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SY►'c = 8 

In the follo°'-ing iai n an effort ho been r, ido to present 

a eopprehen ive rioture of - oiuo of the anpcate of ower eyst 

rrc servo problems. The baaic elementary iaona of the theory of 

probability a~)rlied to eyston reserve problems have been dicouraed 

and the ai ai ' canoe of conventional nothode of outa go rrobability 

calculation has been illustrated+ Some of the abort-.out methods 

have 1 e. n appli& to a rerrev entr tine ryntom m f the rc lte are 

©ornp..r d with thoac obtained  .t1s exact ca1eul tions. The work 

deal; norc with aaalysin.; the :'actoro influencing the determination 

of r oer'o oanaci t.y of power oyotoma, than in the exac solution 

of a typical problem, t . L chief i'aetor being the probability of 

outa a of v<!.riouo car,aoitieo. The limitations and come loxitioe 

involved in the trcotno t of hydro unite Wive bren discu - ed. The 

importance of the problem in an interconnected oyctern has been 

indicated. The role ref oomputero in probability atudieo he 

been atrea xnd ;nrl a computer prograrme h o boon developed to 

determine the cumulative outaj;e probability for various capacity 

outa Mca. The recd i .nck saopb for r"urthor r000nroh have boon 

indicated . 
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INTRODUCTION 

In the en ineering of power systems one cf the moot 

important objects is the attainment of a high degree of continuity 

of service. In fact the life in the served area comes to a standstill 

when failures occur in the supply systems. Still interruptions do 

occur due to lack of amenities, personal negligence and even for 

reasui a beyond predictions Seldom, however is the proper degree of 

service reliability known or defined in quantitative terms and rarely 

dos=e the designer enoloy a truly rational method to attain it. Some 

way of defining the goal mast be fund and some ooiettifio means of 

reading it sought. In this investigation an attempt is made to make 

an analysis of the forced outages that occur in the case of generating 

equipments which further leads to the determining of the measure of 

reliability tho system can offer in meeting the demands of the customers, 

Reserve requirements have in the past been based on "rule of 

thumb" oriteria such as a fixed percentage of reserve or the outage 

of a number of the largest generating unite. For example a current 

rule of thumb in the induatry is that reserve capacity should not 

be lees than 15% of the system requirements. However# the complexity 

of the problem often m3koa 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 a systematic approach can 

be made by the application of the thebry of probability* 

It h^e been observed that outages that occur are more 

governed by law of chance and cwi be treated as random events. An 
underotandinp of the kinds 0r  regularity that occur{. amid random 

fluotuati.onm and the u-.e of probabilistic mathematical models to 

interpret the physical phenomena with appropriate me.neureo of 

unoertainity 1e- de us to a still more rigorou-.  treatment of the probe 



than that has been used hitherto. In short the use of probability 

mathematics offers a meann whereby some consistent account can be 

taken of the chanes. 

The probability theory predicts the average outage 

performance of a grout of unite during a long period of tits. The 

barrio information on which such predictions are made is obtained from 

the previous exnerienoe or the existing unite. In the united states 

statistical data have been established on a nation wide basis covering 

the forced outage rate of boilers, turbines and generators. 

Unfortunately, such data Which can be readily referred to is not 

available in our country.  

1.2. D velotment intbe Pao t 

The value of probability theory in the field of engineering 

has been forcefully brought out in a paperi ) published by S.A.Smith 

in 1934, entitled 1°Spero Capacity Pixod by Probabilities of Outag&'. 

A problem of this type which is of special Interest to the telephone 

engineers forme the subject matter of a paper('°  published by L,C.Moli: 

111 1935 which explains the fundamentals of the theory by the solution 

of sample problems of the types frequently encountered. 

Presentation of four A.r.E.E. papers(347h1)  in 1947 

was a chief motivating factor in initiatirg the application of 

*probability methods to solve reserve problemsof many of the power 

systems in the United Staten. Moreover the inadequacy of the 

present system due to gro ;th of load dnd increased complexities in 

the generation and, transmission of equipments also warranted the 

development of a now method by which reserve problems could be tackled 

in a more reasonable and realistic manner. 'ork on this problem 

• actually berat in all its earnestness after Calabrese(3) gave a 
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mathematical treatment of the pertinent factors involved in 1947• 
The paper was the result of investigation of forced outages on 

several systema of boilers and steam turbogenerator units, covering 

a period of six years. In the name year Iry n gave some methods 

which have been developed to obtain an approximate solution to 

complicated probability calculations. The most valuable contribution 

of this nr.per seems to be the development of a short out method 

a p .ieable to a system with any number of generating unite of different 

sizes. The paper by Oeely+e(11)  gave a mathematical development of 

relatively ei:rple algebraic braic formulae. For the utudy of •reserves, 

necessary to take caro of forced or emergency outages of gener tore, 

rreultr in a.. tangible form were developed and the met'L.od of applioatio] 

was indicted. In a subsequent paper(25)  in 1949 he has extended the 

eimriified approximate method to the development of a few charts 

whereby the percentage of reaervo in terms of total system capability 

or total system loaf may be found ciir etly'« Another paper in the earns 

series was by Loane .- .nd 7atahorn(7}  which deals with an application 

of the theory of probability to a particular problem of special 

interest tr those concerned with hydro-unit treatments. 

A retort by an A,I.E'.E, oommittee(5)  in 1949 on 

"Outage Rates of $tc n-  Turbines and Boilers and Iiydro. Unite" made 

available the forced outage data collected by the com itteee of the 

Edison i.leotrio I ot: tute. The dates  was collected by supplying 

queetlonairce to power conanioo and the details presented are basic 

to the determination of syntem capacity requirements by probability 

Computations. 

In 1950(8) -.atohorn presented a paper($)  in which be 
demonrtra ted that the complex Composite- effect of all the factors 

that affect the system capacity requirements can be evaluated by the 
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use of ' wo simple basic probability principles applied arithmetically. 

The results shored wide differences in the oapt}.city requirements 

for varicus donditions and he concluded that these differences can be 

evaluated in no other way than by the applicat.icn of probability 

met' ode. 

In the crticic a in 1047 and In subsequent papers in 1954(1) 
and in 1951 (2) Calabrese has diccu#ped the use of load s uration curve 

based on daily mu# lands for the determination of index of reliability 
level, He put forward sore ideas regarding the tre!?,tment of 
i.nte co•-netted oysters and eujgeetee; three methods to determine the 
rrobability of loco of low with interconnection, in the same year 

(1951) Standard (30) presented a new analytical method of calculating 
probable frequency of occurenoe of forced outages and probable 

duration of these ou taj a e, and in 1957 i atcborn 	further developed 
a simplified method for the application of the theory of probability 

to reserve problems. 

There eocmo to have boon a lot of interest developed by 

this time in the probability methods. In 1958 as many as eight 
papers (14,15,20,23,24,26,27,28) were published in the A,I.E. . 
Journal and the contrib itoro were Kiat, Halperin, Miller, Lirnmer, 

Herons and Hicks to mention only a few. Kist has considered the 

records of emergency outages of major equipments for a period of 
a?Tproximatoly eight years, preceding the study in order to a'ai 

the actual historical outage factors to each element of the system 

entorini into the calculations, 

The nebulous anti the di fioult tack of determining economic 
tie-line capc~citier h-,'o been attacked in ". systematic manner: in a 

paper by Jones and :="iero:v titled as "The Use of Probability Methods 

in the Economic Justification of Interconnecting Facilities Between 
Power Systems In South , exaen(24) . The subject matter pertains to 
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c: .,1:vtiet_uif ► ry:: 4crc r d uo &ttcr i t h, a boon to to Ganornlioo the 

rj,,thod. Duo to tho on-ra ; Oovplon nature of the problem, pith 
the ivnfornctticn cva1 ? nb'! o p cnoh ayatom f a to be trickled individually# 

tin- into account, all the pertinent factoro ffootint; the oparotion 

&' the aycto . Once the oconot io oporatin,g conditions are oot° bliohod, 

thou . ror^in only oir~•lor calculations to dctar ,no the oavinr, In 

invoctmont and r r, ual charceo. 

A otill nor,, o rnct treatment of rocorvo nrob1c no ciao 

roT=ai blo by thin tinc hon Halperin and Adlor(15 ) proaontod a 

mzuhc catical roc thad of r000rve otudioa, booed on the duration and 

frequency of outage, In an o7.rlior paper in 1946(10) the authoro 

have derived co .o of the quite inrortcnt formulas %7hicb conaidor the 

vari }tiono in frequency cn3 duration of evonto0 But vhile taking 

into ra000;nt th000 varinti©na the problem bocc•ea ao cumboroono 

than even with a digital computer 4 ho solutiono booaino quite involved 

To aiiplify the arpronah . .thout ruicrificinc; the accuracy, tho authors 
introdu.oed 1-1,,o ith of the uniform oyotcz, rmd sub-division of a complo~ 

oy for Into uniforr oui -!'roupoo ="lodifiad analytical o proaoiono have 

bon developed and xthcLTh of cpp' cation ou-eootcd vh1ch invokod 

quite a lot of intoront c. onr_ thoco keen on the topio. A critical 

ro ,.ei7 of thonc iorIw i tdven in chapter nom III, apeeiallydevoted 

BY thio tiro the uaa of digital computor hao become 

noui:lor rnd rnny of the power corny aioo h€ ve begun to colve r000rvo 

capacity p' oblomo by moano of nrobabili y cathode aided by the 

oonputoroo In the p^ate the tire required for the i u ual calouulationa 

for ° yrton of oven moderato oizo hao rootrictoc the rridocprort6 ueo 

of nrob^bilIty t thoda. In 9f}"8q trio p pogo by Brennen, Cal oc:. r and 

ICirchmflto" dicouraod hoer a =odium oizod di(:i PI corutor ny be uaad 

to calculr.tc the nro1abi lity of cape olty outy_:-v nnC tIv-, probabilitj 



o? Zo!•r' of io^~1 for r! non4 .nto4•aonnoctoa nyotar~. 	ho proccduro 

ova od in thin r or c "ford! & : rit c i( oconcz-Ic y to obtrin 

,,,ti oo t! :irr 	To dcvolo' f , +  ale off' capf city oto probability 

for 2 -. - oi.3.no cyotoia hr  1n 40 no ib10 value; of capacity 
c,ttf -o rc ?lied only fivo r!.inutoc of Connutor t'lra• Tho utco tnblo 
,»c-,nuirod at cw"', 0 b' urn to oo vQ -4th r. darl't orloulator@ A tzblo 

h vin;- 379 izocnib10 valuao of capnoly r autr,,,o roquirod 30 Mlriutoa 

of octv3nito!" tirios 

Tho contribution by Calabroro in soaplying tho rc t ctt to 
4 ntorcornwctocl oyotomc h's alro .y boon rcforroci to. But a olaa~t4oa1 
+."catr int of thin nroblor: tr o dono by Cook r±.nd Co-authors In a parlor 
nnabli shod in 1963 (9 a) * By uioono of orrlanatory Von iagrans tho 
authrro havo ort blirhod oor.o of v'lo for ulno applioablo to cyatono 
t hIoh two nr~n-intoroannootod asp troll an to oy,.=tomn with finite and In- 
`inito intorconncctiono. The dorivation,r- are q, to intorc ting and 

are dioourl4~od in Chapto=• `•Jo. V. In order to aoocco the valuo of 

&ntoroonnooticno and to detori4no tho ino tallod rocorvo capae ty 
reduction by poolin r dirital cotE nutor oro urno is diocuecod. Tho 
work thinly oontinc o to t, .o I ntoroonnootod nyrr tet z; end though 
eDcci .o nroblet :~ evo' v nth n1o~rc than tct o arcs{ n can be calved after 

ntudyi the Iorr? flow con3iti'-not furthor rcooarch v'orh is omrontial 
in obt inin- n Cnorcli occl noluticn, 

s mo wiic-1 ni-d -i - the ill !000unt of the hourly, daily and 
cr,aaonal to^d variaticn.o nu v of.1 an the =r;unl lord and monthly 
to .d n rkr h, o be n our ~cr o' by A$a1 and Vano 	~ 	a 
t±r000t u ,u ocY ri .. ,. 

I 1 	"=I"1.sf ~..t : • r:: IO -.iMo, o,* -.on of uy p tci.1 1oati 
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2) Ln tly.*yi;' o; Ccncratin- ccpcityavc1nbi1i 4y. 

3) Jr c*'rri :t: an of a capnoity d©ficioncy and onorcy dcficioncy 

ouri7c 	and 

4) ar►, liotv:! cn of th000 dcficioncy curvoo to tho opocitic oituation. 

An.othor papor pr000ntod by Vaesoi and Tibborta(22)  

di.cou oci n 	chort out method to ozamino onpucity ronorvo roauiromnto 

c.,. no tr bo tho latcot publication on thici topic. 

'any of the E1otodc our, aotod have of ocvo,ral important 

advcritcCoo but have alto linitationo. Judgotiont and oxporionoo uot 

o ntinuo to play a major role in interpreting and applying the rooulto. 

Tho applicationo of the not odo bnivo been vat aria a groat iroa1th of 

in 'ori^tion oxiatu in the fern of technical Paporo. 
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CHAPTJ Ii 
We Basin of Probability Study$ 

Probability is a measure of the chance of a. certain event 

by the ratio between the number of events that can occur in that 

certain way ani3 the number of total poenible events. Consider the 

performance of a Bingle generating unit during a long past period P. 

During this period the unit has been in operation for a period of S. 

and out of service TIue to forced oittagoe of the unit itself for a 

period 0, . The averago outaY o rate of thi c, unit is than 01 

The outage mad service times can be expressed in houro or days. If 

the 'n' units of a oyt,tem are or are a'sumed to be similar in design 

and operating conditions the outage rate of the individual average 

unit is calculated with the formulas 

01 + 02 •.•I•+ 0k+ *M...+On 
. + 01 	S2 + 02)+ .... c + 0~ + .♦ (Sn + on ).k.2 1 M 

Where Ak ie the total forced outage time and Sk the total service time 

of the ktb̀  unit. The service rate 'p' of the average unit can be 

determined in the same way and is equal to 

+ 8 + Rii**sr• 	+ *s.s.es 	r~ 

1 + 01) + { 	 + 02) + 	+ Ok)+... $ (Sn + bn) 

With a given amount o ' the unite pact performance available 

a series of values of q are calculated by adding each yenr's forced 

outage and service times respectively to the cumulative forced outage 

and service times of the rreoedinp years. If thin leads to a stable 

value of q i.e., a val.re which change 2i tlo with increase in demand  

time this value may be used to predict the expected future performance 
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of i t uav, sir. -a unit, In trio article publiahol by Ca? rttro in 1947, 

hc br rr cj ^tech ani oute c x'ao + or of 0.03. Eorovor as P. ro r.~ul u of 

L~~»t~~wt~ ;c, ~•..ileca invouti,.::'tion a national avoraco of 4429 for 

(cn.cr: orr,9 Lr.c been cotnblincoC, in tho United 2tatoo. 
ith the r000rde u^od in the study of porno of tho oyrtorao 

it h ±n l~o 1'ouw that 4hero in no ehnractcriotio variation in the 
frcxucroy 1 uraticn of in Avicual conerator outagoo vith •oieo r . co 

or ::~ c. o" equipment. In the analyoio done in thin invoc'iration It 
ht c beczt- a.-Du d th-t the mitibor o " outar on for any gonerator in 

directly rroportionnl to 3t'n oznoouro. Uoroovor in a nyotot conoicti 

of G nunbor o:' rncohinon, o tho Cro ith of load oocuro, now  nai itachInoo 

are ino•ta .lod ar_' old and, net, equirinonty arc put into aorvic a to 

moot the loo Bei nd. Thin r.::^y again lead to on intermediate valva 

for 'a' avc the correction "or ag n dooe not oeexa to be onr-,ontial. 

In oacee hore cqu pnontr are connoted in oorioo relation 

the outage of one olorient cauoea tho rholo croup, to be out* Ac an 

oxamnlo a Turbo ecncrc' or outaio may be Cawood by trouble in the 

boil ere or in the Ntrbi; o or Ir, the generator. In Coneral a unit 

may bo oor~; owed of ocvoral olononto a, b, o, d in oorioo Imvi-t outcao 
ratoo qa, qb, no, etc. '.ch one of thoco outacoo in caloulatod 

oonoidoring only he out .zc oauocd by troubloo in the particular 

element and not in tth,- other .olo cnta. The oorreepondina ner ioo 

rrobabilitioo are n^. m I — qap b m '4 — qba pa a I — coo and no forth. 

The norvico probability n, of 'ho unito an n crholo by the ultiplioatic 

nritoirlo is = pa • Db • pa ,,e ....... The outage rate q, of the unite 

— pa • nb • po •p ... . 

The ob:^bility of ocoit'caco o_' either one or he other of 
to iutu11y e ~o Y ~. v e' 1n '. Wi 	i' stir. cf ho ree eotiva 'i3ro rtb•t 1.1tic 

• Thue the nrobnbiU ~ t o' It.• vi.t:- c.ti er of etc tric unit a cin: b on 'oroc 
o"to. o in (n . r b 	 i.i r c',ie17.:1::1 1"1'' r--n:  



excluding the oocuronos of the other event. 

By applyink, the formal rules of t Ic probability theory 

the cuta,=e probabilities of the combinations of n dissimilar unite 

having individual outages Q19  Q2  ....Qn  are obtained by developing 

the following products of binomial factors 

(PI + q1) (P2  + q2) ..ar♦.(Pk  + qk) ..r.(gn  + qn) 

If the n units of the group are ac'sumed to be similar, the name 

outage rate q is used Per all of them. In that case the binomial 

factors degenerate into the well know Binomial. formula 

(P + q)n  a pa  + np' q + n (n-1) p 2  q2 	+ ...... 
21 

This expansion provides the basis for determining the probability of 

finding various numbers of In' units available for service. In the 

expansion the first term represents the probability for no outage 

the sec nd term ror the forced outage of one unit, the third term for 

the forced outate of two units tend cc on. 

2.2 Calculation of Capacity Outage Probabilities by the Conventional 

1e thod a i 

A hypothetical system containing five steam unite 3# 25 Vw 

unite and 2,40 V1 unite is considered. An outa ;o factor of 0.02 

for each ealior unit and 0.03 for the larger unite are attributed* 

Combinrtion of the probabilities for the thr..e smaller units is 

accomplished by the Binomial exraneion 

(p+q)3  0 (0.98 + o.n2)3  

a 0.941192 + 0.057624 + 0.001176 + 0.000008 	...(i 



Probability Factors or the 40 I are ob airier' from the 

exransion (0.97 + 0.03)2  

ffi 0.9409 + 060582 + 0.0`09 

By multiplying (i) and (ii) the combined probability factors for 

the wt-.ole eyBtom can be obtained as tabulated bolowt 

(1) (2) (3) 
Capacity outs; a Probability Unite on Forded 
ira 	TO 	. Outage. 

0 0.6855675 528 0 

40 0.0547773744 1 

80 0.0008470728 2 

25 0.0542164216 1 

65 0.0033537168 2 

105 0.0000518616 3 

50 0.0011064984 

90 0.0000684432 3 

130 0.O000G)O 3*4 4 

75 0.0000075272 3 

115 0.0000004656 4 . 
155 0.0000000072 5 

Table 2-1. 



Table 2.1 when re-arranged in the amending order of capacity outage 

table 2.2 in obtained. 

(1) (2) (3) 
Capacity Outage Probability Unite in forced 

in 11W'. Outage 

0 0.8855675528 0 

25 0.0542184216 1 

40 0.0547773744 1 

50 0.0011064984 2 

65 0.0033537168 2 

75 0.4000075272 3 

80 0.0008470728 2 

90 0.0000684432 3 

105 0.0000518616 3 

115 0.0000004656 4 

130 0.0000010584 4 

155 0.0000000072  5 

Table 2.2 

• 
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2.3 1urtbor 1;odificationo in Cutat;o Probability Calculations. 

The validity of rritbnotioa1 r othoOo to coaauto autaio 

rrobabil i ioo has boon no fairly octabliohod. A convenient nothod 

vihi j' ,.:-ulta i,i the reduction of the roculto to r na ;cable 

nro )ort 1 ons ho boon €auc otod by I Sat r nd Thomno, The authors 

1r trociuzood the iothod of proration of the forced outage probabilitioo 

to tultirlao of ro^conablo capacity. Tho i+ ra can be 111uetratod an 

,11- 

 

on below. 

Aoa mo that it io deoirorl to arrange the tablo 2.2 tiith 

a rTloth of 25 tit/ capacity. The 40 tai captoity ire to be elizinated 

Lino zr proration bet goon 25 L7 and 50 itI a;-aicno iL  of the outana 

factor for 25 :IMP and 15/25 of the outcvo factor to 50 tIti. Batt the 

50 T7 outs o condition io further nodifioz! by the proration of the 

65 Lam outage condition. Continuation or the rr00000 rooulto in a new 

tr b) o ao rivon below. 2ho table ire arranged in the a000nding order 

of ml- itudo of vrriouo capacity outaaoo. 

Probability of 0utaae 
 om,,,,  

	

0 	 0,8855675528 

	

25 	 0.0761203713 

	

50 	 0.0353144097 

	

75 	 0.0027247927 

	

100 	 0.0002521559 

	

1'5 	 0.000 0114983 

	

150 	 0.0000002173 

	

175 	 0.000000004 44 



2.4. The Conoopt of Cunilative Outage Probabilityt 

The method explained in 2.2 is made use of in determin.. 

ing the various capacity outazeo and the exact outage probabilities 

associated with the respective capacities. But more often the 

designers are interested in the outar   ,o probabilities of losing a 

certain capacity or more and in this connection the term cumulative 

outage probability can be introduced. By examining the table 2.2 

it is found that the exact probability of outage for '01  PFJ is  

0.88 5675528, and by nirple ar cont it can be shown that the 

probability of losing '0' M or more io the sum of all the terms 

in the Column No. 2, which is equal to unity. Similarly the 

probability of losing 25 ?i or more is the sum of the terms in 

oolurn No. 2, but in this case down from row no. 2 only. Table 

2.2 modified to represent the cumulative outage probability is 

shows in Table 2. 

Caiaolty Outatejn it 

	

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 

Table 2.4 
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2.5• Lose of Load Probability 

In aha provioue eectiono it ba<,  boon hon that Individual 

outage `rotors can be combined to obtain probability of various amounts 

or capacity on forced outage. An the load of t station undergoes 

hourly tinily and seasonal variations, any capacity outa,,e may or 

may not result in lo of 1 ok d ri upending upon the time at which the 

forced outa ^e occur, Therefore a knowledge of the probability of ion: 

various quantities of oupply in not a measure of the offeot of their 

loo upon the lord to be served. To measure the effect of probable 

foroet outage7n on the load to be nerved require the use of load 

duration curves, If the mac. syotem demand were constant throughout 

the month at 1QO;5 load factor conditions every outa o in excess of 

installed rceervo could cause ooao load curtailment. The mad.mum 

effect on the lo: d, of a capacity outa?ie can be or.eily determined from 

the loe3 dur,  tion curve* But the expected loco from the probable 

forced outage will be much lose because the probability factor 

associated with any oanaoitj outer, =o would evidently be a email 

quantity. 

The above mentioned statement in eupportel by the very 

d 'finition or the term 'Lxpect^tion' . Expectation is a matheatioal 

rethocd of rlacting an event and con be definio i as "Tho probability 

of an event ocourinrY, when nxuitiT:lied by the results roalizec: if the 

ever occurs". 

Ki lit and Thomar have suggested a me tbot to evaluate the loin® 

of load probability which lends to the d to t'minn ti on of a term known 

a:,,,  the "Index of Reliability". Index of reliability is defined an the 

retic' of load served to the load available. The authors have consider 

th,:, historical index of reliability ar the bench—mark with respect 

to which th quality or service is measured. In the present 
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invooti, :tion a dctailcd tabular :"mm ban been pr000ntod, nbioh 

ill,antratc:, the calculation of tho Inc?on of roliab. lity. A ropr000n 

tativo rn.>ur1 1o,!d duration curvo ucod for the tabulation is shown 

in i (2.1). "ho ordin^ oo of the curvo roprotont the daily ponk 

lorclo ar cli.otuationo in the load fror hour to hour have not boon 

t^'hon into eoncidoration. To account for the above mentioned factor 

10c dur ition ourvv can be drawn for en. ll.or. intorvain of tiro rihoro 

the ord inatoo can ropr000nt thi ' hourly poet local.; or tho average 

daily load factor can be included in the analytical o rprooriono which 

are bring dinourcod in a oubsoquon1 section. 

2-6. itpoetod fluration of loos of Loads 

In the previot o diocuosion we have, boon considering the 

probability of loot" of energy, under the title '"boor,  of load 

probability". Thin approach aoamo to be iuito rational in nature 

tho' '-h alightly cucboroo e in arsplication. The topic has been 

diocuocod by CalabrcaoC3)  in his parent +Lrtiole itself and has 

ovolvod tt o Oiftoront iaothoda to doter ino 1000 of load probability. 

The procedure adopted can be auua arioed as Given belovis 

LTI:OsD .. is .'oforrinC to 	(2.2) 010  02*03 •"'0k•'  0jj+ 1, 

raprocont tbo boo in capacity valuoa obtainable with the variouo 

unit oocbinationa ani' it can be plotted down from the total capacity 

linea by the horizontal daehod linea. a,k  ropreconto the time interval 

between the intefoopto on tho boa duration curve of the two 

ouc000aivo capacity valunn Oh  and O1r+1 . Por bade within the 

interval A k  torn of 10 000u 'o If the capacity outage ou000tl o O. 

lot it  be the out^ ;o probability o - outaoo in oxoono of 0. The 

Product Pi, o k  to the nrobabili vy of lone of load ¢dlurinr the whole 

period contributed by capacity ty ouut^ oo oxocoding Qk. In other rrordo 
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Pk  a,, represents the total expd!oted fructii n of the whole period 

during which loan of load will occur, due to cap .city outages in 

excess of 0k. In the same manner probabilities P1  A11 1 2 a 2 , •'•" 

of lnpr of 1o•°,d due, reereotively, to capacity outrgeo a toeeding 

Oi,  02, may be calculated. 

Pe  = Pl  © 1  + P2  o 2+ *....Pk  a k+ ...... gives the total 

rrobability of lour of ' oad due to all capacity outages during the 

wh' le period. In the case of a steam plant with large number of 

units the probability Pk  varies continuously and a continuous curve 

can be obto' ned. The expression for P become 	' dt. 

P may be calculated noting that with the capacity 

outa;e 0k  lose of load occurs during the time tk  when the load 

exceeds tho available remaining capacity. if pk  in the probability 

of losing exactly the caracity 0k  the product yak  tk  gives the 

probability of loco of load contributed by the capacity 0k  outage. 

By ornsider. in all capacity values 01,  02  ....0k  a second 

expression can be written for the total probability of loss of load 

an follows: 

Pe  m rl  t1  + 12  t2  + Pk  tk,+ .... 

The numerical calculations for the mothod dieou 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 a reserve of 44 MW 

i .  found to be 0.000162. For various reserve values torn of load 

trobabil ity can be determined ire a similar banner. 

• 



Description of the "yetent•- 
The II'ig. (2.1) represents the nnnu'.1 loacO duration curve, 

based on rinily peak lo'ds, for the veatorfl U.P. Power System, for 

+lie year of 1965. The installed capacity of the sytuter is 224 M 7 
with a nock annual load of 200 M. . The probability of various 

cana,oity out=e: hap been manipulate., from the table the author 

ho rreoonto~z in Ch .pter. (6) . A detailed dioouoelon of the signifi-

cance or sioh a table and the r::othod of framing to dealt in the 
Chapter on "Cor uter Ai proaoh". -'he table given below 111uotr~ tee 
the mochnnice of determination of .he index of reliability of the 

system. Probability of outage of individual Unit = 0.02. 

Canacity ' Probability of i Lore of I 	xpooted Loos of 
1i o • ; Outage Outage 	Energy in I Energy Kr. 

	

,: 	k in 	I~~. r 	,x. , Kk'hr. w 

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 

10 30 0.050358362 444000 22359.112 

11 32 0.001347609 936000 1261.36 

Contd.... 



12 34 0.000013612 1692000 23.03 

13 35 0.017015261 2196000 313743.56 

14 37 0.000027225 3420000 93.109 

15 39 0.000006806 507600 34.547 

16 40 0.002348105 6072000 14257.693 

17 42 0.0020554 8352000 17166.7 

18 44 0.0000137511 10992000 151.15 

19 45 0.0016947197 /2456000 21109.428 

20 47 0.006947782 15688000 10830.20 

21 49 0.0000002778 19708000 5.28 

22 50 0.0023685243 20844000 49369.52 

23 52 0.0000958411 24864000 2382.993 

24 54 0.0000209739 29184000 612.102 

25 55 0.0007217248 31620000 22820.93 

26 57 0.0000691723 36768000 2543.32 

27 59 0.0000070867 42348000 300.107 

28 60 0.0010959212 45372000 49724.136 

29 62 0.0000966745 51804000 5008.125 

30 64 0.000000978 58764000 57.471 

31 65 0.00106925265 62/72000 6647.75 

32 67 0.000029458 70032000 2063.002 

33 69 0.00000070584 78408000 55.34 

34 70 0.00007583944 82788000 6278.592 

22 

r.,._I_, 
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36 74 0.00000098649  102828000 93.213 

37 75 0.00007  107268000 7508.76 

38 77 0.000043643  119184000 5201.549 

39 79 0.0000003  12/760000 39.52 

40 80 0.00006336  138396000 8768.77 

41 82 0.000003095487  152316000 471.494 

42 84 0.000000456443  167040000 92#957 

43 85 0.000042798 	174564000 7470.99 

44 87 0.00000285749  189828000 542.4316 

45 89 0.000000443337  205548000 91.057 

46 90 0.000009459378  213516000 2019.647 

Inr!ex of Reliability 	1 .. 	gZDg ta,c3. 	er 
YIlII 	YYiyYrli YYYYAlY11~Yi~Y 

v 	 t~ag ■ ilillr 

Total Energy Oupplied, 

Sum of the expected energy lose = 574861 kwhr. 
Total Energy "upnlied a Area under the load. 

Duration Curve a 274893600 kwhr. 

1 " 57486t 	= 1 - 0.002091 
274893600 
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(1) (2) (3) (4) (5) 
Cap. Out tk  Interval Probability Pk 	k  

k of ;roater 
outagos 	'k  

44 0 0.018 0.000504 0.000009 

45 0.018 0.192 0.0+0480 0.000092 

52 0.210 0.185 0.000258 0.000048 

59 0.395 0.318 0.000036 0.000011 

66 0.713 0.003 0.000012 0.000000 

67 0.716 0.196 0.000 009 0.000002 

74 0.912 0.088 0.000002 0.000000 

81 1.000 

Probability of lose of load a 0.000162 

Table 26. 



(i) (2) (3) (4) (5) 
Cap. Out +o. of tk  Probability pktk  

T'nit of 
out Specified 

outage 

44 2 0 0.00239 0 

4 3 0.18 0.000025 0 

52 3 0.210 0.000222 0.000047 

59 3 0.395 0,000222 0.000088 

66 3 0.713 0.000025 0.000018 

67 4 0.716 0,000002 0.00001 

74 4 00912 0.000007 0.00006 

81 4 10000 0.000002 0.000002 

Probability of loon of load 0.000162 

25 

Table 2-7. 

• 
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2.7 rffoot of 1?roquoney and Durotton of Outagoo$ 

A nunbor of papora ix. 'vo cot out to dot orraino the probabilI ty 
of logic, of lod a a ratio or probable fraction of unit tia ur r.0 
ih:"oh Chore e.ill be loco of bok;d for c Civon cot of conditiono. Tho 
f oling that thio ratio to not a cufioiont ovaluaticn of the rolinbilit, 

of the oyotrc have c4e invooti; atorc to conoidor the probn.blo t uration 
ani intorval botwoon outs,-oo of a Avon ari3nitutl.o a- a bettor criterion 
of oyotc : reliability. A probability of 0.01 indioatoo an outgo of I 
of the tetal don . time; but it d000 not otato for otonplo, v;hothor 
the outnCo onioto once in 100 ,'aya with a duration of one day or 
once in 500 days with a duration of 5 dayo. Such a difference in intoe, 
t^tion ay be ca4' conoidorable ,hportnnoo in the evaluation of the 

reliability of a eyrtom a; a lar ;o lone of oapaoity vould crrato a 

noro acute problem if it should last for five days than if it :•hould 
last one day. 

Average duration of individual out on and r.wora,o intorval 
botr~oon individual outran eo can be obtained by analysing the rocordo 
oho:iint the n at norfornanco of the naohinoo. Ro ;arding the duration 
of ou t ae, otatomonto r., ado by various inveoti atoro vary coneidorablye 
Inn tnnc, a can be cited :?horo outaao uration Varied "roc a day to 
n r~onth an1 even rroro. In the oyoton otudiod by Soolyo the duration 
of outa, o hr,o boon cu l~g: otct to be 0.02(ono cool) and interval 
butroon outatroo 2 (^vorr.! 	 • ,o of one otxta~o each tro yore) . ruith th000 
valuco, the oyoten unOor hla invoatic,.tion avo a probability of bona 
of load of once in ' his~ty yo~..ro. Santor, Baldwin and Dale of '.:gating 
bouoo leo';ric oxpor-,tion hz:.vo ucol th:) roorootivo valuoo no 0.06 
ane) ). :?roe thcoi it b' to be ounoluudod that the duration of outs u~ 
do on"o to r r rc t cttont on raiuonnra ,oc irroilitico availably in the 
,im')r -ation. 



.~ r 
rI alt - 2') 1 2.5 

2? 

The probabflity calcu"1ona '4th the introduction of rho 

Ooncopt of franudnoy tint t Ourntton of out,^., o can be oiunlifiad 

to a groat cetera by trout1n tho oy: tet r_:- a uniformr ono. 1 uniforti 

uyr:ton to c>n:_ for t hich all r:trtu are oaual In circ o outaCo vato ata 

cworaco cur' .ton of outc!ro . It to usually not practicable to ni -cur o 

thc•t a coj..,;lc:c r oton to equivalent to a oyc o t ith uniform oompononti 

1qu' t Gno o boon tlovclopod by Adlor for a ryotcn of oomploto 

divercifici unite of t ifforont oizao and outa c ratco. Horrovor oven 

t i th the help of c,. Oigitml computer thooa ogwstionrn for a conplotoly 

cfvoroifLcd cyntot, wouldrcoult in oxcoacivo oalcul tiono. ?or 

nraoticc l oaloulationo it in found convenient and oufficiontly aoovrntc 

to sub-divido tho oytom into cub groups of unite which could be 

o • noidorod rcaoonably uniform. After the valuoo for oc~ah Daub-roup 

ht:vo boon or loulatod, the roculto are ► oohod mathoaticall.y r~lth 

aoh other to jj1vo the 'lues for a conposito oyotou. 

2.0 Quantitative Ro' i tionohipo for a Uniform yoton: 

Iv r u o a uniforr oyotom of n unito of equal of so of i. M 

t ith a unicorn outa -e raio of p. xhon p j. 	2.3. 

vhorc t to the avorajo duration c,f Individual outage nncT D the avorage 

interval os' thc irdivirluol outr,;uo n days. The frequency of the 

irdivic1ual ovont in 

t 
 2.4. 

Tho rrcbrbi!i ,y of r fol rioultanoone ortago to 

orpro ^reri by tho binoz.n? f o_= .tln 

• 
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f>Apec+ancy of ocourenco of ©wing, c of the ardor of 'r' 

or ►yore r~.^,ch~ noO Ic ;3vofl by the forcalr: 

int 
rt ( n )r _______ 	~ -r 	2.6 7 	(r - 1), 

mho avorago duration in Ciayo of r fol+t oiultanoourn outs 0 

2.7. 
r+p ( n 2r) 

Tho avera(:e interval in cdayo of 'r' fold oIti°ultanoouuo outr -o 

to 

	

1'r

Pr Avorage Proruoncy rra ..~..~,. 	2.0. 
tr 

F'a.f nitude of r fold outaao rr = 	.... 	2.10. 

2.9. 4'ochinS or 'Tr o oub groupo of a none-uniform Syo'tons 

Conoidor a €,morn AB oompoeod of tto uniforn wub— roupo A 

rncs 'i. 	or c oh o`' the cub r upn the follo Ini viluoa co actor ,nod 
'or a]' v'-lrco of r, from 0 to r a000rtlinc to the o unt1eno in the 
nrovio r 000tion. 

F'A n.hd r:B = r c nidudo of r-fold tautaco. 
A :rd P1 = Probability of -r - fold outato. 

►~ anti tB = Averat o fur. ati on of r - fold ou taio. 

Then the v,-?Flea or to oommnooito oyotou nro dotorninod from the vnluoe 
oi' the cifi : °ro• nc for all not niblo oorbinatf one of r a000rdin,- to the 



matrix vat tern eho n below 

Synten B ytter A. 

A0 A,t A2 A3 A4 

BO A0B0 A1B0 A2B0 A3B0 A4B0 

Bi AOBI A1B1 A2B1 A3B, A4B1 

B2 AOB2 AIB2 A2B2 A3B2 A4B2 

B3 AOB3 A1 33 A2B3 A3I3 44133 

B4 A0B4 AiB4 A2B4 43134 A4B4 

The composite values are as follows: 

t:AB a IJ + MB 

A3 = AL3 

TA3 a tAB 

tA13 atotB 
to +tB 

~+'AB a  

29 
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P( ) a n 	..~.,. 	q 	o .. 	(''9 )  !  

oocdin,, ; f or. nir. r o <' .i that tho bins r3. 
._ . r"tIonu~,r SOt. n yiolC ~s ng tho robs b .li y of oI1 ni -ij ° z' 

h^~'Co 	rq unb3r:arcd coin to tocnad ton W•luco in 

1'roe , an onal oin of tho ar.turo of tho countion it can be ©hocin 
that : o t' i.I Lo:oa©ao indefinitely the Binomial. hiotograr 
anproacho ri : a limit the aroa undo;• a oor Amin ball ohapod ou o 
and this r --'roach boa ono o c ro ranid to more nearly equal p 
and q are. ThO approachinc limit jr • called normal frequency 
function a 7 the raph of the norutil frequency function in 
cal)od the nodal curve a 

:: ur ;dyer diocucrian of tho theory of otatiot:i oc 
ac000iated G..I th th - ohort cut tiethod In 	ttot horo r'nl an 
nttomn" In ztie to o:'- 1r .n tht- relevant toriti r.r t ihon thoi' 
"?nUenti.on Do't's". 7C? t0inii. no'., 1 -17 	'i.14C: F.€?G of to a 

roproo~; 	Tor,; t tet. 
Ly calculr t 	tho aoan t"ct r, nf?n,rd cioviction 

of the unit { 1. ncc n v. norL 	to tribition cu vo to fittcit to the 
actual ni. enc `Tho ct.a e-,rt1 dov ation o- i the ro1.c. VZ1O 
o'' the dcvi,:,"U n o: tl'o individual nointo from the awor :c or 
norms value of all the nointet. A r v % • r. "-r..bl of no marl 
O otri'bu'i: i.c c-r io '''ii ct:f onr(55) chou: 41to n 'obnbi l t , th2it C:flj 

unit rtoloctoc ^.:i randCDi: fren t! 	;'lits 	 . 	 ooci it (j'.vC.si 
Y
.._7 o  iy luc

:
r 	 } '.4 

r
~  Q  

	{. 
he cr 

. ~' / 1 l :-YG«4r .: 	:Rrl r y'„ •U in 
S 

blo 	2. 	:'0b":t2:. ! ;~ y ( ' c ".' 1 U.*.'z, ;r ou Wt' ;.0 t3' r.  
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magnitude or more has been citermined for five vrtluea vir.. 

75,80,85,90, and 95 MW, and the r;3ul are tabulated for 

cOnmariacn rith those values obtained by the exact nethodee 

An Analysis or the Result.s Obtained by Lymme Method- 

1aricaliy Lyman' method involves aosumptiono and 

aprrnximat one. The fact that the actual aio do not fit 

exactly the nermal curve is a source o. error, but unlenr they 

ceviate ocrei!erably from 	ntanrt! curve, the final error 

j ,̂.r1ttive1y rioera e. If it is fun th.t the unit ai ,.-ee k10 

not 'it u normal curve re aonab1y well tL.oy should be divided 

into sub—groups. On exarining the results in Table (33) it can be 

obrved t}"rt the method in rnre or loin a connervativo one, The 

vien o' outage nrobability are higher in 01 the canon obown in 

the table miO th h been further surrortod by other typical 

oaloulttionn tc author han made. it in only d,antaooize to havo 

eonoervutive resulte in a short out method with r,proziationa, 

rovied to nrin in 'ithin renonab1e limita. 

Doaorinticn of the Systems — 
Capacity of "nit 	 No, of 

10 	 2 
12 	 2 
15 	 1 
20 	 2 • 	b1e LL1t 

30 	 3 
35 	 1 

-S. 

'otal 224 11W. 

0 
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3.3• Staandrud's Method:- 

A paper presentin, a simplified method of calculating 

probable frequency or occurence of forced outs des involving, any 

given generator capacity or more, and probable duration of these 

outages han been published by Strand 	Data -Data used are the 

statistics of average frequency of ocourence oni avers c turation 

of forced outages of individual rnrchinee. Assumption is maids that 

infinite interconnection facilities between all the machines are 

a-.rai)able. The procedure €.Monte i to apply this method to the system 

un1er study, in connection with thin investigation, is discussed 

below: 

Details o the capacity distribution of the system have 

been given in n previous section(Table 3-13.  The units of sines 

10,12,13 and 20 MW capacities have bien grouped together and treated 

a.- a uniform system of average oapp-oity of 14.14 1•°:; anf3 the remaining 

4 units have an average capacity of 31.25 MW. So in the simplified 

system we have 7 units of 14.14 ! capacity and 4 units of 31.25 

MW. Averae duration of e+'-•oh outage has boon taken to be 0.02(one 

week) an average inter l between outagts is assumed to be one year. 

t0.02, T= 1, T- t m 0.98, 
Outage factor q 	0.02 

T 
Service Paotor p= 0.98 

m1 = 14.14 	 m2 	31.25 

n =11 	 n1  7 	n2  a 4 

An outage of r unite from the total of 11 units will 

include r1  units capacity m1  and r2  unite of capacity m r1  and 

•r2  can assume all rosoible values such that r1  +r2  = r holds good. 

An illustration of the above mentioned statement is made in the first 



three columns of Table 3-4. Column 4 represents the total number 

of units reins inng in service told columns 5 and 6 represent the no. 

of units of sizes m1 ad m.2 such that s1 + a2 = e 

The probability that the number of machines out nt a 

given time is r1 of size mI and r2 of size m2 can be easily deter-

mined as follower To illustrrvte, the first value in column 10 its 

Poo . pn. Using recurrence formula 

P(r1+1) 2 

'+ 1) 

(ri +1) 
pr1r 

(r2 + 1} 

11r.~r, is the amount contributed to 4, the avert a number of times 
T-er year the total capacity of machines on forced outage equalo 

or exceeds m megawatts, by outage of r1 machines of size m,f and 

r2 machines of size m2 ̂.nd the term is calculated from the 

ctatistioal formula 

- F;; ) 'r1r2 

Column 12 represents the total me, nv att capacity of meohinos 

on forced outage at a given time. In Column 13 values of in has 

beer rc-»arran, + a in ort er of sire and colurn 14 represents values 

offl 	in order corresponding to the order of Col. 13. To obtain r1r2 
the values of E in column 15, values of Drl r2 corresponding to 

all values of megawatts equal to or grouter than in are added. 
,I rerreoents the avoraLe interval ir, y are between outages when 

m a ratt capacity of units of out of service inorea^iee to 'a' 
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megawatts or more. In column 17 P 	has been written r1  r2  
corresponding t- the orc;er of Col. 13. Col. 18 represents the 

probability that the total me,gav'ntt caneoity of machines out at 

any given time is equal to or greater than m. To find each value 

in column 18, value of P r  correoponding to all values of 
12 

n gawatte equal to or treater than ri, are to be added. tm+  in the 

last oo1urm represents in years tho length of interval, when 

capacity of genera,  ors on forced outaCo totals m or more megawatts. 

t 	
____ 11+ 

The various capacity outa oa and the corresponding 

cumulative probabilities are tabulated in ablo 3-3. The results 

obtained by the ehort-out method are shown in the first two 

colur.ne and column 3 shown the reouite odbulated by the exact method. 

Due to the introduction of the concept of average unit, the came 

capacity outal;e may not be available in both the cases and for 

comparison the nearest valued are chosen and shown in brackets. The 

difference in the two sets of rcad'inCe are likely due to 1) the 

variation in the number of units on forced outage for the same 

capacity outime and ii) the variation in the number of mutually 

exclusive lays that might have inherently oeoured in both the 
calculations and iii) the unavoidab1 ; selection of the nearest 

value of capacity outage. 

• 
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1 2 3 4 5 6 7 8 9 .I 

r r2  ?28  '93. 02  r/t t t 	T...."' , x2 

0 0 0 11. 7 4 0 11.2 11,23 0.1982 

1 1 0 10 6 4 50 10. 39,8 O.11 	1 

O 1 10 7 3 80 10.2 39.8 0,0353.5 

2 2 0 9 5 4 100 9.1F 00.82 O.dCGOP 

1 1 9 6 3 100 9.12 00.82 0.0093 

0 2 9 7 2 100 0.3.8 90,82 0.00 92 

3 3 0 8 4 4 180 8.37 141.83 0.0005372 

2 1 S S 3 150 8.1? 141.83 0.0005 

1 2 8 6 2 3.50 8*3.7 3.41,83 0.00028 

0 3 8 7 1 150 8,17 141,83 0.00027 

4 4 0 7 3 4 200 1,3.5 192..85 0,000004848 

3 1 7 4 3 200 7.15 192.88 0.0000038 

2 2 7 5 2 200 7.16 292.85 0.00001748 

1 3 7 6 1. 200 7.313 102,85 0.000003E7 

0 4 7 7 0 200 748 192.85 0,0000003385  

• 
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11 12 22 -.4 15 
Dri r2  to in + 

0 0 -8.96 0 
4.54 14.14 14.14 4.54 8.9G 
2.692 31.25 28.28 0.634 4„419134 

0.634 28.28 31.25 2.892 3.785134 

0.845 45.39 42.42 0.0336 1.103134 
0.181 62.50 45.39 0.845 1.1605 

0.0336 42.42 56.66 0.01 	34 0,314534 
0.0807 89.53 59.53 000847 0.3330 
0.04025 76.64 62.50 0.181 O.23 a)6837 

0.00384 03.75 73.67 0.003738 0.51965337 
0.000934 56.56 70.64 0.04025 0.04822737 
0.003738 73,67 00,78 0,003362 0.00 	737 
0.00 3362 90.78 03.75 0.00384 0.0046  
0.000748 3.07.89 107.89 0.0 00745 0. 	3.7 
0.0000267 126 125 0.0 0267 0.000026? 
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16 17 is is 
._.__.... 'rlr2 pta+ ti + 

0.7982 1 

C. 1118 0.114 0.198586 0.02218 

0.00898 0.084586 0.0192 

0.2645 0.06515 0,071606 0.0205 

0.8395 0.0002372 0.0166 0.01045 

0.862 0.0093 0.012218C 0.01055 

3.18 0.000004845 0.0029188 0.00925  

3. 0.00057 0.002 2.4 0.0093 

4.29 0.001992 0.002944 0.0101 

19.28 0.00001038 0.000382185 0.00678 

21078 0.0002842 0,Q00332 0.00698 
126.8 0.00001748 C.00004t6 0.0061 

211.5 0.00007.5 0.0000311585 0,00677 

1295 0.00000387 0,0000004088 0.0082 
37800 0.0000001385 0.0000001385 0.00518  



1 	 2 
Capacity 	Cumulative 
Outage m 	Probability 

m+ 

0 	1 

14.14 0.198586 

28.28 0.084586 

31.25 0.077606 

42.42 0.012456 

45.39 0.0122188 

56.56 0.0029168 

59.53 0.002914 

62.5 0.042344 

73.67 0.0003521885 

76.64 0,0003348 

90.78 0.0000486 

93.75 0.0000311585 

107.89 0.0000040085 

125 0.0000001385 

3 

I 

0.13390281 (15 Lw) 

0.082210459 (27) 

0.081543461 (30) 

0.010426481 (42) 

0.0083572872 (45) 

0.0027607252 (57) 

0.0026915529 (59) 

0.0015885450 (62) 

0.00027090492 (74) 

0.00019990997 (77) 

0.000043252804 (90) 

0.000031219523 (94) 

0.000030534169 (107) 

0.00000027264951 (125) 

• 
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3.4. A 3riof Y ovi ocr of AC110r' a 1 	hod*'~ 

In Adjor' o t;cthocl a cryo won is c.ub—dividod into cub-

oyot uo In orc1c= to inci ,oase Oho aocura©y of the reoulto r.-shout cn 

@ZOc n ivo amount o 1' computation. Laoh cub-oyotom is ooi potod of 

'urbinco or gonoratoro that are conparablc in oizo and have tho 

onro Otago rata. 'or c::oh oub—oyotom coiputa4ions are talo of the 

ec'roity loot hrouahh forced outaroo the duration and the interval 

bo t:ioon such ocouronooc, {'or r o iciltanoouo forced outar oo rhoro r 

t^koo on ou000nr ivo valitoo 0,1 tit p4... r 	'che s ,& nunbor s~ 

of ci .altanoouo forced outa oo for small cub»oyateno it uoua ,ly 

rot equal to n. The numbor of c. chinoo in the oub€oyotom. In 

lc.rt3or oub syyntemo r 	is aeoi, nod a value lame •onough for the 

interval botsioon ouch oirulten©ouo occuronooi.: to be several ordero 
of nagnitudo greater than tho docired roliability 0 cioeicdod upon by 

nagorncnt. 
To obtain the probability duration cto for the entire 

cycten, it is noceocary to combino the values for the various 

rub-aye°oo until the o r - .,c a has boon ro«~aeoombled. ComputationD of 

forced outaaoo are based u!~on the duration and interval bott7con ouch 
outaGco for the different typos of oquipmont ac obtained fa on the 

national avorago and records of the syr ton i.th which the tuts or in 

corncotoci. The results of those oo putationo are the probability, 

ccircity ani the standard deviation or the capacity for the various 

arzcunto of outaton. 

3.].5° A Short--Cut f Iathod Cu oo•*od by "a yoho n s 

The ninnlifiod Cethod givo~i by tt atohor i involvvw only 
the ' etos,In'-t1an of n fc' oo_y tan' c; s'or uo in an ods?i ior.! cqurtion. 
It r , r t'oi.crrjnoc1 that the uvo off' thin r ~thocl .:.n c lioc; to the • 
particular cormoci ito 'yt :.ou fo: ,7i1,1.ch i.t t":- ctcrivod rocliltcd in 
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a .LOU oa 'i , ' 1 i.o ano aero for tboco Qoncliyicfl n; , uith she 

is c dctn1'J21 i. ~Uhoi.0 of iiandlin;, c3uc1l probio 	cppliod to thot« 

~.;.c iv::o-U, ~ lon~►ho ' ci than tbo equation 

c., a ►`:' 4 	L4 ' 	s' 	t3 z Fl 

;.~:~.ol,i • -a i ob 6ainod in a rnnor c ocoribcrl in the Appondit 

of ^;;f0 1io. (idl) 3t:. ,oc, the baoio io,,►cZ for the cct±i iano unUor otudy 

2o. 	oh 	(,.0 Od ob joctivo 1evo3, of oorvico reliability 9.c 

rcl.;.3i; -aimii hI f ii Mr! tI:o B 'aotoro arc appropriately rho for Lnoda 

(; = C. ft~C'tor that dor1ont'o on the ot'ood outago rntop 

4oo- .. ; ohrt.o vorictioo g anci the objective level of ouory l eo 

rolirbilitya 

n = nurbor of onorating unite intvolvod, 
ci c forotd outc~;o rate. 
uczunit oir;e in J. 
B = a factor that dopondo on the load charaoteritiiao and 

the objective level of corvioo reliability* 
L a L=Ac lewd for the condition under study. 

C ,̂n.vity off' the total metalled Qonoratin, capacity 

• 
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¶' 	.%r,.,: of £' lvo-uni to ung?or ,r©babill ty cotho+ 
• fi r. i 1 uoi':' o C: ~:r 1oa Lxv .n th it of at o lu Ufl1 to o 	i:OL.' male- ; Qt"? 

to t.r _..-o r 2iod aoxaaity rrhioh la olthoz In cc oat of 
j .mo 0 cL. oo t, y ~c entiro output i a lout onco th un.t " o fo ocd 

t, o : =n ; a o 	:.O coa t all th: outr; oo oc n bo cntorL;or icoc oi thor 
iiits'nrfnco ©utu; 'o or forced c '.i ta; ,;aa 

Gi ti o othor hnti ,*i ro-unl ' o orthibit ri vari' blo 
o t! t m "t'.ho output bow; , ; '0'ornod by tho vuri - tiozz In tho 

ow oo c itiono :and roaorvoir ho•do o Tho dmiaht in! flood 
r~i to n'ionc tiictr;'.o tho -vallabili ty of hydro ocppoity t t r. ;;root 
c:ruin o i:oroovo" t1c br nio acouxnption t.'o havo io in probib`„' i y 
i317010 VA r. theOuts, Qrc"T. G unto ''. ro int opondent to each oti crp 

r2oo no manor holdo good. in nit 000 rhoro t^,i'1 'aco is uta l`x cod 

?or forth :r onorr.tion ; moor tho ortUn ; in the don n' ^m 
rttion in &o ondo.nt on the onor.,tiono in tho upotroo i otationao 
To cI to r_i otnr1o, dt}yin th: j o1.ocuro po: "i cd o of 	C :n 1. 
ai `t.1 h* ro u t:t tr} conn-.ctc"} '4o C i 	rW b000ro inaotivo,` hno 
"t f3Za t7  f i 1: Qo~;= a 1*_~'~:':~ 1Jx' ^Cl 	i1vfl1 tTQd it 10 
ncci nt - 	T 'L() w:vr1ucS c tho o2, }oot o.r'. 

vn.`.•`.'i 
.4..o to it rivox f do`,.' 

"bro'!.!-"hotlt 	I: 7 	or 	O;!l ;'C:;',"o It ot`.ioo choro the 

	

t?.,.~t 	t? ver 	 4 	QQr' •to to 1.•rtui iA 	tic p2"CilaEu 

t' rot r-uoii 'I rvo vcd, 	in Cfu :::.!f .oro co- rcI.y of ti i 
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role in Cc uorainin;F; tho influonoo of Hydro oafs^billty on the 
t oo'r i cyrn' on roliaL ility• The d.xatr doth of 7toraCc during rhort 
tori - f ;, In c rooao of that noria11y ochodulod io ior;nt by the 

,bnornal uoo' . The foracibility of ouch CII oporation is 
1 r.21 •. onoo ! by the dui !,tion ar_0 froqucncy o`" f orcofi out^ cn abont  
n't ch ruch has boon alroaccy diocucood • Tho other pertinent 

factors Involvot !n thio connoet:.i ori are the mount of av-liable 
otorao ansa the 6uratlornd frocauonoy of loci river floe o. In 
ohort the load that the hyc;ro atoru go can parry dopcnda on 
ito car* -.city nnC the charactcriatioo of tho o ergoncy that niclit 
bring it into oorvioo. 

During ley, floor noriodoQ if atoac units o on forced 
out;o, tho om~sr, envy a-nilabbo from the u co of rntorr-5o in o ~cooe 
of rcrmal, limits the load carrying capability of yt!l ae 
On the contrary during the higher floe period the phyoiooi 
cap city of the Fyro plant Unite the uoo of additional otorctjc. 
Linitrtion io c.boo it poccd duo to the reduced hydro capability 
bocauco of the roducti n in the head available. The reduction In 
the bond ccarry1n,; carabi? lty roauiting from scheduled maintenance 
of hydro unite can be further troator ro c 'dition to the lord 
4-2. Hiolr' o rothod to Incorporto Hydro--unit® in Probability 

Ca1ou"l atlono :- 
Rick' o (28) den,lo vith•run-of-rivor planta a-nd ottall 

pondago hydro ctatlono in oyv tomo dominated by oto*am otntioWa. 
hydro capability dura tion curvoo for ^1? the 1. months have bon 
cavo'! orad,, similar tr th© one ehavm In i ig(4-1) . Tho ourvon are 
obtained fror the r000rda of rivor flo:-m ''or a 1r~r o nus~bor of 
yoara. The r r irum ocpabi Ity I:) rcnror anted by thea r^otin-
i oin t of the 'wo cert vee, c'r,-vn .i 1h tvro diYV foront aboci.,naa for 
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t rcth o. inane. Tho loft I .• n portion ohc . n tho licTit .o r 
In gal^bI 1ity omucool by tho hccr? nvn labioQ c :t:i lc tho ziCi 
rite-vo1hor_ c the l.laitr V cin in cc p bility by the rivor 0'i o-U* Tho 

. 	tor the tho c~~. voo ronro -'on he nrcun ► of G? ia rt 
' 	on C'j':1 G`I4 	u n iltb o. 	ourvon aro convo:."Fide•_ 

;o o nm° '-isc't O3n^b:! lity duration curve by roplottin thu oa 
f, Zvi rith only onto ^b ci-!.n for c oh o1*d .htc. P1C3 (~...2, ) 

P.. nr::nnonto tho -.tandard capability duration curve orT..rm "or the 
;.'o? 1I'. Y.: of January* 
4.~►3. An za. 1e to I ! luotrato 43h F of .soy? 2r  hydro oyrter r .n t onprbi ity of 10C) roGtit7„ to : to 
to be . aoluciod in the probability caiou1r tiono of ntcc=f x unI to. The 
ctr:ncc c rd enrability h urs ti on curve for tho }7dro unite 3. r rn 
obo u in Pi, (4-1) ¢ Tho v, rintion in output is corxicloo to 
occur in 25 ;. 7 Incromonto and tho cert incroront to uco"' -"or ctoe 
plcnt calculation# A capability of the hydro bot!Aoon 0 nnii 12.5 
to coneidorod to be oro frorn 12.5 to 37.5 to oonnido: od to b,' 
25 j :.. , 37.5 to 62.5 io conoidorod to be 50 i_:, r nd co on. 

ric tione arc ohon in daohod linco in 1'ir. (4 2) . rho 
w~t•Qb:i1iy of ou w,.tt'o of the otoa ca city 6oto no4 by tho 
o ,c~ 'i t l 	t c c; hao been Oorn in Col. 1. of `iably (42). 
Col. (2) tI ot'r .i Col. (7) choma tho calcul:Ltiono nocooc~ry to 
ir_oorrior tto the hydro outago probdbi3.ity ith the root of the 

. ', ho 	uw;o 1. in otter oalou'1 rrtiono could not to treated 
-r3 tb Mn F' a thofid c-uo to 1r•.ek of tvi:=. lability of 	icur dntt 
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TABLB 

Probability of C3pobilfty cuul Outo o of Hydro Plnnt. 
it.C,11OC m75 =50 =25 =0 
ARC cz9O-120 	c62o5n.90 =37.51-6205 m12,5L.37o5 m0"-12.5 
I1,0.=0 CS20 =50 =15 =100 

Jan. 0.25 0.22 0.21 0014 0.18 

ob. 0.26 0022 0.26 0.16 0.20 

1 ~.aroh 0,16  0.17 0.7 0.20 0.30 
Aril 0.23 0.21 0.23 0.15 0.18 
wavy 0.46 0.21 0.21 0.08 0.04 

Juno 0.58 0 0 24 0.9 2 0.05 0.01 

July 0.62 0.24 0.'1 0,03 0.00 

Aug. 0.49 0.37 0.11 0003 0000 
3opt. 0.30 4.20 0035 0.03 0.00 

Oat, 0.29 0.29 0036 0*06 0000 

1ov. 0.50 0.29 0.18 0.07 0.04 

Doc. 0.53 0.21 0.13 0.08 0.05 

Annual. 0.39 	0.24 	0.20 	0.09 	0.08 

f3.C.3 ro iincl capacity 
ARC m Aotur 1 Ranro of Oarnbil1ty 
~ Q = T: orcinol Outc ø. 

0 
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Limitationst— The method can be applied only when the system 

generation consists almost entirely of etoan unite. If more 

than one hydro & aticn in to be coneic3e-ec , all the hyiro e;- atione 

ehoil° be considered cc one lure station. This t-.Lee into account 

th,lt "Outi::'es" are interdependent. I'owever, propor pproach ciopende 

larpely axon the rartioular eyoteta involved. 
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Limitationw— The method can be nr 1ict1 only hen the oyctem 

generation ©onEiete almost entirely of otear: units. If more 

than one hydro Rtayicn is to be consitler•e , L11 he hylro sl ttiona 

shori l, be considerer a: one 	station. This t~ kes into account 

tht "outrr'eo" are interdependent. L'ovever, pro,c , rpir►roach depends 

largely ur on the rarticular eyotet4 involved. 

m 
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C1IM'!° — Q 

9.1. !n+troematio t- 

Ivor ,.W, orp1vaaic in ourroritly nicood to aehiovino 

tc 4f. o itorconiccyo~l oporr" ion of poitr.or oyrtouo. The 
c: :r:•'aiq ovolonro at of intoroonnoctiono of oloctrio no nor ayotcno 

!i o b-~'n i iC to t1 o rot l o iin , t!, 'vanta,-,t'o. 

1) loductian in Inotalled Rot orvo 

ii) Roduction in 3ninninG Rocorvro 

iii) oonoay Loading 

iv) t ta'(:orin4• of Capacity Inotallation. 

Arnlicat1on of probability iothodo in po ..r oyr~tomo 

',la inlnv ha b on primarily In the area of plu, nina aonoratin, 

earacity rl quire onto for single integrated power oyotoi o. The 

'valuation of logo of load probability for intorconnootocl nyoton io 

a i oro complon *nroblon. The introduction of a tic lino botwoon trio 

*rovio1ioly unintc ratod oy for o to form a poor cool gt~nerelly hao 

tl1r: offce 4 of rc:,'uciig the loco of load probabilitioo in cool- of the 
o;=ator,.o and roluucing the total inotallod gcner~tinz; ronorvo capacity 

rcnuir,.A to i aintain a j'ivon reliability lovol. 

A and B tyro cyotoma, thn, zloedo on the tr o oyotot a 
boin ,cnr ontod by L and Lbm (Pig. 5.1) Foo c id Tab r( preoont 

the nrobnbilVioo of loco of load of oyotara A and B roopy, t ,thout 

1ntioroon*suction. It in aoaunod that the tno oyotowo arc intor--
co.r nectoci r!ith a tic ilno of capacity R. Acounind no incroeao i the 

lo l; Lam and ltn the oorrvico reliabilitioo of both the oyo veno sill 

inoroaax i.e. ?'La and P vr,ll door caro. If the valuca of 1103 cnd 

`~ob nr'ior to the intoroonnootI ono era antiofeotory the loer o L. and 
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p?O34SI r'TES OF £X74-  Oa OR Ob SysTEN~-8 

T:VO-I,e~A ; \TE,RCOAN-F-C7OA ARA. 

S57( A 

S-EM -8 

06 Pe 

t
t _ 

R'o 

Lo 

00. 
Pa 

TWO-ARRAS' /V/?' ,-1 NO TE A\) 	
OAS OF La AAO LEo ~n~.► 

F 'G. 5-5 



56.5 

Lbm can be increased with no addition to the inutalled capacity 
of oit1~er syq~;em. Starting with no interoo, neotion and inoreax,ing 
the capacity R by anal) inoremcnte f thew effects incre' oe with the 
oarnoity R of tho interconnection aria a point of w^x return is 
reached boyonti hich arw further increase of ;,t will rtült in 

sinal I 

 

or unci smaller incremental gains or oven in no gains at all. 

prom the reserve eanacity stanc;•-Point there is thuya a m, x practical 

limit for thL capacity of. interconnection. 

5.2. Probability of loss of Lord with no interconnection. 

Probabilit,,* of loss of load of a system A with no 

interconnection is given by 

Pea a 1Pktk  

whe "o the summations are extended to all capacity oirtagos 0k 
(Pig. 5-9) in excuse of rcserve and 

pk = probability of a capnoity outage exactly equal to 0k in system 
A0 

k = Probability of a capacity outace in oxcoss of 0k 
in system A 

tk = ir:o during 7hich the load of oy •tem A exceeds CC Ok. 

d k ® Time interval between two sucoeo Ove capacity outages 
0k + 10 Ok 

5.3. Effect of Interconnecting groups of units on their local 

reserve requirements $ 

As already indicated, since the two stations A and 

B are interconnected with a tie of capacity R the local reserve 

of eao;, grotxr can be decreased as each group can rely on the other 
0 for its reserve. 

Referring to Fig. (5.3,) the Probability Qk of lose 
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tK 

[t + t'k 

n + P~ [ 'r 

+ (i _.;) 	dJ 

f
f, + (1 	j 

' 

r ,.M3;, cap •city &_ (.; .vine the u:n?r z! n valuo of t?,, lo 
0 

f2 = bb .. Zl v b 0 

anc 

Qh z Ca + Cb _ (LkI n + L. IZ I b) 

The derivation of the above oquationo io r,nt attonptod 
ham oinoo they are len thy and ±nvfnlvcd art ocn be ertoily obtained 
fro: -. the roforonoo shorm. 

Various phaogo of the applicationi of nrobnbility 
thodo to the prob1cmr of the typo oncountored Fro o are csiecu000d 

in Q. voral nap., ro. Oomo of the Conoral reoulto obtained by nn 
anrlioation of probability I othods to the probler of dotrrninin the 
oan1!oity bone!ito rosul Lina from the intorconnoct:ton of two oyetor: . 
are ot.1o'.:n in fla.(5.2.), 

5-4. Tf2oot of Inter Connoctiono Illuo4rato,- by Vonn—c?ia rant. 
Inherent in tLo outa-e oddotenoo probability calculation 

it, tll% r.ouuni tion th .t forced outareo are indQPondc«t randon ovonto. 
In r. t Sao aro inter c onnoo ec, oyotor , for r_p►y ;<3 ; ver "oriod of tiu",o 

tl: co '! o,.;• o" 1o~' 	robrbil . * i otj coil l C:, pit ono or e► .ch off' the to 
j 	 ' ,Or tic *tocol cc a c'holo, If f~ 13 the 1a..:: of  

oy j. ; ''ob b.':J 	in ►...yctox! A~ .'~ is t-10 lo 	of lor.(!obc.).!.l..tr 
• .Sw..l ~~~~ 1.4 J:,:1 :J 	 of i.J C•1~.'.•.•~ ..'io ou iJ le:::: 	•..': lo:~ G;i 



on ayotomo A and B 	for 	ion day the boo of .aon 

ility in the total pool tc 

PS 0 Ptg .4 a',3_1̀~ (j0) 

That to tho nod l prob:=,bility in the curs of tho 

prob«bllitioo in oroH of 11n to cTroaod but ninco both of tho.°o 
nro')rbilitlea aon.4r in tYio ovcrlr-.pp!na oimultanoouo probability 
P.̀ it rivat be ta',cn out of the oun. 

Calculation of to-c of load probability to tiluotratcd 
by tho probability array cho in in fl fln. 

Pia(5.5) ropro on Ua trio array ril tb no do line and 
cyoten lotda of La and Lb. 

Pie. (5.6) ro'oroobnto two area array rritb a do lino 
of capacity T.  

Via* (5.7) oho a the two area array with ren infinity 
tie, 

In all the three eaaoo It can bo ahovm that l000 of 
load probability of the cy:?teE ao a 7hobo CJ 10 n of load 
probability of oyntom A + Loon of load probability of oyoton B UN 

probability of oimultanoouo bor.. of load in oyatomo A and B. 

Tho proeoduron out.4ineil above arc dirootly apnlicabba 
to the plai:ning of internal trcnomi.-cion. Lith corn judeotnnt 
tho tro area prograruo can be applied to nuultiUaroa problcmo. 
ror oxtomplo to evaluate the rocorvo benefit to oyo,Vam A for a 
Pool coneiot1=-,;. of c ,,otoma A, B and C either of the follooin~; 
rf= c_r could `:ao or:iployod4 

i) 1) 3olvo for ronorvo banofl to to oy^bon ! in 

• a tool of ! 	3 2) "olvo 'or ronorvo beno 'ito 
to ,7yotati A in r. i col of !! r..rr Ce 3) id tlo 
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ii) Solve for reserve benefits to estem A In 

a pool of cyoton A and a ryatem equal to the sum of 

the generation aryl loads of B and C. 

In eurorry the theory and applications presented can 

be tiliseO to optimise, on an economic basis, the expansion of 

interconrected syrtenw ,,,ith respect to the installation of inter. 

aon,  Eating; rr'oilities as ;':oll as gener4.ting capacity. 

Another important problem In such interconnection 

studies it the quention of the allocation or gains to the various 

participants in the i -toroonneetion. The value of interconnection 
tqa ;J be g"en tl,,  affected for a given company depending on how much 

it io req ireO to carry on owned reserve and how tech it can 

depend on it's neighbours. Detriled investigation of this 

Interesting area would probably occupy as much time and space as 

the present work itself. 
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CHAPT1 V1 

6.1. General 

The digital computer can be an effective tool in the 

calculation of the probability of simultaneous forced outages 

which are u*- ed in d<terminine the generator reserve requirement 

of a utility system. The large amount of arithmetical work 

connected with an extensive study by the probability method makes 

the use of digital computer imperative if the results are to 

be of ta1ned in reasonnbl a length of time. Moreover the uoe of 

comnvter relieves the engineer of the drudgers of such a study 

no that he may spend more time on the technical aspect of the work 

Brennen, Gallaway and Kirohmayer(20)  have di seu soed 

a method which to an oxamale of the practical arplication of 

the digital computer for de4.ermining the system reserve require-

ments. The machine procedure which is followed to obtain a 

oumul.^ tivo outage table by adding one unit to an existing sy stem 

In dealt by the authors. In the present investigation the author 
has rT rthor developed the methor formulated by Brennen so that 

the onloulatione can be done on a computer for various outai;e 

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

has been developed here, to add any number of units to an 

existing system, the nuclene of the work indeed being the computer 

flow diagram(2O)  published by Brei  non and oo«»authors. The method 

nil opted in actual computation i r. dicouscod below. 

6.2. A Sarrle Calculations 

The exip.t1n,C system is areumer! to have one generator 

of 1 () MW ca acity with an outage Factor of 0.02. The capacity 

outs?es 	oorrespondii,p cumulative probabilities can be 

tabulated as shown below: 
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capacity Outage 	Cumulative 

1.000 
Table 6.1. 

0.020 

Noi the abject is to obtain the modified outrge probability 

table  ,en a new unit of 12 W capacity with the same outage 

factor of 0.02 is added to the existing eystem# The incoming 

unit can set itself to two situations via. i) The possibility 

for remaining in service and ii) The poeoibility for roinathing 

out-of-service. In the former cane the outage probability table 

gets ohanr.,;ed into the one given bolowt 

Capacity Outage 	Cumulative 

0+ 0 	1.000 X 0.98 = 0.9800 =& I 

10 + 0 	0.020 X 0.98 a 0.0196 ob i 

Table 6-2. 

And !;hen the incoming unit is remaining on forced 

our ".go the table takes the form 

Carp i t,v Cu tage 	• Cumulri t ive 
rebabl.lit~ 

0+12 	1.000X0.02=0.02=a11 

10 + 12 	0.02 X 0.02 a O.O'iO4 at bill 

Table 6-3. 



6$ 

I.oti the conaa1 	tnblo ccn be r o out frog tho 

ctbovw 1jc o tr.blac and Jr, c'iocra bolo i: 

~rnA Ativn__P h bi1.: ±ir_ 

 

0 
 

1.0000 =;t' + a« 

 

10 
 

0.0396 cab' + a" 

 

12 
 

0.0200 = a0 

 

22 
 0.0004 = bn 

Tablo 6-4. 

A third unit of capacity 15 i1'1 of outage, probability 0.02 can b3 

addad in the nano fashion an indicated bolor7# 

Cai aaity 0utn.ve 	CumAIr tivo xoiubility 

 

0+0 
 1.000 X 0.98 = 0.9800 as 

	

10+0 	 0.0396 X 0.98= 0.038808 b' 

	

12 + 0 	 0.0200 X 0.98=0.0196 0' 

	

22+0 	 0.0004 X 0.98=0.000392 d' 

Tablo 6-5. 

Catlaoity 0uta t? 	Cumulativo 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 all 

	

22 + 15 	 0.0004 X 0.42= 0.000008 d' 

Tablo 6-6. 
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Conno1i'1r,tdll Tnblo: 

	

0 
	

1.000 	not + an 

	

10 
	

0.058808 	a a' + an 

	

12 
	

0.0396 	c o + an 

	

15 
	

0.020392 	= all + c1' 

	

22 
	

0.001184 	= d' + b 7  

	

25 	 0.000792 	= b" 

	

27 	 0.0004 	= oil 

	

37 	 0.000008 	= d" 

PollowinC the pattern rat up above any number of 

unite ocn be added and ac the number of unite inoreaco the poeoibl 

conbin itione of oap:-.citioo on forced outa;jo inoronoo by a largo 

nroort i cn as Th alrendy obvious from the rr000dinL. tablo o. i o 

t.rb1cc pre;.onted above can nor bo ro rrc ngod from t1io computer• 

noint Of vio i. 

Ju r 	A0 	=0 

Po 	=1.00 

10 

PI 	= 0.02 

A2  

P2 	=0 
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An(n = Q,1 t2 ...) indioo.tee the oapaoity outaj'e bei g 

considered and Pn Dawe the protability that euimte of an outage 

equal to or greater than the nagnitudo A. The addition of 
fioti ti wa quantities A2 = p, r nd '2 = 0 are essential to make 

the pro ;rar me atop. 

Existing bratem 	Recultr nt System with Unit Added 

`~ 	Inds 	of . Q©lu a 	ndex I~ade~ ~ Cvlumt~ .~~t~Y 	r 	 j talus 
Q. 	i 	 rho. 	; 	 fJ. 

Ao =0 	 a 12 

Po = 1.00 	 PI P0 as 

Al +31=22 

p1P1aO.Qfl04 

A2+B 12 

PIP2 =0 

Unit Added 

13p =t 	 131 a 12 

PO '~ 0.98 	 p1 a 0.02 
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T a pro ra a e has b, c-n made for I. 3.M 1620. The 

capacities of the various units nva l ble have been tabulated in 

Table 3-1. The oalculaiticnr are repeated for outage factors of 

0.02, 0.03, 0.04, and 0.05. The prograw.i a has been made abeolu-

tely free from any variable data nrn can be used without any 

difficulty for any eyeter, with proper dimensions. Only the 

ate cards need be changed. 

6.3. programme for I.B.M. 1+620. 

C C 	11 RUBALIiITY :Lt3D  

DIS" i SION A(600), 	(600) , P(600),  PP(600) 0 
00(600), 0 =(600) 

D3' A* IOI: 131(20), 8(20), 8B(20), Q(20), OQ(20) 

R ` 40,, T, KA, L► 

40 	FOR ' (312 ) 

130 =0. 

L co 1 
Ai ii LA 

DO 301 1, N 

30 	RD 51, 13(I) , BB(I)9 CIU), Q(I) 

51 	P0RMT (4F 10.0) 
,~. D 520 (81 (K) 0 K = 1, KA) 

52 	PC1' (i 10.0) 

DO 201A a 1, LA 

R MJ 53, P0, F" 



FC RJ (2? 1Q.o) 

64 	Fu al: (2 AL w 12) 

DC 501 = 1,N 

A(I) 

J►A(I)ffi1th(I) 

(x) 

50 	IP(T)u '-(T) 

D( 13K 1, KA 

1=1 

6 	T k(A(I) + : U . AA(f j — bl(K)) 1,2,3 

I  IF (PO* p(T)) 4,5,4 

4 	Co(E) 	A(T) 11#t 

CP()  TC* i-(z) + &i* P(J) 

T' (A AKA)711,70,70 

70 	1-Ui C1 61 0 L, K, M:, CO(9), CP(M) 

y~r~ +' r ~y 
	LL 
	~} 

, 5 X 
2 y,~r~.° 	.~r 	5 X 2 	`" 6 ~ 	 i° ~J i.~liJi,1.~ (2 O~iii 7Cl T 1~' 	:J /► C. J'~• !.R 1 j~. ~ 	 6 	a 1q 13, 

5 X 3 HCO = F 15.8 , 5 X 3 1+0P a E 15.8 ) 

GO TO 71 

71  

I=I+I 

GU TO 6 

67 



5 	IP(II (')) V,8,7 

7 	COOL) = AA(J) + Di (K) 

C?(X) 0 P1* PP(J) 

IF(AK . Ai(A) 72, 73, 73 

73 	PUNCH 61, L, K, M, C4(S), Cr(Id) 

GO TCS 72 

72 1I~ILt 1 

J=J +9 

00 10 a 

3  IF(PO' F(i)) 9.5,9 

9 	Ca(4) = AA(J) + B1(i ) 

Pt* i (I) + P1 pr(J) 
Int (AK - 	) 74,75,75 

75 	PNCU 61, L,K,i , 00(M) , O1( ) 

GO TO 74 

74 	MM+1 

17=17  + I 

00 TO 6 

2 	IF (C * F(I)) 10,5,14 

10 	CO(M) a A(I) + Iia 

CP(M) a Poo P(x) + Pl. PP(J) 

IF (i K - AKA) 76.77,77 
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77 	iU*;cit 61,L,K,M, OC(), Cp( ►) 

GU TO 76 

?6 	M=M+ 1 

I = I + 1 

J = J + 1 

o U6 

8 	 co(M) o 

0M) = 0 

it® 11 1 = 1,E 
L(I) = CU(I) 

11 	I(I) = CP(I) 

DO 12J=1,x 

= 00(J) 

12 	°P(J) = C(J) 

13 	00 TINUE 

2n 	LaL+ 1 

.►ND 



The compi1od proar co '7ao run on v li ,ii rnd 

tho d ol(- oom»ut^tion tool: nog rly fiftoon minutoo. Compilation 

m^.y b^oor c ocoontial in problor o of this hind cinco tho 

Sir!onoionr ucod aro likoly to be high. The rootilto are 

t^bulatod in Table 6.9. 

Uinoo curulativo outage trblo dooirod is obtained 

by rru000rrivo nodifioation of an original cu ulativo outaao 

V'blo tho r,~t1tod o1ininateo a tonaivo oortina and ridding 
ono -ctiono and io oulted for I.B.L. 1620. Sime the progran o 

h+~ c boon r'do o:ctronely co pct punching and card handling 

a'o rE ducod to a Great o:tont. At azar point in tho ayston 
o p^nnion of a tn1~.1c of canreity out ago probability can bo 

purchod out if dooirod. 
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Table 	6-9. 
Qaraotty Ota,2 r O 	 je t j,ye Probability, 

La 1 	KK 10 	?u I .00000000E99 * 10000000E+01 
M 2 .100000001+02 .19926862:+00 
Ma 3 .12000 	0E+02 916658572E+00 
Ma 4 .15000000E+02 .13390281E+00 
Ma 5 •20000000E+02 .11756135E+00 
Ma 6 .220000002+02 .845449522-01 
Ma 7 .240000002+02 .832109562.01 
'a 8 .250000042+02 .828774572-09 

Ma 9 •270000002+02 .8221459.4.'0l 
Wo .300000002'+42 .81543461 "•cam-01 
Mall .320000001+02 .31185099E 01 
Ma12 .34000000E+02 .298374902-01 
Ma13 .350000002+02 .29823878E-01 
Mz 14 •370000012+02 *12808617E-01 
{x+15 .390000002+02 .127813922-01 

MM16 .400(00002+02 412774586E-01 
M=17 .420000002+02 .104264812-01 
=18 .440000002+02 .837103832-02 

mn19 .450000002+02 .835728722-02 
M=20 .470000002+02 .666256752".02 
=21 .49000€ 02+02 .596806712-42 
X22 .500000002+02 .596778932-02 
! a23 .5200O000202 .359926502-02  

.540000002+02 «350342392-02 

.550000002+02 .348245002-02 
M°a26 .570000002+02 .276072522-02 
M=27 .590000002+02 .269155292'02 
M=28 .60000000E o2, ,26844662202 
Ma29 .62000000E+02 .158854502-02 
M=30 *640000002-x•02 .1491870502 
t, 	31 .650000002+02 .14908925E-02 
Ma32 .670000002+02 0421639852-03 
M=33 .69400008E+42 .392181692-03 

34 .700000002+02 .31147585E-03 
X35 •72000000E02 .315636412.03 



M.36 .740000002+02 .270904922-03 
X637 .75000000E+02 .26991843E-03 

M=38 .770000002+02 .19990997 	 03 
M39 .79000000E+02 .156267002-03 
Ma40 .80000000E+02 .155966412-03 
M*41 •82000000E+02 .929057972-04 
lw42 .84000000E+02 .898103102-04 
-43 •850000002+02 .893538672-04 
=44 .870000002+02 .46555632.02 
`=45 .890000002+02 .436981412-04 
=46 

 
.900000002+02 .432528042-04 

}a47 .920000002+02 .33793426204 
M i.48 .940000002+02 .3121952304 

•9500000091-02 .311879352-04 
M=50 .970000002+02 .824108422-05 
=51 .990000002+0a .649421772-05 
52 .100000002+63 .646505952-05 

M4=53 .102000002+03 .490597702-05 
=54 .104000002+03 .451987992-05 

5 «105000002+03 .449361552-05 
=56 .10700000'03 •305341692-05 

D657 .109000002+03 .21168$03 	05 
58 .110000002+03 0209898512-05 

t"=59 .11200000E+03 .135056772-05 
=60 

 
.1t4000002'03 .128693182-05 

.61 .11500000E+03 .128299202-05 
Ms.62 .117000002+03 .409559022-06 
f'=63 .11900002+03 .350775392-06  
V'=64 .120000002+03 .341218202-06 
X65 .122000002+03 .303846512-06 

T,=66 •12400000+03'  • .27329885E-0+6 
M=67 .125000002+03 .272649512-06 
M 68 .127000002+03 .934851902-07 
=69 .129000 'rO..+03 .578348522-07 
=70 .130000002+03 .572350182-07 

M=71 .132000002+03 .367557962-07 
M.72 .13400000E+03 .352304202-07 
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71=73 .135000002*03 .34918710207 
MM74 .137000002+03 .201631822-07 

'Yt 75 .13900000E+03 .1285035313-07 
=76 .140000002+03 .124865752-07 

xo77 .142000002+03 .88384246E-08 

Y=78 .144000002+03 .80025378E-08 
l n79 .145000002+03 .7969727E-08 
Vt==80 .147000002+03 .185241312.08 
M=81 .149000002+03 .12501468 	.08 
M=82 .150000002+03 .117552612-08 
1.7=83 .152000002+03 .878007118-09 
=84 .15400000E+03 .729103012-09 

L85 .15500000E+03 .720573562-09 
86 .157000001+03 .48326670E-09 

=87 .159000002+03 .232816522-9 

M=88 .160000002+03 •226730952-09 
M=89 .1620000013+03 .102764682-09 
7=90 .164000002+03 .906210492-10 
=91 .165000002+03 .891016182-10 
F 92 •167000002+03 .288653362.10 

93 .1690000013+03 .19179343  10 
rr=94 .170000002+03 .166243402.10 
j=95 .172000002+03 .11829532E-10 
P'=96 .174000002+03 .676968502-11 
M=97 .175000002+03 .664577032-11 
M==98 .17700000E+03 .428450842.11 
"`M99 .17900000E+03 .182588462-11 
4'.=100 .18000000E+03 .172704782-11 
LT=101 .182000002+03 .498227772-12 
1,1=102 .18400000E+030 .302521332-12 
M=103 .185000002+03 .250890222»12 
t"0104 .187000002+03 .226795712-12 
r.::~ M 105 .18900000E+03 .130417642.12 
a 	1 C 6 .190000002+03 .10532964242 
=107 .1920000913+03 .571406302-13 

MO108 .19400000E+03 .69847040 -14 
7a=109 .19700000E+03 •498769922-14 
M-110 .1990000013+03 .400424962-14 
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=111 .20000000E+03 .30208000x1.14 

W=112 .20200000E+03 .25290752-14 
*113 l¢=113 .20400000E+03 .562176001;-15 

1,1=114 .209000002+03 .50380800E-16 

M=115 •212000001+03 .403456002-16 

v'=116 .21400000E+03 .202752002-16 

Y 117 .224000001+03 .204800002-18  

L 2 	K= 10 	M= I .00000000E-99 .100000002+01 
A.s= 2 .100000001E+02 .27732432E+00 
M= 33 .120000002+02 .24022505E+00 
E. 4 .15000000202 .19552347E+00 
i= 5 .20000000L+02 .173173672+00 
V= 6 .22000000E+02 .12801495E+00 
-= 7 .2400000011+02 .125720162+00 

8 .25000000202 .125028902+00 
9 .27000000E+42 .123 	150 	0 

L= 10 .300000002+02 .122498982+00 
11 .320000003+02 .531518042-01 
12 ,34000000E+02 •503585430 

t= 13 .350000002+02 .54323058E-01  
? 14 .370000008+02 .265756332-01 

15 .390000002+02 .265046602i01 
16 .400000002+02 .264832812-01 

E= 17 .420000001+02 .223216052.01 
I:= 18 .440000002+02 .180320902-01 
'l'= 19 .450000002+02 .17988895-01  
M= 29 •47000000F. 02 .14696736 	1 
"= 21 .490000002+02 .132278242-01 
n= 22 .50000000E+02 .132267262-01 
16 23 .520000002+02 • .831008742-02 
fixo 24 .540000002+02 .80526643E-42 
16 25 .55000000E+02 .798633142-02 
'l= 26 .570000002+02 •646098932-02 

	

SEM-- 27 .590000002+02 	.62573507E02 

	

? 28 .60000000:+02 	.623463552-02 

	

M = 29 .6200000002 	.39120084:-02 
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16 68 .127000002+03 .69493203E-06 

= 69 .129100002+03 .43468103-06 
~^= 70 ,130000002+03 .428728261--06 
:a 71 .132000p ;+03 .28034287-06 

L 72 .134000001;+03 .26581755...;.06 
LL'= 73 .13500000E+03 .26234968E-06 

74 .13700r 00E+03 .162413532-06 
= 75 .13900000 +03 .10608803-06 

:'.= 76 ,14000000E+0 .172()6353 c:-06 
= 77 .14200000';+03 .742262131-07 
'= 78 .14401 )OO +03 .650477351-O7 

r'= 79 .145000)0E#+03 .64823117-07 
80 .14700000E+03 .196982602-07 

:. 81 .149000001d'+03 .131 1664E_07 
rk= 82 .150000002'03 .1264632E.-07 
'= 83 .15200000E+03 .96 8051i108 
'= 84 .1 c400000E+03 .78861553--08 

1== 85 .155000002+03 .77442200E-0C 
:.:= 86 .15700000E+0 3 .5 573 3976 01-08 
'= 87 .15900000E+03 •27821693i-0R 

88 .16000000i+03 .2686r,774L--08 
89 .1620rv)00;;+03 .13113227Q8 

= 90 .1640e000. +03 .11234311-08 
91 .16500000E+03 .109680386-08 

x= 92 .16700000Lf03 .43811872F~-09 
93 .16900000Z+03 .303841O4-09 

T= 94 .170000002+03 .260677732-09 
95 .17200000E+03 .19454308E.09 

'= 96 .17400000:+03 .109475772-09 
= 97 •17500000 t0 .10657023E-09 
= 98 •17700000-~-;+03 .741017102-10 

is = 99 .179000002+03 •33358299E.•10 
100 .1800010077¢03 .312818401:-10 

.1820000Va+03 .109224812.10 
iII'=102 .14O000'+03 •66316774i.11 
M=103 .18500000E-1.03 •551670391 ..11 
=104 .187000002+03 .511700112-11 
=105 .18900000A.'+03 .310863872-11 
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17 

M=106 .19000000E+03 .24785859E+11 
M=107 .19200000E+03 .147440472+11 
T=108 .19400000E+03 .215063002+12 

=109 .19700000E+03 .151803152.12 
Ma110 .19900000E+03 .12711017E-12 
=111 .28000000E+03 .96053029E-13 
' 	112 .20200000E+03 .837065502.13 
V X113 .204000002+03 .215922502-13 
►114 .20900000E+03 .21178908E-•14 

L1=115 .212000.00E+03 •173604062-14 
?=116 .214000002+03 .97234020.E-15 
r&117 ,22400000E+03 .11809800 -16 

M= 	1 .00000000E-99 .100000002+01 
2 .10000000E+02 .348464002+00 
3 .12000000E+02 .30802000E+00 

t7 	4 .15000000E+02 .25372532E+00 
L= 	5 .200000002+02 .22657798E+00 
r= 	6 .220000002+02 .171729292+00 

7 .24000000E+02 .168358972+00 
8 .25000040E+02 .16722783E+00 

II 	9 .27000000E+02 .16554267E+00 
10 .30000000E+02 .16328039E+40 
11 .320000002+02 .78468068E-01 

t= 12 .34000000E+02 .738973662-01 
13 .350000002+02 .73827148E-01 

L= 14 .370000008+02 .443944522+01 
I 	15 .39000000E+02 .44254022201 
M 	16 .40000000E+02 .442068911.01 
M= 17 .420000002+02 379740862-01 

18 .440000002+02 :30906395D-01 
t= 19 .45000000E+02 .308111722+01 

20 .47000000E+02 .255921592+01 
M. 21 .49e00000E+02 .23139435E-01 
M. 22 .500000002+02 .23136509E-01 
1& 23 «520000002+02 .150790692+01 
M 	24 .54000000;:+02 .145596692-01 
M 	2) .550000002+02 •14412426E01 

La 3 Ks10 



M 64 .12000000E+03 
65 .122000008+03 

= 66 .12400000E+03 
V= 67 .12500000E+03 

68 .12700000)+03 
L= 69 .129000002+03 
t 70 .13000000E+03 

71 .13200000)+03 
72 .13400000E+03 

'= 73 •13500000E+03 
i,= 74 .13700000X+03 
M= 75 •13900000L-='+03 

76 .14000000E+03 
77 .14200000.03 

rT 78 .14400000E+03 
L= 79 .14500000E+03 

80 .14700000E+03 
11= 81 .14900000E+03 

82 .15000000+03 
11= 83 .15200000x+03 

84 .1540000013+03 
T= 85 .15500000.+03 

86 .15700000x+-03 
I' 87 • 15900000E+03 
LL- 88 .16000000.1+03 
Vi= 89 .16200000E+03 

	

90 	00000E+ 
0  0c~0~ 

	

' 93 	.169000001+03 
a 94 0170000002+03 
95 .17200000E+03 

L 96 .17400000E+03 
97 .17500000E03 

"= 98 .17700000E+03 
L = 99 .17900000E+03 

	

L=1 00 	+18000000 =+03 

	

'' 101 	«18200000] f+03 i' :S7 

102 .18400000E+03 

.75816739r-.05 

.67116649E--05 
•57985171 F-`05 
.57619158E-05 
.28811 588E-0 5 
.18273235]-05 
.1 7967524 ..05 
.120039551.-05 
.11278948 -05 
.1 10887081.05 
.72111©10&-06 
.48104699E-06 
•45909207.:.-06 
.341 50448 6 
.2918084 /x-.06 
.29029763: -06 
.10619303E-06 
•73879636.207 
.68878321 F07 
.53084010-.07 
.43285041E.07 
.42249700'.-07 
.31 67o874) 07 
. 9 6328823'-07 
15655627E07 

.81 324563E8 

.681 62638E..08 

.21791491 E-08 
•185952308 
.14275568E..08 
.8006 25820--09 
.773205168-09 
.561 57070F09  
.26562062f.09 
.24725461)4 -09 
•9994003821,-10 
.63403190E-1O 



S 

26 .7000000E+02 .110673633-01 
7 27 . ,900O00033+02 .114324 9E-01 
= 20 .60000000E+02 . `i /30134701 

: 29 .6200000033x02 .74954636:.,+-02 
.:~ 30 ,640r)0033+02 .6824010133-02 

31 .6500000033+02 .681318922-02 
32 .6700" 000.;,+02 .2990747033-02 

" 33 .690000100-r:•02 .277E36'8733..02 
: 34 .7000000002 .2769597813-02 
-' 35 .720000)0E':•02 .23165652-,-•02 
i 36 .74000000:-02 .199274142 

37 .750000O0 02 .1978752933-02 

3 •770000f03 NO2 .1560066433-02 
= 39 .7900000033 02 .12415297713-.02 
_. 40 .80000O0002 .1237111211-02 

E= 41 .8200000033+02 .7954204E-03 
:- 42 .8400000033+02 .7576678313-03 

43 .850000003+02 .7509214933-03 
= 44 .8700000033+02 .447416912-03 

45 .8900000033+02 .41252636E-b3 
46 .9000000033+02 .4050901933-03 

I= 47 .9200000033+02 .3302645233-03 
= 48 .94000000i+02 .293456951',•-03 

49 .9 OOo000.:+02 .2922e7C1:1:: .03 
50 .7000000;+o2 .1214155' ;--0:3 
51 .9900000033+02 . 6 i 2 54 E04 

= 52 0100000ooi: ~-p • 9 	6~?. -- 	4 
53 .10200000403 .74314886u.04 
5( .10400000 ~+03 ,660122462-04 
55 .10500000I}05 ,67245422;.04 

.10700000N-03 .49636505 	04 
57 .10900000='-03 .353652654 

.1100ono003 •340304r. .o4 
.~~ .11200000.J• 03 •23804575;.F.04 
60 .11400000:+03 .221 ' 74 1)t} 
61 1 1500000 ..03 .21992425.o4 
6 .1170 	iC?=:FO:i  
63 .1190r-)000::-03 .787009016.,05 



1= 4 i:=1fl 

71 

=103 .18500000E+03 •50342128.10 

Z =1 04 .18700000%+0 •47443025 x-10 
?.=105 .16900000E+03 .29806817-10 
X106 .19000000Ex-03 .23641191 -10 

M107 ,19200000E+03 .14823089k• -10 
`=108 .19400000i+03 .25019022i11 

109 *19700000Z+03 .175196071 1 
M=1 10 .199000C)0E+43 .15103687t-11 
=111 .20000000 s+03 .11429477' 11 
=112 .2020000O+03 .1022151711 

i.=1 13  .20400000}' 03 .28730980 i ,-12 
X114 .20900000E+03 .306184187:"..13 
. =115 .21200000L+03 •25565254i13 

~ 	116 .21400000"~+03 .15518924-13 
:=117 .2240f,000: +03 ,20971520"-"-15 

.x=118 
= 	1 .0000O004L-.99 .1000O0OO2+01 

I= 	2 .1000000001;+02 .41323777 +00 

1:= 	3 .12000000 	02 .370380811 00 
= 	4 .150000001? +02 .308616372+00 

R = 	5 •20000)r0'+02 •27773414100 
Lt=. 	6 .22000000+02 .21533945+00 

7 .24000r)01,~+02 .2108281721-Oo 
8 .250000002+02 .20920280E--On 

= 	9 .27000000+02 .206947171+00 
= 10 .300000001202 .203696412+00 

L= 11 .32000000 ;+02 .14)653852 +oo 
.= 12 .340000001+02 .9997066501 
2= 13 .35000000 +02 .998519472-01 
2= 14 .370000002+o2 .65685793Er-01 

15 .39000000 +o2 .65448357E-01 
"o 16 .40200000E+02 .65362811:*-01 
: 	17 .420000006+02 56904203 °' 01 

18 .44000000r 02 .466770532-01 
Iis 19 -45000000-1-02 .465042162-01 

20 .47000000 +Q2 •39135014i01 
M- 21 .490000002 f 102 .3 5385762o1 
P= 22 • .50000000 +02 •35532327 	01 

L11'1, II 	II-p  



Mu 23 .52000000E+02 .23936437E.01 
M= 24 .54000000E+02 .23046058 -01 
M 25 .550000000+02 .22776923E-01 

26 .57000000E+02 •19O47802-01 
Me 27 .59000000E+02 .182720951-01 
?7 28 .60000000E+02 .18177454E-01 
Mx 29 .62000000E+02 .12468545Fo-01 
1?1= 30 .64000000E+02 .112479272-01 
M= 31 .65000000E+02 .11224495EO1 
M 32 .67000000E+02 .55861586E-02 
L"= 33 .690000002+02 .51936197.E.'02 

34 .70000000E+02 .51732064E-02 
t'Iz 35 .72000000E+02 .437710202-02 
:= 36 •74000000:x.,+02 .37761644E-02 

M'= 37 .75000000E+02 .37440429E-02 
L 38 .77000000E+02 .300463232-02 

39 •790000002+02 .241112312-02 
L 40 .800000002+02 .24007931i02 
?= 41 .820000008+42 .15943974E02 
ii 42 .840000002+02 .151059692-02 
It 43 .850000002+02 .149478272-02 
L1 44 .87000000E+02 .937215832-03 

45 .89000000E+02 •859383202-03 
K= 46 .90000000E+02 .843764522-03 

47 .92000000E+02 •697021832-03 
M* 48 .940000002+02 .61213806E..03 
r= 49 .95000000E+02 .60993279E-03 

50 .97000000E+02 .287435412-03 
1- 51 .990000002+02 .22874413--03 
II 52 .10000000E+03 .226695908.03 
E 53 .102000002+03 .17876985E-03 
L 54 .90400000E+03 .163323252-03 

55 .10500000E+03 .161089471.03 
M= 56 .10700000E+03 .121795932-03 
M'M= 57 .109000002+03 .87848844E-04 
1 58 .11000000E+03 .863043352-04 
K= 59 •112000002+03 •607357142-04 

60 .114000002+03 .556908662-04 

LE 



I 

61 .11500000E+03 .55284376E-04 
I= 62 .11700000E-03 .259387342-04 

63 .119000002+03 .21802570:-04 
:= 64 .120000'10E+03 •209092262-04 
;= 65 .122000002+03 .185105052-04 
Y= 66 .1240000E+03 .15819071F04 

67 .12500000E+03 .15686313E-04 
M= 68 .127000002+03 .866552612-05 
M= 69 .129000001+03 .55765114=x-05 
aT 70 .130000002+03 .546766492-05 

71 .132000002+03 .373276672 .05 
T 72 .134000004+03 .348026972-05 
M= 73 •13500400E+0S .340944242-05 
a= 74 .137000002+03 .230527742-05 
ie 75 .13900000E+03 .15662471E05 
1x= 76 .140000002+03 .148495732-05 
7= 77 .142000002+03 .112606562-05 

M 	78 .144000002+03 .943444832-06 
79 •145000002+03 .93680017E-'96 

L= 80 .147000002+03 •393117302-06 
L1= 81 .149000002+03 .276889392-06 06 
" 82 .15000000E+03 •257441222-06 

83 .15200000D+03 .200934852-06 
84 .154000002+03 .163156778-06 

N 85 .155000002+03 .15835097-06 
tiI= 86 .I57000002#03 .122059902-06 
P 87 .15900000E+03 .648301327 
t= $8 .160000002+03 •617715042 -07 
= 89 .162000002+03 •33839836-07 
1>"= 90 .164000002+03. .278917972-7  
b= 91 .16500000+03 •268976372-07 
L 92 .167000002+03 .13903049209 
= 93 .169000002+03 .100829362-07 

• = 94 .17000000E+03 .857688932-08 
95 .172000002+03 .671477852-08 

%= 96 .17400000E+03 .377460319-08 
}z 97 .175000002+03 .361807592-08 
1"= 98 • .177000002+03 .270711512-08 



M= 99 .17940000E+03 .13392635E08 
; 	10O .18000000L+03 .12387342E-08 
1=101 .18200000E+03 .55551364E-09 

102 .184000007-'+03 •35950192E'09 
M1=103 .18500000E+03 .28212888E-'09 
M 104 .18700000+03 .26873239E-.09 
tX105 .18900000E+03 .17284177E-09 
Z106 .19000000E+03 .13684569E09 
ti=107 .19208080E+b3 .W900388L-10 

108 .19400000E+03 .169824211-10 
L=109 .197000001+03 .11824218E-10 

!110 .19900000. +03 .10414062210 

=111 .200000002+03 .78906248E-11 
=112 .20200000E+03 .71855463E 11 

=113 .204000002+03 ,21 3867182 11 

1 	114 .209000002+03 .246093742-12 
x:..115 .212O00002+03 .20896437L-»12 
x=116 .214000000.+03 •134765622uuu12 
X1=117 .224000002+03 •19531250 	14 
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:.o a ►aron suyorflui ty of ho pobnbility i et od 
S,.'.r- bur.n 	i,: owd i3x the procod1rQ pay;000 Tho lr:ehh of 
c. rL-ca¢ r tio-n of thho nroblo, , ofton roculto o3. thzox in fror'uont  

r1 _u : o o` ioior aup 1y or In rxubatant .a],iy hi b rooto I. the 
i niait ,1 :;'i,;. :,, ~.0 r~1 ma tiCC_l rotnulto follot7ini 	r ttTti!'i o rsoti!odo 

r-r: ; h1,1JU7 Cori; ab1Q i'o c11 c,laLv , PAo of aaono o tudioa portae•+.,tn, 
to cz;~~: _ ~. pl:n: ~nln. and thio arty b.n obtct nc d by the uoo of probability 
:z csi.. Ycr reacoac airam ly diaounood a oouplotoly cat'icfactory 
coluti cn t ,y not be obtained, the complexity of the 	bong; 
c lroa't unlimited 

The application of the theory has been found doll 
nclaptod In the evaluation of relative reliability of alternative 
plane. In the typical oaCJQ of ayatora onoratin ; capacity roeorvaD 
the problon not only eoucorno the rink of outer o v but also the coono 
u:.o b:, . ioo bctc.ucn cc orator reavrvo awl tie capacity in provIding  

cairct local ou r'„o aoiaontzntiona. ¶ ho cothor] Ic, of cru.ricorablo 
rluo Wig ..~^Iy:i.< the of U1,7on000 of 'intoroonnoot 3 one,  

in ;'_ . of,'oc - of adding lar.rjo ,onor7ti unite on rouorvo roquiro-
ria_:n 4x(271 rx( r..irocllr oouo problon of poor otntion dooicu and 
ryc•'Cu oar u oma. 

"S.xc r\r: n t1 o o m,-Ac I the p, ,p vc roariin„ trans." 

L!417 nl 	nf? 	.a ton1o~f to IIfIr'.L'1 	Zofm o:' capacity 
or 	"! i; i':tx v c:rtij 	out a. 0 ir nnO li,ciblos Thin 

IF:pl •t t 	 ucc 	i.?1 whoc 	crQ ootae ih `. over 

~ 0i ~'O vicf1 jus:, -c:t x)77 th pol rib? l.. y o:r'_. 'rs i cu', u~ i f 	4 or ~~i . poor 
In "7 n, I► ':'c t ! . °:i of .:ort 	o+' ^ to ) i' oiC in this 'i:1 ~; . 	h. 



M. 

rat now a'flth1e cm 	on llnc 	cc is very united 

. ot 	rrLc,t•.wt to nrovi 	art; 0001uaior on tr imi ;jcn 

line outa,c ue8. eiinbility of the probability theory i 

not qetirr.ec bt 	 r(cCPi:ed ror 	rOVer0Tit ire the 

outie 	Otor a 1ic to 'e zzfl7 OOI1cflt3 of thn 	v - tIon nd 

trnwiat Ilicn tyY3tmO. 	. ric"t `.actors not 	taro otirr 'rom 

rc1tIvc1y short roor1r there 1 : io11wtior to vo Iiibor factors  

than rty be oerari. .'oi1ti rob'b1y oro 1 o ccervativc. Thii 

oin-s out th n1 for aol1ect.u:L, tcrc infor:- tion on Fcnorntivr 

t. n courponLint rc1Iabi1 tiea* 

evea1 rt'. oa w}1oh live b,  on oveioo to ob ain  

an rrroxiir.e solution to co'piIoflod ,x'obabi1i oaloulatir-nu have 

bcn 	 k43von von an cxnct ditotuinatIcn of he nro1r,b!U1y of 

ceruIn orqnoiy oit:o i, af 'e -  -%I 1,p  on1i a rtttoa of Ale 

.1znI i Which .hr zicr: C of futur. OVriM i 1 tprotøh over 

pc1od c' ti. ¶2hc totui o:peoici fnr my one yc r o vcr  

for :i ne 	cfw yc.--,ro v... 11 vary ot It 	b1r from the mof nrot W 

yn::u v1ee 	n the lilt of tii 	tho tI 	V1TL :nrtr-innte 

o1uticnts a highly junifiable* 

hat 	di1n1 corputer J.613 illd poiv;ablL tt 	.ho 

	

*ey oui f th 'orcp:r tion e Lb1.r iz.orition r:i 	cv-t in 

Lhaptor V1 wil!. lie io1in.tc1yroto ru& by jca wc 	uver 

ri.d it for even 	n1 	o 	311 ic 	Ctcr4. 

	

7c vnJ.iet1 ntut'y or rob.ii1. 	cs h 	c 	been 

doi 	in In i 	!octi,' 	C;V• roi1r; 	'& ;.O1 	t.y 	u o? thumi 

 ji.ti.I;di c htm ii. grid'ie ap1ict1on cr !bn 	t bo  

oa oity i cul. t 	t crdc o 	Iv,nCredt, ( L I e  

• in OODF't' of 	whe. .. TTi!iC)Wi. 	i 	.LV ftD1i all 	t  

car.voity Inc 	ea c 	irernLi, neuciit 	'r o1vn th' oytei 



- oL 	rrt . 	'nr tho novco o1icbi1ition in 

:aCt.;iLO 	. be ?C: rii 	t 	1.cJon of 	-robbility 
One 

or'i ba 	nt::eii:oci, 	It voa1' 	tx1nto' oc 

. •- to 1 	Q' 	 o 	tho 

flC; 	vc3o' r - c.ot of t10 vveLlcm, LM 	lot cf active  

mi ii.. ttitci &itrtoc 	;lro tho 	wob10 	hro 

• ''', t1i.z ntdy of tiio probability rothod 

1C 	o 	rucc: j:'fli 
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