mochanics of determination of the index of reliability of the
system. Probability of outange of individual Unit = 0.02.

] ]
' Capceity § Probebility ofi Lose of 1 Expocted Loss of

To.

-
o

| Cutcge o Outage { lnergy in ! Energy KUhr.
fin I |} } Kvhr, :
1 0 0.8007314 0 0
2 10  0.0326829 0 0
3 12 0.03268291 0 0
4 15  0.01634146 0 0
5 20  0.033016398 0 0
6 22  0.001333896 0 0
7 24 0.000333499 . 0 0
8 25  0.000666998 60000 40.01988
9 27  0.000666998 228000 152,075544
30 0.050358362 444000 22359,112
32 0.001347609 936000 1261.36

-—d
-l

Contdeses



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

34
35
37
29
40
42
44
45
47
49
50
52
54
55
57
59
€0
62
64
€5
67
69

70

0.000013612
0.,017015261
0.000027225
0.000006806
0.002348105
0.0020554
0.0000137511
0.,0016947197
0.006947782
0.0000002778
0.0023685243
0.0000958411
0.0000209739
0.0007217248
0.0000691723
0.0000070867
0.0010959212
0+0000966745

0.000000978

0.00106925265

0.000029458

0.00000070584

 0.00007583944

1692000
2196000
3420000
5076070
6072000
8352010
10992000
12456000
15688000
19708000
20844000
24864000
29184000
31620000
36768000
42348000

45372000

51804000

58764000
62172000
70032000
768408070

82788000

22

23,03
31374356
93.109
34,547
14257693
17166.7
151.15
21109.428
10830420
5.28
49369.52
2382.993
612,102
22620.93
2543,32
300,107
49724.136
5008.125
57.471
6647.75
2063.002
55,34
6278.592



36 74 0.00000098649 102828000 93.213
37 75 0.00007 107268000 7508.76
38 71 0.000043643 119184000 5201.54%
29 79 0.0000003 121760000 39.52
40 80 0,00006336 136396000 8768.77
41 82 0.000003095487 152316000 471.494
42 B4 0.000000456443 167040000 92.957
43 85 0.000042798 174564000 T7470.99
44 87 0.00000285749 189828010 542.4316
45 89 0.000000443327 205548000 91.057
46 90 0.000009459378 213516000 2019.647

23

Index of Relicbility = 1 13 b

L CE LY JaCY A S
Energy Supplied.

SR TICIEE T
Total
Sum of the expected cnergy loss = 574861 kwhr.
Total Energy Supplied = Area under the load.
uration Curve = 274893%600 kwhr.

1 - 574861
274893600

= 04097909

= 1 - 0.,002091
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(5)
k X

(1) (2) (3) (4)
Cap. Cut t Interval Probability
k of rroater
outagoes Pk
44 0 0.018 0.000504
45 0.018 0,192 0.000480
52 0.210 0.185 0.000258
59 0.395% 0.318 0.000036
66 0,713 0.003 0.000012
67 0.716 0,196 0.000009
74 0.912 0.088 0.000002
81 1.000

Probability of loss of load = 0.000162

Tabla 2«6,

0.000009
0.000092
0.000048
0.000011
0.000000
0.000002

0.000000



(1)
Cap. Out

44

4

52

59

66

67

74

81

Unite
Out

Koszlf gz)

2 0

3 0.18
0.210

3 9.395

3 0.713

4 0.716

4 0.912

4

1.000

(4)
Probability
of
Speeified
outage

—_—
0.00239
0.000025%
0.,000222
0000222
0.000025
0.000002
04000007

0,000002

0.000047

0.000088

© 0000018

0.00001

0.00006

0.000002

Probability of losz of lond = 0.000162

Table ?*7 .
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2.7 Effoct of Froquoncy ond Duration of Outageot

A nupbor of paporas hove sot out to detormine tho probnbilisy
of loce of lond o o ratio or probablo froction of unit tipe durdng
which thore will be lozo of lond for ¢ givon oot of conditionse. Tho
f oling thot thio ratio 15 not o ou flelent ovaluaticn of the rolinbilit
of the gyotem have rade invostisators ¢o concider tho probnblo duration
and intorvnl botweon outazce of o givon magnitudo o o bottor ceritorion
of oyotcn relinbility. A probability of 0.01 inddoateo an outnpe of 1 5
of the tetnl domnnd timog but 1t does not stato for oxemplo, vhothor
the outngc oxdioto onco in 100 Jayo with a duraticn of ono doy or
enece in 500 days with e duration of 5 dayp. Such o difforcnce in intorp
tntion may bo of coneiderable importance in the evaluastion of tho
roliablliity of o system o/ n large looc of copacity would ercato o
nore ceuto problom if it should lant for five dayo than if 4t rhould

last ono day.

Avorage duration of individual outosgon ond averapgo intorval
botwoon individual cutasco can be obtained by analyoing the rocords
ohowing tho nust porformonce of the mnchinoge Roparding the duration
of outane, otatemonts modo by vorious investipgators vary concidernbly.
Inoinne. o can be eitcd vhore outage curoation varied frow a day to
o nonth ond cven more. In tho oyoton otudied by Soolye the duration
of outoro hra beon curg: oteé (o bo 0.02(ono wook) and intorval
butweon outnren 2 (nvorane of onc outggo eooh two yocor).with theoo
valuca, tho oyotom undor hin inveotipntion gnve a probability of lono
of lozd of cace in 'hipdy yonro. Sontor, boldwin and Dale of lcoting
houno _leetrie Corpor~tlon huve uce?! tho renneotive valueo oo 0.06
end Je  Prou theoo 1% bho to Do eomeluded thnt the duration of outerse,
denon’®s to © rrent cxtont on moduntenance £roilitico availabdle in tho

noor otntlion.



A

The probodility enlcuXionc tdth the introduction of thoe
gongapt of £rocucnoy end curntien of outnrzo con be oimplified
to o groot czicnt by trecting tho oy:ten o uniform once 4 uniforn
pyctor 1o en. for chieh 6ll rardc are causl in sizc, outage rato ard
avoraro curntion of outepro. It Lo uounlly not practicabdle to nicume
thet o coimlex oyotom io cquivalont to o oycton * ith uniform componont:
Lquaticno kvo boon devcloped by Adler for o cyotem of ocomploto
divercifici unito of éifforeont oizeo ond outarnc rotco. However ovon
vith the help of ¢ digitnl computor thece oquitions for a comnlotoly
divoroificd oyotem would rcoult in oxcossive caloul-tionc. Vor
practical ealeulationn it in found convoniont cnd ouffieiontly ocourntc
to cub-divide tho oy-tem into oud groups of unito vhich eculd bo
¢ 'noldoreod rcosonably uniform, After tho valuon for cnch oub=group
heve boon orleulatod, the resulte cre meshed mothematicolly with

cach other to givo the walucn for n composito systonm.

2,0 Guontitotive Reldtionochips for o Uniform Syotons

A:oumo o uniform oyotom of n units of equal oise of I

with & uniform outare »ato of pe Thon p = %, 2e3e
‘i.

whorc ¢ 10 tho avorare duraticn «f individdual outnge ond T tho avergpe
intorvel of tho indlvidunl outn; oo in doyss The frogquoncy of the
irdividual ovont in

PeJlen 2440

Tege

Phe probrbility of r Lolé riculicnoous ontngo io
orpro~ned by the bineainl Loxrmln

&

Pr o (nd)! o oa A e r .
7 g"'(n""”f; o7 -8 (%3 245
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rznecianey of ocourcnco of outng o of the order of 'r!
or rorc rrchinoe ic givon by tho formmle
=nt
b —
(r - 9)!

ho averags duration in Geyo of » Lol plmulicncoun oute: o

in
%r 9 ‘E ( 1= E_) 2070
r+p(n=- 2
The avert.e interval in doyo of 'r' fold cirmltenoous outnro
io
Tr a ir 2.8,
Yy
Pr
Avoroge Frorcuoncy Pr o - 240+
T

Ilarnitude of r f£old outnge I'r = £l eese 2+10,

2.9. loching of Two cubegroups of o noneuniform Syctioms

Considor n ayrtem AB comnoscd of two uniform Sub=groups A
erd 1, Tor ench o the gub groups the following valueo cre doternined
for a1’ vilven of v, from O to r accorling to thc ccuntiono in the
nrovio o coction. |

A rnd 7B = Unpnitude of p-~fold outago.

PA rG PB = Probobility of r - fold outage.

A onu ¢B = Avercage duraticn of r - fold outnso.

Then the wlnes “or the gomnoolto ogyoten are doterninod £rom tho valuen

o¥ tho cub 'meunz for nll norniblc combinctiono of ¥, neccordlns to the



matrix rattern gho'm below

System B System A,
Ao A1

Bo AoBo A1Bo

B, A B, A,B,

By A2 A48,

By A oB3 A, 333

34 A°E4 A1B4

The composite values are as follows:

By =R By
TAB = tm
!AB
tAB = tA tB
tA + tB
Pap " gl

ifB

3t
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Jeal o Conomnl

fa ontencive uito o the »robowllddy thoory hos buon
1801500 By $ho 61 "deun rmad tloo omcudig rrlthiotie vozko Anvole
vof dn tho gommut tdiane. Vhile eencidoying o oyoton ecncloSing .
e wopdoun eoncelticn, ~n 4o gonomilly tho ecoo, tho opplientica
o <he ecavertlenn? twiholno boeonno corpllienvod ey chiopte=cnd
ithede have boon ottoreted by dnvootl ntors in thios Licld. 2hio
ersnter 40 oxeluolvoly boln: Govotos €0 ko ¢ eritieal ruviow
oo ooalyols of the -ovorel rothelds vhicr have beon dovelonod o
ortnia an opnroxicato colutlien Lo eonmldcatod nrobability
enloulationse Ao the boode dénta 10 boof unon oxnoriorge ~wd
julnorong, in oony eaocs oven the oncov caleulations do not ine
volve oxoet dnn, snc tho rhops oud ot oo are ozmpeet.d <o

cun~leront 1.0 oxnet onliculntiont.

J=2, Lyrcn®e Uotlicds

Lyew in hio paror 4r 1947 b dovoleped o volirhlo
choptecut 1ot ode  Yhe cusbor oy 1200 vuo of o £oct pocrl
erorlotienl tool urmely noind cioielbutien onmve, cad tho
LT el ot bo nidllocd to oclonds o the probobility thot ony nie
oo of wnlyg coleet & of vrahon froin tho ftotal, will hrwe o
et enmelt  ezecoding cay Cdvon, vrluce The bacle inforpitica
evndeet An {hio 1ot o L ko wrohablility of ‘o' unito
oy o foreed outeso 6l of o totnl of ‘i madto oo Shic
erooe eholly ebitnl of by poforpirr o tho tnble wuabliclied by

e “50‘-.“0-—& Nbedorr i too In ?95"
Co owpd Diotoibution Cueveie

I S . - . L o v 1" s ¥ . Ay oo T e e " R .
heowell Imes Com ol fox ¢hio rinerdnd frea-cney



P(x) o =t e qd“g voe (3=1)
( 7))
w4t nwoecding forinla to CInd thoat thoe blnominl

~oeenoney funetion ylolGliag tho probabilidy of obinining 'x!

ho~do vheon o unbirosed coin io sooned ¢on tinog o

13(‘() =] ____%2(\)“‘:)('*')5?. ( )( -'II) 000-0(3""2)

roi: on analyslc of tho natura of tho countion 1t con boe showm
thot - o I lnezeocoes indofinitoly the Binominl histogron
aﬁproaehnc ar o lindt the sxoo undor o cortnin bell shapod ocuzvwe
and thie a-wrotch bocomas norc ranid, the moro nearly cquel p
andl q arc. The aporoaching limit 1 ecolled normnl froquency
function on’ the greph of tho norunl Croquency funetion io

called the noreal curve.

-ursher diocussion of tho thoory of stotistics
acroclinted 1t¢h this chori-cut mothod is DAltted hore ~nd an
attenpt 1o r2de to onlnin the relevent torma or o vhon thele
apnrliention - ogoure 0 shnll nos onply vidc method to o
ronreontntive oy forl.

Ly enleulntin~ the maon ond cinnderrd doviction
of the unl® sizco o norun? dintwibpilon curve 1o fittot To tho
mofual nivec. Yho ctand pd dovintion «— 45 tho P.ReCo VWO
of the dovlntirn of iho individual nointo from the avers e or
oca value of all tho neintone 4 ctonn'ved “nbl  of noxnrl
dictributica onwrwo functﬁonn(SS) chous tho nrobabilisy thnt ony
unit noloeted % romdou rom nnomovy WLLL cuecod 0 gives volug,
Yo 11luctraiu o taothe? the enleulsgion: oxw chulescd in

=2ble JeBe  SwobrBLUALT 08 ¢y 0A8y suurse 07 r o definiio
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magnitude or more haos been d-termined for five values viz.
75,80,85,90, and 95 MW, and the rcsulis are tabulated for

comvariscn with those vslues obtained by the exact methoda.
An Analysis of the Resulis Ob‘ained by Lymans lethodte

Barically Lym:n's method involves ausumptlons end
aprroximat.ons. The fact that the actusl siszes do not [it
exactly the ncrmal onrve is 8 source of error, but unles: they
fevinte ccrsiderably from *he standoxd ourve, the final orror
i° reletively modera ee IF 44 4g found thot the unlt slves dJdo
not it o normal curve rearonnbly well tiey should be dévided
into submgroups. On exsmining the results in Table (3-3) it can be
observerd thrt the method im more or lent » conpervativo onos The
valies 0” outage nrobebility ore higher in o111 the casen chovm in
the tuble and this has been further suprorted by cther typical
caleulations the author has mades, It im only advantageous to have
conserviitive resulte in ¢ short ocut method with rpproximations,
proviﬁed the margin 1e within rensonnble limiteo.
Deserintion of the Bystemie

Canvelty of 'init Fos of

Jdpge B¢ Tnita,
10
12
15
20
30
35

Table Jwl.

- v - NN

Total 224 MW,
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3.3, Stmandrud's Methodi~

A paper presenting a simplified method of caloulating
probable frequency of occurence of forced outages involving eny
given generaior capacity or more, and probable duration of these
outares han boen published by Strandrud(30)- Data used are the
statistics of average frequency of oocurence and averare curation
of forced outages of individual mrchines. Assumption is mnde that
infinite interconnection facilities between cll the machines are
available. The procedure ciontei to aprly this method to the systenm
under study, in connection with this investigation, ir discusnsed
belows

Detnils o the capacity distribution of the system have
been given in n previous aection(Table 3""‘). The units of sizes |
10,12,15 and 20 MV cepacities have b.en grouped together and treated
ar a uniforn system of avercge capreity of 14,14 [ and the remaining
4 units have an avorasge canpacity of 31.25 kW, 8o in the eimplified
gystem we have 7 units of 14.14 LU capacity end 4 units of 31.25
UW. Averare durntion of ench outage has been token to be 0.02(omne
week) and average intermal between outagis is acsumed to be one yeer.

t =002 T=1,7~1t=0.98,

Outage factor q = ‘% e 0.02

Service “actor p= 0.98

m, = 14,14 m, = 31.25
n =11 n1 = 7 n2 a 4

An outase of r units from the total of 11 units will
include ry units capacity m, and ry unite of capacity My Ty and
r, can assure al’ rossible values such that Ty *rp = T holde good.

[ ]

An illustration of the above mentioned statement ig mode in the firrt
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three colurms of Table 3-4. Column 4 represente the total number
of units remaining in service and columms 5 and 6 represent the no.

s
of units of oizes m, mi o, such that 8y + By = 8

The probability that the number of machines out at a
glven tipe is ry of sige n, and ry of plze n, can be eanily deter-
mined as followst To illustrnte, the first valuec in column 10 is

Poo = pn. Uaing recurrence formula

P(ry+1)Y , = S1 4. P,
(xy + 1) P 12
?r1 (ry + 1) = 52 . _a. Pon
(r, + 1) P 2

I’1:',‘1'&, is the amount contributed to Eﬁé, the average number of times

rer year the total capacity of machines on forced outage equals
or exceeds m megawatte, by outage of ry machines of sigze my and
Ty machincs of gige m, rndé the term is calculcted from the

gtatistical formula

e £ - ﬁ‘i:t) Fz,7,

Column 12 represents the total meynwatt capacity of machinus
on forced outage et a given time. In Column 13 velues of m haos
beer re-arranged in order of sire and colurn 14 represents volues

ofDr1r2 in order corresponding to the ordier of Col. 13, To obtain

the values of LI in column 15, vulues of nr1 r,
8ll values of megawntis equal tc or gratter than m are added.

1 rerresents the average interval In ycars between outages when

9 4
m@éawatt capacity of units of out of service increrses to 'm'

correosponding to
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megawatts or more. In column 17 Pr1r2 has been written
corresponding t- the order of Col. 13, Col. 18 represents the
probability that the total megawatt capacity of machines out at
any given time is eoual to or greater than me To find each volue

in column 18, valuwvs of ¥ corresponding to all values of

r.r
172

nogavatts equal to or greater than n, are to be added. L in the

last colurm represents in yeare the length of interval, wvhen

capacity of genern ors on forced outage totals m or more mcgewatts.

The varioun capaeity outoges and the corresponding
cunulaetive nrobabilities are tabulated in Table 3=5. The results
obtained by the shortecut mothod are shown in the first two
colurng and column 3 skovwam the résulta cdeulated by the exact~method.
Due to the introduction of the concept of average unit, the ocame
capacity outa;e may not be available in both the cascs and for
comparison the nearest values arc chosen and shown in brackets. The
difference in the two mets of readings are likely due to 1) the
variation in the number of units on forced outage for the same
capacity outare and 411) the variation in the number of mutually
exclusive ways that might have inherently ocoured in both the
calculations and 4ii) the unavoidable selection of the nearest

value of capacity outage.
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Eé‘ % x‘x‘r kﬂ
2 3 4 5 6 7 8 2 10
e 1, 8 & 85 o TE— Eogh i
0O 0 11 7 4 0 11,83 11,23 0,782
1 0 10 6 4 50 0.8 39,8 041140
0 1 10 7 3 60 10,8 3P.8 0,06516
2 0 ¢ 5 4 1C0 SelF 00,82 0.006GOP
1 1 @ 6 3 100 0«18 ©0,82 0.0003
0 g ¢ 7 2 100 £e18 20,82 0.001992
3 0 8 4 4 150 8,17 141.83 0, 0008372
2 1 8 5 3 180 817 141,83 0.0C057
1 2 8 6 2 150 Bel7  141.83 0.0002842
0 3 8 7 1 150 8.17 141.83 0.0C00272156
4 © 7 3 4 £00 7:18 1902.85 0, 000004845
3 17 4 3 0o TelS 102,88 0.000C1038
2 2 7 6 e 200 Te15 102,86 0.,000017456
1 3 6 1 200 715 102,86 000000387
0O 4 7 7 0 £200 715 102.86

0.0000C01385



43

11 12 13 v a4 15

Drl To m m Dray Ep+
8,06 0 0 ~8.96 0
4454 14,14 14,14 4,54 8496
2502 31.25 £8.28 0¢634 4,410134
0,634 28,28 31425 2,592 3,786134
0,845 45,30 42,42 040336 1,103134
0,181 62,50 45,39 06845 1,160534
0,0336 40,42 56456 0.000084  0,314554
00807 59453 50453 040807 0,3136
0,04025 76,64 62450 0.181 0, 23206537
0,00384 03,75 73,67 0.003738  0,5196637
0,000034 56,56 76,64 004025  0,04822737
0,003738 73,67 00,78 0003362  0,0079737
0,003362 90,72 03.75 0,00384  0,0046
0,0007856 107,89 107.80 0000745  0,0007717
0.,0000267 125 125 0,0000267  0,0000267
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N -

Em+

C.1118
0.227
042045
0.8396
0.862
3418
3419
4,79
10,28
20,76
12645
217.8
1295
37500

17 18 1
Ppero Pra tine
e ———————————————— —

0, 7982 1
0,114 C. 108586 0.02218
0.00698 0.0845806 0.,0102
0.06516 0.,077606 00205
0.0002372 0.012456 0,01046
0.0093 C.0122182 0.010586
0000004845 060029188 0.00025
0400057 0.00£914 0,0003
0,001992 0.002344 0,0101
0.00001£38 0.00035212885 0.00678
0.0002842 0,0003328 000692
0,00001745 040000476 0,0061
0,00002716 00000311586 0.00677
0. 00000387 00000040085 0.0082
0,0000601385 0.0000601380 0.00618

44




TABLE 3.5
Cap;city Cumugative ?

Outage m frobability

m+

0 1 1

14,14 04198586 013390281 (15 1)
28,28 0.084586 0.082210459 (27)
31,25 0.077606 0.081543461 (30)
42,42 0.012456 0.010426481 (42)
45.39 0.0122188 00083572872 (45)
56.56 0.0029188 0.0027607252 (57)
59.53 0.002914 0.0026915529 (59)
62.5 0.002344 0.0015885450 (62)
13.67 0.0003521885 000027090492 (74)
76.64 0.0003348 0.00019990997 (77)
90.78 0.0000486 0.000043252804 (90)
93,75 0.0000311585 0.000031219523 (94)
107.89 0.0000040085 0.000030534169 (107)

125 0.0000001385 0.00000027264951 (125)
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Jeds A Bricf Yoviow of Adler's Uothodte

In Adlor'a wothod o cyston ic cubedlvidod into cube
oyotcuo 1n ozdor to imcrocse Tho cecuracy of the reoulto vithout on
exocrnivo amount o computation, Loch oube-oyotom io comnosed of
furbince or gomerators thot are comparable in cigze and have tho
orre ontopo rato. Por ureh oubesystom computations arc made of the
connelty loot through forsod outngos the duration end tho interval
botoen such ocouroncos, <o r oldmltancous forced outoges whoro v
4tokeo on suscaseivoe valuen 0,142 sess I The maxe. nunbor Ponc:
of nimltancous forcod outoges for cmall cubeoyotens in uoually
cot oqual to n. The numbor of machines in tho cubepystom. In

lorgor oub-pystems r is ocooigned o voluo lorgo onough for the

max
intorvel between such simultoneous occurcncer $o be sevoral ordero
of mognitude greater than tho desired roliability, decifod upon by
panogenente

To obtain the probability durntion ete. for tho entivo
cycicm, it is necessary 4o coxmbine tho vnlueo for the varlous
rub~gys’ono until the oyofen hos boen ro-gcsoombled. Conputntiono of
forccd outnages are boaood unon tho duration and iniorvel botweon cuch
outages for the difforont typos of equipmont ag obiaincd from the
national avoraze and rceords of the syirtem with vhich tho cutior io
corneccted. The rooults of thoec computcotions aro the probability,

connelty oand tho otendard doviotion of the capaelty for tho voriocus

anovnto of outagon.

350 A Bhort-cut MMethod Susgestod by 'atehorad

The nimnlificd nothod glvon by Vatchora invelves only
the fetornination o7 o forr conntontc Tor uzo In on opwmirierl cquriion.
It v fotermined thnt tho urd of thic nothed oo opnlicu te the

partlenlar commocite cystolr Lo Hhleh it o derived roonlicd in
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aliost cxcotly “he colo enovero for those conditilenc o with the
pope detniler potheao of handlins: sueh problonms opnllied to them.

Yhe faveniyiootion phowod thoat tho oquation

Lu bl e 28 4208 £10 92/T

“hiobh oo obtalinod in o pommor docoribed in the Appondix
of »ufe 0. (8) ntntes vhe bosic lond for the cepddtiono unvor otudy
o vtell the dezived objoctive levol of aorvice reliabllity io
veolinut ohen the o and the 8 feotoro arce approprictely doternmined.

no=  fuetor vhat donenao on the “oreced ocutoagoe rato,
ithe To7 ohrroctorictles, and tho objective levol of service
roliability.

n = nunbor of gonorating unite involved.

a = foroud outcre rate.

= unlt olre in LV,

B = n footor that dopondo on the load charncterirtics cnd

the objoetivo lovel of sorvico reliability.

L = Jocic lood for the condition undor study.

3

= Conneity of tho totnl inotalled pgenerating capncity

in U,
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l=F o Intunciugiietm

Coootrent of hydro-unlgo undor probnbility rothoed
T @t o acnnden ¢hrn th ¢ of strenn wnlto.  Ytory uvalds erm
B oooound $o o o fined copnolty vhioch ic olthor in o cut of
covleo, ciq-ou the ontlro output lo loot caco tho unld is fozsod
o%e  Oxcower olpoat oll the ocutngmon con bo octorporicod oldhor
oo ehefinled oo intonones outy, o or forsed o1tn; Ve

Cn tho othor hrnd hydro-units ozhibit o wvard dlo
gatonty tho outmat bodn, ;overncd by tho vorl tion in fha lven
¢z conddtliono cmd recoervoir hocdos Tho dreught end f£lood
cliuntiono dietn’o the cvadlabiliiy of hydroe occnoedty o ¢ rond
crtontes  fiorcover the brole cocumption ve hovo podo in probability
rnlyolo wige the outusos o units ~ro indepondont ¢o coch otior,
nlco no lonzor holdo good. iIn ploeoo vhoro todl waco io utiliced
for furth r pgonorntlon purnocos tho working in the dovn otoni
rtetion io donendont on the ororatiiono in tho upotroan ototlcno.
To oite onm onaemle, dueing he @loourc povledo of Gamsa Connl
all ¢the hy 'ro unito eonvcote! %o Cenar mid bogome inaetive. Thuo
v £ind ket 4 enoro bure yn'mo naver An dnvolvod it io
ncen tnpy oo cvnlucte the offoot of vorleltiono irn vivor flov
shroqrhout the yo-v on Oeor yoir 40 yurse IR onueo vhoro tho
stor~ie 10 vere leroe eoavaw: S0 thu’uvnunl lo~d thie problon
I et rueh Irvolved, bBul in chesn eope cecrelly of votor Ac
o1, o Seindlow elenoloslend curln ol o7 e potenticl e of
P S A o E R VS L L A S T et ey Ter Ac onrinvdole %o
menens Tl e BdlASy et of o vl U 4 2ivor U6
ESSA AL s R e 56 AU SOG bt (U 17 oA L) SRAN 4 X

ey ey § . NEZ TP N,
Ve Telaess VY e o Shner oo aleya o Armontong



role 1n cotorminin: the influonco of hydro ecapc-bility on tho
toinT cynton reliatility. 2ho draw dovm of ~torcge duriny; ohord
worin’n, in oxecso of that norknlly oschedulod 4o nonnt by ttho
Sove frbnormal use'. The foncldility of cuch cn operation ia
in{l-cneced by the durn~tion and {requency o” foreo? outrscn abont
vhieh tuch has boen olroady diecuocged. Tho othor portinont
fectors involved 'n thio conncetion are the ameunt of av-ilablo
ostoragze ond the durationdnd froquoney of low river flousce Inm
ghort the lond that the hyéro storcgoe can carry dopoends on

1to canceity and the charccterinties of tho omorgency that mipght
bring it into gorvice.

During low flow neriodo, 1f gtoon units go on forced
outro, thoe emnrpency a-allable from the uce of stornge in cxcoos
of ncrmal, limits the lond eonrrying capability of hydwe=piznios
On the contrery during the highor flow poriod <ho phyonical
cap city of the by 'ro plant limito tho uwo of cdditional atorsgc.
Limitction 4s aloo impoced duo to the roduced hydro capability
boozune of the reducti n in tho hend availebles The reduction in
the lond carrying carcbility rosulting from scheduled maintononeo
of hydre unita con be further troated rpo o 'dition to tho lond.s
4-2, Hick's Lothod to Incorpor:ito Hydro-units in Probebility

Calculationsot=

Hick'o (28) denls tdtherunwof-river plants and emall
pondage hydro atationg in aoyntems dominnted by oteam gtntionos
Hydro capability dur~tion curvos for =11 the 1?2 months, have bion
dovoloncd, nimiler to tho one shown in Fig(4=1)s Tho curvea aro
obtained fror the recordn of »ivor flows Tor o lrrge nunbor of
yoars. Tho rraxirmn ccpability 1o roprousonted by the ncoting

noint of tho “wvo curves, drowm vAsh tvo di{foront aboceionns for



cogh oxdlnate. The loft h'n portion choro tho limit *+dom

in enwcbility eomeod by Tho hoad nvedlable, walle the zight bimpd
emzvo choor tho limlention in cepobllisy by the rivor €low. ©ho
Cisionee botwoon the o cuwves wonroront the arsunt of Sirn nt
Ston o siveon carcelty fo cvnllehlo.  Yhoro curvon oro convertoed
iaso otondard conbllity durasion curvo by roplottin: thoe oo

Antn vith only one abrei-tn for o oh ordinntce Piz.(i=2.)
roprocents the ~tanderd capobility duratlcn curve dromm Jor tho
renitli of Jonuary.
fesFe An Uxomple to I!luntrato i othedte

A hydro syrter hoving o ennembiliiy of 100 nogr ¢%a io

t0 bo ineluded in the probability coloulntiong of oterr unitic. “ho
ptondoard enpability Anrction curvo for tho hydre uniin in ro
ghom in Pip, (4=1). Tho v rintion im outmut iz corridors %6
occur in 25 I inercmento ond the onrd ineromont 40 uced Tor ctoonm
plont caleulation. 4 copsbility of the hydro botwoon 0 ond 3205
i3 goncidorod to be goro, from 12.5 to 37.5 1o concldored to b
25 7., 37.5 to 62.5 ic conoidercd to bs 50 it and 00 on.
Amweexipndions arc shovm in dashod lines in Pig. (4-2). Tho
aronLilitly of outiye of tho sieam capoelity c¢otormincd by sho
corventicnnl rothedo heo becn cromm in Col. 1, of Wablo (4=2),
Col, (2) 4hmovrh Col. (7) chowo tho caleoul:tiono nocoos-ry $o
ircornorato tho hydro outego probability vith tho root of the
oyitiie Yhe fyoton usod in othor ocleoulntions eould not Lo treated
with thin rethod Cuo o lrck of cvedlledility of vordoun doto

roriprod o
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TABLE  4og

Probobility of Capobility and Outero of Hydro Plont.

.C.=100 75 =50 =25 =0
ARC 500-120 ©6205«90 =37.5+62:5 a12.5=37.5 c0=12,5
160,20 =20 =50 =75 2100

Jan, 0,25 0.22 0021 0,14 0.18

Fobe 0,26 0.22 0.16 0.16 0.20

'oreh 0416 0417 0.17 0.20 . 0.30

Arzdl 0,23 0.21 0,23 0,15 0.18

Yoy 0446 0021 0.21 0.08 0.04

Juno 0.58 0.24 0.12 0.05 0.01

July 0.62 0.24 0011 0.03 0.00

Mage 0449 0.37 0091 0,03 0600

Sopt. 0.30 0.28 0.35 0.03 0.00

Octe 0.29 0.29 0436 0.06 0.00

Tove 0.50 0021 0,18 0.07 0.04

Doe. 0.53 0.21 0.13 0.00 0.05

ﬁgg;g}r0a39 0.24 0,20 0.09 0.08

T.C.o Lominnl Capoecity
ARC o Acturl Rengo of Conability
5§ = lominel Outorce
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Limitetionst~ The method can be apnlied only when the sysicm
generation conslsts almost entirely of stcam units. If more

than ore hyiro staticn is to be consldered, all the hylro stations
shonl? be considered az one lurse station. This t-kes into account
thut "outn-es" are interdependent, [owever, proncr epproach dopends

largely u-on the rarticular systen involved,
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Limitationsst= The method can be annlied only when the sysiem
generation consists almost entirely of sicarm units, I more

than one hydro statien is to be conslde-ed, 21l *the hylro s'ations
shonl? be coneidered as one lurgze station. This t-kes into account
th:t "outnres" are interdependcnt. Ilowever, proncs Eprroach depends

largely uron the rarticular systern involved.
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5.1 Introtuctionte

Inor nnod onphnoic 1o currontly nlcoed on achloving
the btonzfltn e intorconnceted opor-tion of powur oyrtoms. Tho
¢rterolve dovolonrent of intereonncotions of cloetric npowor oyotenso
hoo boen Fne to tho folloving ofévantarcg.

1) wduetion in Inotalled Rosorve

11) Roduetion in Opinning Rooorvo
iii) Zoonory Locding
iv) Ltarporins of Canaeity Installation.

Amnlicetion of probability nothodo in pow.r gyrtomo
nla nin~ hoo b cn primerily in the aresa of nlo ning penornting
capaeity roquirements for single integrated powor syotoms. The
wvaluation of loso of lond probability for intorconncoted systonm io
o noro complox nroblems The introduction of o tie line betwoon two
rravionoly unintcarated ayo2tono {o form & power nool generally has
the offecots of roueing the loos of load probablilitios in cael of the
gratorg and rolueing the totnl inotalled genercting reserve capacity
requirced $o mointain a piven reliability levol,

h nnd B two oyotems, tho max-loocds on the two syotomo
bolng renv comted by L, ond me (Pig. 5.1) Pca and Pob ™ prosont
the neobnbililes of looo of lond of oyotonmo A and 3 roopy. {Athout
interconncetion, It ic coocumed that the two oyoicuo arc intor-
comoeeted with o tle lino of capeeity R. Acsuming no inercnco in the
londs Ly ond %, the sorvice reliabilitios of both tho oyctens wlll
inorecoe 1.0s T o ond PQb w11l doorcans. If the valuco of ?on cad

Top Prior to the intereonnocetions arc oatlofectory the leads L, ond
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me can be increased vith no addition to the installed capacity

of oither systcm. Starting witl no interco nection and inerecring
the capmcity R by smel? increments, these effects incre-pe with the‘
capacity R of {tho interconnection and a point of mrx return is
reached beyond vhich ary further increase of it will péaidlt in

smal Ter oane smaller incremental gaine or even in no gaine at all,
from the reserve carzelty stancepoint there iec thus a m x practical

limit for thc capoeity of interconnection.

5.2. Probability of lLoass of Load with no interconnection.
Prodabilit; of loss of load of o system A with no

interconnection is given by

Poa = ZPkb = £Fpay
where the summetions are extended to all capacity ontages O
(Pig, 5=-1) in excuso of rcserve and
P = rrobability of a capacity outage cxaetly caqual to 0k in syotem
A,
K = Probability of s capceity outage in exccss of 0y
in systen A
1 @ Tire during which the lond of oy tem A exceeds Cp=0p

Ay ® ?ime interval betwoen two succeszive capaecity outngos

Ok + 1, Ok

5¢3. Effect of Interconnecting groups of units on their local
regerve requirementst
As elrendy indiecated, since the two stations A and
B are interconnected with a tic of capacity R the local reserve
of each grour can be decreased as each groun can rely on the other
for its reserve.

Referring o Fige (5.3.) the probability Qk of loss
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of lo~¢ in ;roup A with a eaprolty guirge Oy in tho somo prEoun

(9)

-

n Dy [-:;'k e 2{19‘3 4 (1-3):3)_1"3:_?1j A'?;]

o roretic eopoeity R. giving the winlran valugo of Qk io
Yo

L X

Op =0Ca+Cb~ (L, + Ly,

Tho derivation of the obovo oquations 1o not avtonptod
horo oinco thoy arce lengthy and invelved an’ ocn bo ensily obtained

£ro- the reforences showm,

Verious phascqo of the opplication of nrobnbility
mothods %0 the problemc of thoe type oncountéred ﬁe?c aro discuoesod
in o vorsl rapors. Some of the ¢enoral regultiso obinined by on
arplicatlion of probability methods to the nrobler of deterxrining tho
capneity bonefits resulting from the intorcormoctlon of two oystonn

are ghorn in £1g.(5.24)

S=4. 22e¢t of Inter Conmeetiono Illustrate: by Vonnediogrome.
Inherent in tlo cutage oxlotenos nrobability calculotion
1 ¢he cocunpdion that foreod outeges vro indepondcat random evonto.
In . wwo cwon intor comnectiod oystom, for omy givon morled of tiwd
thece 1oir of lord nrobuobilitics will exint ono “or eoreh of %he %o
acwrllS rr s 0 Tor tho reol ve o vholo. If A i3 {he lo.c of

L ]

loo” In owobchlility in Tyeton 4, Iy do tho loos of lord nmebebiilty

Lo spoion o e ¥ Lo tho peobobility of siralirnoous locrs of loru
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on oyotors A and B thon for o givon doy tho looo of loaa |

111ty in the totel nool ic

» i (10)
Pgo Pyt By Py

-~

That 4o the pocl nrobobllity io the mun of the
probnbilitico in crok of tho two orocs, but oinee both of thoro
nrobobilitieo contain the overlepping oimultancous probability
Pz, 1t ruat be talen oui of the oun.

Caleulation of lor~r of lond probability is illustrated
by tho probability array chown in £ign.

70(5.5) reproconts o array with no tic line and
oyoten locda of Lu ond Lb'

Tig. {5.6) reorostnts two area array with a tic lino
of capaeity T.

Pige (5.7) ochows the tvo orce orrey with an infinite
tie.

In all the threo enoceoo i% can be shovn that loso of
load prohability of the sy~ter ao o vhole o« lo o of lozd
probability of systom A + Lose of load probuzbility of oyotori B =
probability of oimulioncous loor of load in oyotoms A ond D

The procedurco out-lined above arc diroctily apnlicabloe
¥0 the plaining of intornal tranaqismion. Uith soro Judgemont
the two aren progranme can be applicd to multi-nroo probleas.
Ter cxcmple t0 ovalunte tho recerve benefit to gyotom A for o
pool concioti.: of syrotoms A, B cnd C olthor of <ho fbllowing

rzthedn could b0 omployede

1) 1) Yolvo for vosowve bonofito to oy~ton A in
o ool of A ond 3 2) Solve for ronorve homoflito

t0 oyatort & in o peol of A e G 3) Acd tho
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ii) Bolve for reserve benefits to g'ntem A in
a pool of syetem A ond & rystem ecual to the sum of

the generation ard loads of B and C,

In sunz~ry the thoory and ampplications presented can
be ntilised to ontimise, on an economlc basis, the expansion of
Interconrected sycteme "ith respect to the installation of intere

conrecting freilities as well as genercting capacity.

Another important problem in such interconnection
studies ir the quention of the allocation of gains to the various
participants in the irtorconnection. The value of interconnection
may be grently affected for o given company depending on how much
it 18 required to carry on ovmed reserve and how much it can
depend on it's neighbours. Detciled investipation of this
interegting ar¢a would »robadbly occupy as much time and space as

the present work itself.
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ChHAPTER VI

6.1. General
The digital corputer can be an effective tool in the

calculation of the vprobability of simultaneous forced outages

which are ured in 4. termining the generailor reserve requirement

of a utility syestem., The large smount of arithmetical work

connected with an extensive study by the probability method mnkes

the use of digital computer imperative if the results are to

bhe ottained in reasonable lenyth of time., loreover the urce of

computer relieves the engineer of the druggers of asuch & study

B0 that he may spend more time on the technical aspeot of the work
Brenren, Gallaway and Kirohmayer(ZO) have disoussed

8 method which i¢ an examnle of the practical arplication of

the digital computer for determining the syetem res.rve require-

ments. The machine procedure which is followed to obtain a

cumul-~tive outage table by adding one unit to an existing system

1n dealt by the muthors. In the present investigation the euthor

has Mmrther developed the methot formulated by Brennen so that

the onloulctione can be rone on o computer for various outape

values, at a stretch. Horeover an easy to comprehend programme

haes buen developed here, to add any nurber of units to an

exioting pystem, tho nuclens of the work indeed being the computer

(20)

flow diagram published by Bremanen and co-suthors. The method

atopted in actual computation irs disousced below,

6.2. A Carnle Caloulationt

The exleting system is ecsumed to have one generator
of 10 V¥ canacity with an outage “actor of 0.02. The capacity
outayes anit corresronding cumulntive probabilities cen de

tabulated ma shown belowt
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Capacity Outnge Cumlative
Lrobabllity
0 1.000
Table 6=1,
10 0.020

Nowr the nbject is to obtain the modified cutrge probability
table vhen & new unit of 12 MV capnolty with the same outnge
faeteor of 0.02 is sdded to the existing systems The incoming
unit oan set itself to two situations vig. 1) The pospibility
for remaining in scrvice and ii) The possibdility for remaining
out~of-gorvice. In the former case the outage probability table

gets chansed into the one given belowt

Canacity Outege Cumilative
Praobn t
0+0 1,000 X 0.98 = 0.9800 =a'
10 + 0 0.020 X 0,98 = 0.0196 =b'
Table 6=2.

And when the incoming unit is remaining on forced

ounirge the *tnble takes the form

Capaeity OCutage . Cumulntive
Probability
0+ 12 1,000 X 0,02 = 0,02 = & !
10 + 12 0,02 X 0,02 = 0.0704 = b'!

T&ble 6"3 .
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Loy the eensolide*ed toble con be m de out fror the

ahove e teblec ond e chiown bolow?

Comnatty Ondinrc ym inddun Penahahiddty
0 1.0000 =p' + o"
10 0.0396 =b' + ot
12 | 0.0200 = a®
22 0.0004 = b"
Tablo 6-4.

A third unit of capaeity 15 W of outoage probability 0.02 con b2
cdded in the zeme feshion o indicoted bolows

Canceit tnae Cumlntive Probnbility
0+0 1.000 X 0,98 = 0.9800 n%
10+ 0 0.0396 X 0.98= 0.038808 b'
12+ 0 0.0200 X 0.,98=0.0196 c'
22 + 0 0.0004 X 0.98=0,000392 a°

Tablo 6«5,

Capaeity Outaro Curmlativo Probability
0+ 15 . 1,000 X 0.02 = 0.02 a"
10 + 15 0.0396 X 0.02=0.,000792 b"
12 + 15 0,02 X 0.02 = 0.0004 o"
22 + 15 0.0nN04 X 0.02= 0.071008 a*

Table G=0H.
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Connolifcted Snbles

0 1.000 =a' + a"
10 0.058808 = o' + ot
12 0.,0396 = ¢' + af
15 0.,020392 = a" + Q'
22 | 0.001184 a d' + b
25 0.000792 = b"

27 0.0004 = ¢"

37 0.,000008 = 4"

Following the pottern net up above any number of
unito eon be added ond ac the number of unitc increcse the posoibl
conbinatione of capreitics on forced outngo inerensce by a largo
nronorticn as is alrendy obvious £rom the rrocedin; tobles, Tho
i"blce rreconted above con now bo ro-crranged from tho computer

noint of wiow.

Tud AO = 0
Po = 1 000 .
A1 = 10
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\ ‘_:f
Ap(n = 0,1,2 ...) indioates the capacity mutare being

considered and Pn ghowa the protability that exlsts of an outage

equal to or greater than the magnitude An. The additicn of

fioctitims quantities A2 = 0, and Pz = 0 are esnential to mske

the progrumme stop,

Re-arzenged Iablos

Existing System

L2 L T 2

Recultant Jystem with Unit Added

Indox | Column Eﬁtty
Yo,

v

index 1 1 Columm
oe

Endexzﬁj Column

s O s
]

- Wwwm

0 Ay =0 10| A 4B =0 | =0 | Aty = 12
i Po = 1.00 Po¥o =0.98 P1*o ®
1 A, = 10 i=1 A, + Bo a 10 | j=1 A1 +B1&22
Py = 0.02 | PoP,=0.0196 PyP4=0.0004
}
2 Ay =0 i 1228y +B =0 |g=2 |Ay*B, = 12
Py =0 i *iyon = 0 PPy, =0
Unit Added
Ho.ﬂ 0 B’ = 12
P, = 0.98 py = 0,02
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The nrograrme hns b en made for I.id«M 1620. The
capacities Of the various unlts aveilable have becn tabulated in
Tutle 3=-1. Thc calculationr are repcated for outage factors of
0.02y 0.03, 0.04, &rd 0.05. The programre hns been made abpolu=
tely free from any variable data nnd coan be uned without any
difficulty for mny syestem, with proper dimenrions. Only the

data cards need be changed.

6.3, Progranme for I.B.M. 1620.

cc PRUBABRILITY ¥ETLOD CrANDH8 LAl TARAN
DIME«SION A(600), AA(600), P(600), PP(600),
co(600), Cr(600)

DINELUIOL B1(20), B{20), BB(20), 0(20), ©Q(20)

Riad 40, ¥, KA, IA

40 FOR¥AL(312)
BO=00

L =1
Alfe= KA

30 RaAD 51, B(I), 3B(I), Q(I1), 0Q(I)

59 FORAT (4F 10.0)
ReAD 52, (BY (K), K= 1, KA)

52 PCRE.T (7F 10.0)
RoAD 53’ I‘O, e
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G4

50

70

61

(Al
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FCREAY (2P 10.0)
FuRllal (2 i = 12)
DC 501 = 1,V

A(L) = b(1)
AA(I)=BB(I)

(1) = (1)

1P(1)= (1)
DU 13K = 1, KA
Al & &
Ia1
Jd = 1
s 1

IF(A(I) + BO « AA(d) - B1(K)) 1,2,3

IF (PO* 1(I)) 4,5,4

Co(¥) = A(I) + BO
CP(M) = FO* (1) + iq* FP(J)
IF (AX . AKA) 71, 70, 70

FUKCH 61, L, K, M, CO(M), CP(M)

FORMAT (2 BL = I2, 5 X 2 HK » I2, § X 2 il w I3,

5 X3 HCO = F 15,8, § X 3 LOP o E 15,8)
GC %0 79

Vel +1
T wl+ %
GO TC 6



73

72

75

T4

10

CIR(2i(d)) §,8,7

CO(X) = AA(J) + Ba(K)
C¥(K) = P1* PP(J)
IF(AK ~ AKK) 72, 73, T3

PUNCH 61, L, K, M, CO(M), C¥(N)
GO TC 72

Ewm i+
JaJ+1
GO TU 8

IF(ro* ¥(1)) 9,5,9

CO(M) = AA(J) + Bi(K)
CP(E) = PO* P(I) + P1* PP(J)
17 (AK - AKA) 74,75,75

FUNCH 61, L,K,M, CU(M), CP(K)
GU TO 74

M= ¥Xe1
J=od+
GO T0 ¢

IF (0 * B(I)) 10,5,10

CO(¥) w» A(1) + BO
CP(M) = PO* P(X) + Pq#» FP(J)
IF (4K ~ AKA) 76,77,77



77

76

11

12

13

20

FUKCH 61,L,K,M, Cc(i), CR(i)
Gu 0 76

MeaeM+ 1
I=1+1
Jd=d+ 1
GU L0 6

Co(K) = 0
Ck(M) = 0

8 11 1 = 1,K
A(I) = Ccu(I)

I(I) = CP(I)
DO 12 J = 1,K
an(d) = €0(J)

¥P{J) = Cr(d)
CORTLIVE
L=l + 1

STOP

LND

69
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The compiled programmo was run on FURTLwil cnd
the whole comnmutntion toolr no rly fiftoon minuten. Conpilation
nty booone oscontial in problems of this hind oinece the
éinonocione uced aro likely to be highe The rooultoc are

trbulntod in Table 6«9,

vinco cummlntive outage trble dosired is obtainod
by oucccorivo niodificntion of an origincl cummlative outagoe
tblo tho rathod eoliminates extonocive sorting ond cdding
ono Ctlono ond 1o cuited for I1.B.,I. 1620. Since the proyronme
hne beon rnde extremcly coupncet punching and cerd hondling
are reduced to o great cutent. At ony point in the gyston
expannion of o torle of canncity outase probablility eon bo

purchod out if dooirod.



I=1 K= 10

A A
Q3 N W -

M
M=10

]
O

¥=12
Ke13
F=14
=185
Mm16
K=17
V=18
¥=19
H=20
V=21
V=22
V=23
'=24
=25
Mu26
¥=27
¥=28

=29
E=30
l=31
V=32
¥=33
i'=34
M=35

Table 6-9,

. Cargeity Outage

+00000000E=99
+100000005+02
« 12000000E+02
» 15000000B+02
+20000000E+02
+22000000E+02
+24000000E+02
«25000000E+02
«27000000E+02
« 30000000E+02
+32000000E+02
«34000000E+02
«35000000E+02
«37000000E+02
« 39000000E+02
«40000000E+02
+420000002+02
+44000000E+02
+45000000E+02
«47000000E+02
+49000000E+02
«50000000E+02
+52000000E +02
+54000000E+02
«55000000E+02
«5T000000E+02
«590000005+02
+60000000E+02,
+62000000E+02
+64000000E+02
.65000000E+02
+6TO00000E+02
«69000000E+02
+T0000000E+02
+T2000000E 102

» 100C0000E+01
+19926862LE+00
«16658572E+00
«13390281E+00
«11756135E+00
+84544952E-01
+83210956E~01
«828774572=01
+82210459:=01
«815434611-01
+31185099E-01
+29837490E-01
»29823878E-01
«128086175-01
+12781392E-01
«12774586E-01
«10426481E-01
«83710383E-02
«83572872E~02
666256 75E~02
+596806T1E=02
+596776893E~02
+35992650E~02
+35034239E-02
+34824500E=02
+27607252E~02
«269155295=02
+26844662LE=02
+15885450E-02
»14918705E-02
+14908925E=02
«42163985E~03
+39218169E=08
«31147585E=-03
«31563641E=03

71

Cumlative Frobability



¥=36
¥a37
Nm38
¥=39
M=40
U4 1
Ym4?2
¥m43
¥=44
V=45
V=46
K47
N g8
¥=49
F=$0
M=b1
=52
¥=53
Y54
rm55
Ya=B6
M=57
¥=58
=59
¥M=60
hin61
=62
=63
V=64
=65
=66
V6T
H=68
V=69
W=T70
Fe=T71
M2

+ T4000000E+02

JTSONONOOE+D2

+T7000000E+02
+T9000000E+02
«80000000E+02
82000C00E+02
.84000000E+02
+25000000E+02
+87000000E+02
89000000E+02
.90000000E+02
,92000000+02
+94000000E+02
+95000000B+02
«970000001+02
«99000000E+08
10001000 E+B3
+10200000E+03
«10400000E+03
+10500000E+03
107000001403
-10900000E+03
.11000000E+03
+11200000E+03
«114000N0E+03
.11500000E+03
+11700000E+03
+11900000E+03
. 12000000E+03
. 12200000E+03
+ 124000005403
+12500000E+03
«12700000E+03
«129000 :0E+03
«130000001+03

+ 13200000E+03
«13400000E+03

-27090492E~03
+26991843E-03
+1999099TE=03
+15626T700E-03
+1559664 1E=03
+92905797E-04
.89810310E-04
.803538675-04
+465556321-02
«436961415-04
«43252804E-04
+33793426E-04
+312195235-04
+31187935E-04
«824108425-05
064942177205
+64650595E-05
+49059770E~05
+45198799E-05
+44936155E-05
«305341695~05
+21168003E=05
.20989851E~05
+13505677E~05
+12869318E~05
+12829920L=05
+40955902E-06
+35077539E-06
+34121820E=06
+30384651E~06
+27329885E5=06
127264951106
«93485190E=07
.57834852E~07
.57235018E=07

+36755796E~0T
« 35230420507

72



=73
M=T4
W=75
=76
V=TT
=78
¥n'79
1i=80
M=81
=82
V=83
¥=84
1'=85
=86
¥=87
F=88
¥=89
=90
=01
riag2
1’293
=04
=98
’=06
¥M=Q7
¥=98
=99
¥=100
=101
=102
M=103
=104
12105
=106
V=107
=108
=109
=110

«13500000E+03
«13T00000E+03
«13900000E+03
«14000000E+03
.14200000E+03
-14400000E8+03
«14500000E+03
«14700000E+03
.14900000E+03
+15000000E+03
+15200000E+03
+15400000E+03
«15500000E+03
«15700000E+03
«15900000E+03
+16000000E+03
+16200000E+03
«16400000E+03
«16500000E+03
. 16T00000E+03
+16900000E+03
«17000000E+03
+17200000E+03
«17400000E+03
+17500000E+03
«17700000E+03
«17900000E+03
«18000000E+03
«18200000E+03
«18400000E+03,
- 18500000E+03
+18700000E+03
«18900000E+03
«19000000E+03
+1920000NE+03
+19400000E+03
«197000N0E+03
«19900000E+03
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. 14T00N0D0E+Q3
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«155%000002+03
« 157000005403
« 1590NN0QE+03
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+1620N000:4+03
» 1640000053+03
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« 169000003+03
» 17000000E+03
« 17200000E+03
« 174000005+05
< 17500000:340%
« 17700000403
« 179000001+03
« 18000700E+03
. 182000007%+03
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«69493203E-06
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«13113227:.=08
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«19454308L=09
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+49800000E+02
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+52000000E+02
+54000000.:+02
«55000000E+02

+24785859E-11
+14744047E-11
«21506300E~12
«15180315E~12
«12711017E=-12
+96053029E=13
+83706550E~13
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+21178908E~14
+17360406E~14
«97234020E~15
+118098005=16
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+34846400E+00
+30802000E+00
«25372532E+00
+22657798E+00
+17172929E+00
«1683589TE+Q0
+16722783E+00
+16554267E+00
+16328039E+00
»78468088E~01
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«12200000E+03
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«12700000E+03
« 129000002+03
+12000000E+03
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« 14500000E+073
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« 15000000i:+03
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«162000002+03

R

« 16900000E+03
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«182000001:+03

«18400000L+03
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«316708748=07
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+£681626385E-08
‘881311880
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+59000000L+02
+GO000000E+02
.62000000E4+02
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«74000000i+02
«75000070:02
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80000000302
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+85000000L+02
+870000005+02
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«100000002+03
«102000005+03
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+10700000:403
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«11200000.5+0%
« 11400000403
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«1138134T75=01
«T49546361-08
+68240101L-02
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«2778658T=02
«27695978E=02
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« 1992741402
«19787529E=02
+ 15600664L=-02
«124152975=02
» 12371112002
+T€542054L=03
«T5766783E=-03
«750921495-03
+44741691E5-03
+41252636E=-03
«405890190=03
+33026452E=03
+293456951=03
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«12141550:=0%
+3061235481=04
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+743148861=04
+68012246E~04
+67245422:-04
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035365265 =04
+ 348305481 =04
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021902425 =04
«0346L01T =05
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,18500000E+03
+18700000£+03
+18900000E+03
. 19000000£+03
,19200000£+03
.19400000E+03
+19700000£+03
«19900000L+03
«20000000.:+03

20200000403

« 204000005 +03
«209000005+03
«212000005+03
«21400000.2+403
«22400000:403
00000000LE-99
« 100000005402
« 120000001+02
« 150000005+02
« 2000000 E+02
«220000005+02
« 240001 00E+02
«250000005+02
+27000000L+02
« 300000005+02
¢ 32000000:+02
¢« 340000001+02
«350000008+02
«37000000%:+02°
« 390000008+02
«40700000E+02
«42000000L+02
«44000000r.+:02
«45000000i:+02
«4T0000005+02
«49000N00E+02

* +50000000E+02
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.50342128E=10
«474430251=10
+29806817e=10
«236411912-10
«14823089:=~10
«25019022=11
«17519607:=11
«15103687E=11
« 1142947711
«10221517.-11
«28730980: =12
«306184185=13
«25585254L=13
«15518924i~13
+20971520. =15

« 10000000L+01
«413237775+00
«370380811+00
«308616375+00
277734141400
221533945 +00
«210828175+00
«20920280L+00
«20694T717L+00
+203696412400
10653852400
290970665101
+9398519472~-01
+656857935=01
+65448357E-01
«653628117:-01
+569042035-01
«466770535E~01
«465042165=01
«391350145=01
«3R5385761=01
+355323275=01
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+52000000E+02
+54000000E+02
+550000008+02
+5T000000E+02
+59000000E+02
+600000N0E+02
+62000000E+02
+64000000E+02
+65000000E+02
«67000000E+02
+69000000E+02
+70000000E+02
+72000000E+02
+T74000000:+02
«750000005+02
+77000000L+02
+T90000005+02
+80000000F+02
+82000000E+02
+84000000E+02
+85000000L+02
«87000000E+02
«89000000L+02
+90000000£+02
+920000001+02
+94000000E+02
+95000000£+02
+97000000E+02
+99000000E+02
+10000000E+03
+10200000E+03
+10400000E+03
«10500000E+03
+10700000E+03
«10900000E+03
«11000000E+03
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+11400000E+03

+23936437E~01
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+22776923E=01
+19047802E~-01
»18272095L=01
«181774545=01
+12468545E~01
«112479272-01
+11224495E-01
«55861586L~02
+51936197E~02
«51732064E-02
«43771020E-02
¢ 3T761644E-02
«37440429E~02
+30046323E~02
«24111231E-02

«24007931L=02

+15943974E-02
+15105969L~02
+1494782TE=02
«§3721583E-03
+859383202~03
+84376452E-03
+69702183E~-03
+61213806E-03
+60993279E~03
+28743541E-03
+228744135~03
+22669590E-03
+17876985E~03
+16332325E=03
«16108947E=03
+»12179593E~03
+87848844E-04
+86304335E~04
+60735714E=04
«55690866E=~04
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»12200000E+03
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«13000000E+03
«13200000Z+03
+13400000E+03
+ 136000002403
«13700000L+03
+13900000E+03
» 14000000E+03
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«14400000Z+03
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+15T00000E+03
«15900000L+03
+16000000L+03
«16200000L+03
« 16400000E+03,
«16500000E+073
« 16 T00000E+03
+16900000%+03
« 17000000L+03
« 17200000L+03
+ 17400000E+03
« 175000008403

« « 177000005+03

«55284376E~04
+259387341-04
+218025705~04
+20909226£-04
+18510505k=~04
+ 1581907 1E~04
«15686313E=~04
+8665526 1E=05
+55765114.:=05
+546T6649E-05
+37327667E=05
+34802697E=-05
+ 34094424105
+23052774E-05
«15662471E~05
«14849573E-05
«11260656E-05
+94344483E-06
+0368001TE-~Q6
«39311730E~06
27688939106
+257441222-06
«20093485E-06
+16315677B=06
+ 1583509 7E=-06
+12205990E=~06
+64830132:-07
+617715042=07
33839836107
«27891797:=07
«26897637:=07
+13903049E=~09
+100829361:=07
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+» 18000000E+03
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+184000001+03
+18500000E+03
»18700000£+03
« 18900000E+03
«19000000E+03
»19200000E+03
+» 19400000E+03
« 19700000L+03
« 19900000L+03
+20000000E+03
«20200000E+03
«20400000E+03
«20900000E+03
+21200000i403
+21400000/403
+22400000E+03

«13392635E=08
+12387342E=08
55551364 E=09
«35950192E-09
+28212888E-09
+26873239E-09
«17284177E-09
+13684569E~09
+38900388L-10
»169824212:~10
»11824218E=10
+10414062E-10
+78906248E~11
«71855463L-11
+21386718E-11
+24609374E-12
.20898437L-12
«134765621=12
+19531250E=14
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Conglnglons

“no opparcont vunorflulty of thoe probability vothod
he hoca dicpzoved in tho procoding poyene %Yho lick of
¢ wooeintion of the problo. ofton roculte elthor in fronucnt
fodlufco  of wowor oup ly or in oubotantlclly high costs 4., tho
ind$lol cicg e fovhomaticerl rorulte folloving cystomotic moiiwdo
eos hl hly Cocdzoblo o 211 clomnts of occonomie ntudies portalning
o pycton plavnin onrd thie nay bou obtained by ihe upoe of probabllity
rotheds For reasonc alracdy discunsed a coupletoly catisfoctory
coluticn may not bo obinined, tho comploxity of the wroblem boing

clrmoat ualinited,

The applicatlon of the thoory has becn found woll
rdopted in the ovoluation of relative reliability of slternntivo
rlong,  In the typical cooo of syston gonoxoting cenceity rosorvo,
tho problon not only concorno the rick of outarg, but cloo tho ceconc-
uwle vrlaneo vettucn genorator rasvrve ant tic coprelty in providing
c.elrct loerl oudere concontzntiono. “he mothed 4o of eencidorablo

(24)

vrlue i cuclyuiz, the offoctlvonoso of irtoreonncediono, ptudy-

in. the ofveci: of ndding lozge gonorotisg unito on rovorve roquirce=
mcnto(27) cad gdoocllancous problams of powor otvation deoign and
*

gyer e opornitlion.

“he nroumptions mrde 4u the prpers rogording, tronce
ndenton line ovie oo vere fatondod to meen thht lona o capnelty
or 1o croultis; foon tean~ipeaicn ovntas o ic nogligibles Thio
icpiion ¥hat Seviendogien gyeiteio In those oroc oro ponatiint OVOre

cioefl when Judr ol by $hg weliodil ty otrn'oyd oot up for the pouor

o dye A ppes 00l of worlt swer s $o be dong dn thiz flcld.  tho
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Aats now aveilable on tyraerdasion llne ovtn, ce ie very limited

ard not sufflelent $0 rroviae avy coholusion  on tromomle-dlen

line outa ¢s viies. 'elinbllity of the probabllity *heory is

not questicred but tho nocd Ie rocogriced Tor irmroveront in the
oute,re Tnetore nollie” Yo The muny eanoncnts of tho senoarotion and
trancnd sicn gystemse A0 ment “actors novw uner are obtelirer Trom
rclativvly short recorls there i :+~ irclinntior to vce higher factors
than iy be negencarye lLosults probukly ove tco ewicervetive. ‘This
roinis cut th. nuet for colleetis; mors infori-tion on genernticn mnd

transrlcosi-n componend relia?ilﬂﬁivs.

“everal met' oda which hinve b en doveloned 40 ob ain
an srrroxime-e solution to cornlicated probnbili’y caloulations huve
buon disou-scde Dven an exnet dete ninaticn of ‘he nroh:zbllity of
a eor=ain eapncity outggoe ip, af ¢r all, only 2 siatomeal of “lie
limi B wiiich the aver: e of futur: ovents <411 approsch over Aeong

pe-iod 0 times The coturl especiotea for mmy one yorx o nven

&.5)

for 4 ve ico ©f ‘ow yours w.ll vory couslueenbly from the most nrolabl
meur valies i the lirhd of theso fotn 2ho time eavine avnroximeie

soluticny are highly Jusilfiable.

That o dipgiial corputer Lo ludispousable toe lnke the
Crucrery out « £ the nrepox. tlon of iotulir larormalion =u chovn in
Chapter VI wil! be impcddntely wocopminred by soyeac wiho vn gver
®

tricd it for evea . single cuse on one aslurlc syotens

Ho feteiled atudy of nwobiblilil; zetYelis hos s Juxr been
dorc In In-ds o montly wesesve rroblems nve solved by mdeo of thmmt
“he applicntion ¢ tho metien muy n t be Justiflabie vhen the grid
carzeity 40 enle at Ve omie o o fou Wwmiéreds of re centise  Eud

in comree of 4ive whe o nations)l ovld Lo forted o inctalled

capceity inorvares erroidernbly, neceecity Cor solving the gyotem



37
ToO0BRVe - pouvloas rw L cLoeing the sorviee coldehilition in o
selor rie 1o cngne 217 be Lol racd e ovnllention of rrobohilily

in The
vothe: fa 74, gowacatiea eon be nntlelnntods It would be, intor ont

0F v Gedia oo acirilon 46 koow thoraoldver cbicot of gho
ue;, cvelonus~ts o hil runcet of tho reablen, or a lot of cetive
oL e woertt A eodar; o i United Ltadoc chore tho problon hoo
coontit dnte. ote Loustvor, the study of tho probnblligy wothod
renldiol $0 Lujocrguweetod cyctena 1o moro juotllced ond lonpg ovordus

i rnilic.
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