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ABSTRACT 

I the following pages an effort has been made to 

present a comprehensive picture on some of the aspects of 

power system interconnections. The basic elementary theory 
of probability applied to non-interconnected and Inter-

connected systems have been discussed$  and the significance 
of conventional methods of outage probability calculation 

has been illustrated.. Computer programs have been developed 

for finding probability of capacity outages,# adding units 

and then rounding across a suitable increment. A ropresenta-

tive example is considered having two systems, and risk levels 
are calculated for each system individually on non-.sinter- 

connected basis and then on an interconnected basis by the 
application of loss of load probability method. The results 

are compared and benefits of interconnection is shown. The 

role of computers and development of computer programs for 

further probabilistic stuc)y of interconnected systems on a 

larger scale has been stressed. The need and scope for 
further research have been indicated. 
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1.1. ITROP11'XXQ1. 

In the past reliability' has been recognised only 

aD a qualitative aspect. 1gineering systems earlier Frere so 

s: le that an acute need for quantitative study of reliability 

was not felt. It was only after the second world war that the 

need for reliability was felt when several studies revealed some 

ctart3ing results which to ed as an impetus for further investjga-

tiont«  1ov, reliability has become an absolute neceosity and 

a recognised engineering discipline. A high degree of reliability 

to desired when dealing with modern complex systems such as space 
mission and aircraft system:. In such systems, the failure of 

a part or component results not only in the loss of failed item 

but most often results In the loss of some.larger assembly or 

system, of which it is a part. The reliability of u eb costly 

and sophisticated systems has to be ensured before these are 

actually comissioned. 

The moot accepted definition for Reliability 1s 

"It is the probability that a device will operate satisfactorily 
for a given period of time in its intended application". The 

device may refer to some component $ equipment, system or sub- 
system or a block in a particular application. The definition 

Includes the term 'probability' which indicates the use of a 

quantitative measure for reliability. 	ther it involves three 



other considerations 1 t* t1sfactory operation, length of time, 
rind intended application". For the reliability assessment the 
satisfactory operation is to be clearly understood. An equipment 

does not necessarily have to be totally inoperative for it to 
be unsatisfactory. Satisfactory operation is defined fbr a 

meaningful measure of reliability. 

The length of time of operation is note definitive,*  
A mission is defined as covering some specific length of time. 

The last consideration f  intended application, is 
also a part of reliability definition* Any equipment Is designed 
to operate i ► a given manner under particular sets of condition.. 

These include environmental condition (temperature, pressure, 
h idity, acceleration, vibration, stock, accoustic noise etc.) 

and operation condition (voltages  current$  torque corrosive 
atmosphere etc. ) which will be encountered in manufacturing, 
transportation, storage and use,. 

A well designed, tested, engineered and properly 
maintained equipment should never fail in operation* Experience 
shows,, however, that even beat design$  manufacturing and main- 

tenance efforts do not completely eliminate the occurrence of 
failures„ Reliability distinguishes three characteristic types 

of failures which may be inherent in the equipment and occur 

without any fault on the part of operator. 

Firstly, there are ' early failures' which result 
from poor manufacturing and quality control techniques and 
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occur ear.ly in life of an equipment. Such failures can be 

eliminated by 'debugging' process. 

Secondly1 'wear-out failures' are caused by 

wearout of parts. These failures are a symptom of component 

ageing To avoid these failures, the parts of an equipment 

are designed for a longer life than the intended life of an 

equipment,  

Thirdly, there are so-called 'chance-failures' 
which are caused by sudden stress accumulations beyond the 
design strength of the component. These failures occur at 
random intervals,, irregularly and unexpectedly# These are the 
most common type of failures during the useful operational 
life of an equipment • hence, maximum attention in the relicbi- 

.ty literature has been given to these 'chance# or 'catastro~► 
phi* failures'. 

A power system is composed of group of elements 
or components that act in series or parallel or both with 
each other to carry power from generation sources to load 
centres. Hence there Is a need to U) supply improved service 
as customers become more dependent on their electric source, 
(11,) to use new systema voltage and designs whose reliability 
in not well known to supply the heavier load demands of 
future.  

A power system as a whole is composed of generating 

unit# transmission and distribution systems,, hence main 



requirement is continuity of supply'*  which depends upon the 

capacity outages of the generating units and the frequency of 
the capacity outsges#  and on availability of transmission and 

distribution system#' In this dissertation#  it is assumed that 
generating stations are systems that are independent of environ- 
mental conditions an they are housed In-doors  and  transmission 

and distribution systems are exposed to weather conditions. 
Hence failure rate of unit under story weather is quite high 

as compared to failure rate during normal weather.  

The development of high speed of protective 

equipments, improvements in maintenance techniques and inter- 

connection of gener=ating stations are some of the factors which 

contribute in improving the reliability of power systems. The 

reserve requirements in the past were based on 'rule of thumb' 

criteria such as fixed percentage of the installed capacity, 
or the outage of largest generating unit. A current 'rule of 

thumb' in industry is that reserve capacity should be 15 of 

system requirements. 

However, if the power stations are inter-  connected 

it is preferable to expansion*  since an interconnected system 
experiencing a deficiency mmy be able to borro ' power from one 

with an excess, 

1.2, LIRA U 	y E!! # 
The application of probability methods to the 

capacity problems provides an ,analytical basis for capacity 

planning which can be extended to cover partial or complete 
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integration of systems$ capacity of interconnections#  offccts 
of unit size and design*  effect of maintenance schedules and 
other system parameters, The economic aspects associated iith 

r 	different standards of reliability can only be compared using 

probability techniques, 
Yr 

A considerable nut ber of paperè have been 

published in this area(i y2 etc.) and the techniques used at 
the present time are extremely interesting,* Although the 

studies started much earliorp but a large group of papers(3,5,6) 

uas published in 194? by A*Ibg*B. which evoked keen response. 

These papers made the application of probability methods to 

solve reserve problems of many of the problems of power systems 

in U, 8. 	Moreover, the inadequacy of the present system due 

to growth of load and increased complexities in the generation 
and transmission of equipments also sarrantod the development 

of a new method by which reserve problems could be tackled in 

a more reasonable and realistic manner. Calabreso(3) gave a 

mather atteal treatment of factors involved In investigation of 

forced outages on several systems of boilers and steam turbo-

generator units covering a period of six years*  Int( ) gave 

a ohort-cut method applicable to a system with any number of 

generating units of different sizes. Watchorn and Vie($) 

dealt with probability applications for hydro unit treatntento. 

elye(6,7) gave a mathematical development of relatively simple 

algebraic formulas for the stuff of reserves necessary to take 

care of forced or emergency outages of generators.. He extended 

this method to determine charts horeby percentage of reserve 



In terms of total system capability or total system load may be 

found directly, i'atchorn(9,1O) showed complex coi osite effect 

of all factor effecting system capacity requirements and that 

these can be calculated by use of two basic probability principles 

applied al thmotieaily.. 
r 

Calabrese(11,12) presented notds for determination 

of index of reliability .ty level using load duration curve based 

on daily maximum  loads. He put forth some ideas regarding 

treatment of interconnected systems and suggested three methods 

to determine "loss of load probability" with interconnection and 

"Frequency and Duration of outage approach", 

!ill 19540  most of the probability studios were 

done by hand or desk calculators.. The benefits of using digital 

computers to reduce tedious arithmetic required were noted by 

1^'atoborn(13) and illustrated by Kirchm8yer of a ..(1)+ 915) in 

the evaluation of economic unit additions in system expansion 

tudies. 

Several excellent papers appeared each year until 

in 1958:  a second large group of papers appeared(15,16,17 918,19,, 

20). Brennet et al.(15) discussed about the computer applications 

to calculate the capacity outage and probability of loss of 

load for a non-interconnected system. k► 'tor the IAL' method 

of Calabrose(12) for interconnected systema, a classical treat,- 

rent at this problem was done by Cook at al M (23) . The authors 



established sii ple formulas for non-interconnected as well as 
system with finite and infinite interconnections, by means of 
VENJ diagrrix s, A digital pragra o was also developed and the 

:•orfv confines to problems involving two interconnected systems. 

The two , o otali' Committee reports on equipment 
forced outage a perience(,21), were generally restricted to 

thermal unit equipment information with the exception of a 

short section on hydraulic equipment. Broun et al.(22) presented 
the results of a stat . tieal study of five years of data on 

38? hydroelectric generating units using punched Cards for the 
initial collection and sequential processing of the data. 

Vassol(24) * deterred capacity deficiency and energy deficiency 

curve and applied these deficiency curves to the specific 

sit tion, and discussed a short cut method to examine .capacity 
reserve requirerents, and in( 38 ) 1972, developed fundamental 
principles of applying probability calculations to the analysis 

of generating capacity,  reserve requirements for to or more 
Interconnected power systems. Building on concepts developed 

for a single power system, the author analysed the effect of 

support interaction between interconnected but otherwise 

independent systems. 

In spite of the above excellent publications 
available there is still considerable reluctance ung many 

power system engineers to accept the application of probability 
ciothods. The initial approach to the calculation of outage 
frequency and duration indices in generating capacity reliability 



evaluation has been recently modified by introduction of a 

recursive approach. This technique is described in detail in 

a series of two recent papers(26.j  ) # and can be applied virtually 
to all areas of reliability evaluation 

aagdren(30) used probability methods to investigate 

effect of outage of Key transmission lines on the reliability 
of an interconnected P- steno Weiss(31) developed an intor-
connected model and studied system reliability both from the 

standpoint of failure and also the expected value of unserved 
load. Ile presented explicit algorithms (for use on digital 

computers) for calculation of both these values* he gave 
examples whereby shot ng that interconnection could produce a 

more reliable pair of systems than an expansion could. Rama- 
moorthy and Gupta(32) divided a complex system into two or 
more subsystems. Reliability of each subsystem was evaluated 

using l arkov process methods assuming each subsystems as a 
single inputs-t ultiiO/P, or multi input-»single 0/? system, 

Gaznbirasio(33) presented a paper therein he 

found a simpler procedure for WI P studies, When the roliabi.- 

lity of an p.S, is evaluated by WLP method, the uncertainty 

in load forecasts is considered by associating a pealUoad 
distribution (as a parameter expressing uncertainty) twith the 

assumed daily peak load duration curve, then to compute the 
unconditional LOLP as an average of the conditional TAS? 
uaighted by the parameter distribution. Ifo modified the first«- 

daily peak load curve so that uncertainty is incorporated in 
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It and then applied to the usual LOLP- method. 

Billington & rington(34) in the assessment of 

reliability ty of operating capacity procedure, to the unit commit'-

mont problem in which the basic question is which units should 

be scheduled to adequately meet a future uncertain load; and 
in "evaluation of reliability the energy limited generating 
capacity studies" seems to be one of the latest publication 

on this topics 

A survey of the published literature indicates 
that LOQ' method using a daily peak load variation curve 

appears to be most widely accepted technique and used most 
often. The ability to indicate both duration and interval of 

a given outage condition adds a significance to results of 
*Frequency and Duration method' ,a  but it is relatively inflexible 

in considering effects of load characteristics#  load forecast 

uncertainty and the reliability aspects of multiple inter-
connection facilities.. Simulation r ethod is relatively .compli-

cated and undesirable from a practical view points 

The applications of all the methods have been 

vast and a great wealth of information exists in the form of 

technical papers. 

1.3.DJFS TIOIr, 
The IEIE Committee Report (29) gave several basic 

definitions applicable to all areas of power systems, The 
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definitions useful to this wont are given below$ 

Outage :. An outage describes the state of a component 
vben it is not available to perform its intended function 

due to some event directi direct  associated with t that component. 
An outage may or may not cause aninterruption of service 

to consumers depending on system configuration*. 

Forced, outage :- A forced outage is an outage that 
results from emergency conditions directly associated with 

a component requiring that component be taken out of service  

immediately either automatically or as soon as switching 

operations can be performed m  or an outage caused by improper 

operation of equipment or 'human error. 

Scheduled outage :u 	A scheduled outage is an outage 

that results when a component is deliberately taken out of 

service at a selected times  usually for purposes of construction #  

preventive maintenance, or repair. The Key teat to classify 

forced or scheduled outage is as follows 

If it is possible to defer the outage when such 
deferment is desirable,, the outage is a scheduled outage, 

otherwise the outage is a forced outage* Deferring an.  

outage may be desirable for example to prevent overload of 

facilities or an interruption of service to corisuOers. 
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CHAPTER 

PROBABIL16TIC APPROACH TO t N ATION -8TE11 MLIABILITY 
AItIUK 8IS, 

2..O IIA` 2 UCTIoN. 

Generation Reserve planning is one of the most 

crucial steps in planning the expansion of a modern electric 

power system* Decisions and commitments made at this stage 

have a tremendous effect on all other phases of system expansion 

and dictate the financial posture a system may assume, 

In broad terms a suitable generation expansion 

plan must provide the electric utility with the capability of 
meeting customer needs for a reasonably priced, reliable, 
quality electric energy store,, in addition to the uncertainty 

Inherent in forecasting future load requirements the planner 
must deal with the uncertainties associated with 

(1) Unit Reliability and maintenance schedule 

(2) Fuel and construction costs 

(3) Availability and cost of Capital 

loss of load probability (L OL?) determines whether 

a Generation expansion plan satisfies a desired level of retia- 

bility or not. The analysis of the reliability of an expansion 

strategy for isolated and interconnected systems Is considered 
by studying (a) Forecast uncertainty (b) Unit avai labilities 

(c) 'Unit maintenance schedules (d) Interconnection constraints. 
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Further, in addition to LOLP method, there is 

another approach to reliability analysis#  general ► referred to 

as frequency and duration method CE)), Frequency and Duration 

method enables to determine the frequency of a particular 

generation syptem outage as well as its expected duration. 

The impetus for development of the FD method has come from the 

need for a generation system reliability technique compatible 

with tranemieaion system reliability methods and historical 

transmission system outage data# ?breovor, the LOLP method 

is preferred over FD technique for generation system planning. 

Another approach is to determine capacity require -
menta over the horizon ported using analytical methods. Various 

expansion plans can then be determined by varying the type and 

timing of unit additione(25, 6,31). 

2.1. IE ' , S I'T OF PPIJgA` jOII UF` P .it3BABI LITY THEM  ,. 

The past methods of determining reserve require-

ments were becoming inadequate because of the growth and 

increasing complexity of the generating and transmission compo- 

nants of the power system. The reserve requirements were 

app areittly based upon the loss of largest unit and it was 

satisfactory under the conditions which then a isted, where 

applied* Hence some substitute for the previous method in 

essential and in .this, the probability theory fulfils the 

requirements, The close agreement between the calculated 

service reliability based upon probability theory and the 
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actual service reliability Ias been extremely gratif~►ing(3,11 
12), 

2.1..1. Description of Basic PROB Theory s Pertaining to 
system reserve requirements this can be studied In four parts 

(a) Definition of statistical probability 	Probability 
is a measure of the chance of a certain event by the ratio 

between the no. of events that can occur in that certain ways 
and the number of total possible events. 

If a generating equipment has operated a total 
time T (hrs or days) and has been on forced outage or out of 

service the total tisae 0 (unplanned shut downs), the probability 
q of forced outage (brs or days) is then q * r 	► 

And probability p of equipment remaining in service is 

p~©. 

In generals for n machines,, 

4 a 

(forced outage 
factor) 

n 
aK 

kat 

n 

(TK + Dc) 
kai 

and p 	-Z Tit 

(operating 	n 	( + p y 
factor) 	K I 

kal 
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Calabreso(3) has taken Y.0. R. ac 0.03. Further 
detailed investigations in UOSO' have established a National 
average of 0.02. studies have shown that there is no character. 
istic variation in frequency and duration of individual 
generator. oltag s with size, age or manufacture technique of 
the machino;, 

(b) Nultiplication 

If p, is probability of Generator GI operating, 
P2 of Generator G2, then combined probability of simultaneous 
operation w p1p2y when the generators are independent as 
regards operating condition. 

Sher if q,~ and q2 are outage probabilities of 
G, and 02 generators 

The probability of first unit operating and 

second on forced outage a pI q2 

the probab.. of first unit being on forced outage 
and second unit operating = q1 '2 

(c) Addition - The probability of occurrence of 
either one or the other of two mutually exclusive events is 
the sum of the respective probabilities. Thus$ the probability 
of having either of the two units on forced outage is 
(p1 q2 • q1 p2 ). Also pI • q1 a I # and p2 + q2 'm 1.: 
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For two units of same capacity and outage factor, 

the expansion becomes  

(p+q )2  =p2  + 2pq • q ► I 

If n units of the group are assumed to be similari 
using same outage rate q for all of them, 

Then the well known 31namla : formula 

p+ ' 	(pfl n p "` 	2 pn-2  •+ 2 + #o *0*0 

P 	q + ,.. . n tome) 

or (pq)fl 	p  ' qn- 
roc r 

This cxp *nsion provides the basin for determining the probability 
of finding various numbers of 'n' units available for service. 
The first tam in the expansion represents the probability for 

no outage, the second term for the forced outage of one unit, 
the third for the forced outage of two units and so on. 

(d) Expectation - . °.xpeetation is a mathematical 

oethod of placing a value on a probable event.  and may be 

described as the product I the probability of an event 

occuring multiplied by the results realized if the system 

Occurs. 
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Consider a system with outcomes X, 0  x2r  x • Xn  
and probability of each p1  p2, P3 M. 0 . pn. 

n 
The expected value of variable H 	 p1,,x 

i01 

o weighted mean of possible values 

with probab. of occurrencd as 
weighted factor. 

2,1.2, Probabilistic Generating Models s- The reliability 
of a system depends upon the reliability of its generation 

system which contains many different type of units,, their 
outages being due to technical prob? erns., fiance it is necessary 
to model the random availability of a unit. 

flasicaily, the units fall in one of the following 
classes: 

(i) Base load 
(ii) Hid Ringo Load 

(iii) Pe leers, 

The base load units operate at very high capacity factors, 
ideally at 90-9 ' % but often lower if the unit is immature 
or fraught with technical problems, Units in base load class 

are usually large fossillsteam0  nuclear0  or to some extent 
hydro units„ Midrange units operate at capacity factor of 

3Q75 . For these combined cycle combustion turbines, hydro 

units, and small foss l ►c eam units are usually employed. 
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Pcakers operate only during peak demand poriods(3D6) and have 
v.-lou capacity tactor, ' *1a , Combustion turbines in, thermal 
systems and hydro units in hydro systems are used as poskors 

Midrange units and peak era cannot be base-loaded as these 

devices are designed for less than full time operation, and 

prolonged use beyond their design capability results. in high 
maintenance costs. 

To account for the random outage or availability 

of a unit, it is necessary to determine the probability density 
'ftthction that describes the probability that a unit will be 
on outage or will be available during Its normal period of 

operation. On the basis of historical data the availability 
of the generating capacity of a given unit may be graphically 
represented as shown in Fig.2.1 which conveys the idea that 
random failure and repair of a unit can be defined as a two 
state stochastic process0  whereas, a stochastic process is 
defined as a process that develops the time In a manner controlled 
by probabilistic laws. The so.nailed "state-space diagram* 

for stochastic process shown in Fig.2.2, shows that a unit may 
be in state I (up-state or state corresponding to maxi 

available capacity) and then randomly transfer to state 2 (the 

down state, or the state corresponding to no available capacity) 

and vice versa. In this context two important titles are 

dofined0 

I. Unit  M&. abi itv  (denoted by variable p) s the long ■fir 	i 	• i u rim i 

term t probability that the generating capacity of a unit will be 
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available. 

2. Unit  forged ouxta, 	the long term probability 

that the generating capacity of a unit will be unavailable# • 
or forced off-line. 

For obtaining an expression for the -long term 
availability of the generating capacity of a unit, it is 

first necessary to recognize the - stochastic proc ss, Which is 
called zero- order, discrote state, continuous transition 

rlcov process, Such a stochastic process has the followingg 
properties 

(a) The cyst€ described (here the available capacity 

of a generating unit) can be characterized as being in one of 

a set of mutually exclusive, .discrete states 8i, 132, •,,.. «Sn, 

at any time. A generating unit can be in either the upor the 

dog state but not in both si ultaneously, thus the states 
are mutually exclusive and discrete,. 

(b) Changes of state are possible at any time, 

Cc) The probability of departure from a state depends 

only on the current state and is independent of the Indopcndont 

variable time.*  

Cd) The probability of more than are change of state 
during an appropriate small time interval A t is n gl Bible. 



t arkov process provides a fairly accurate 'model of real life 

and has a simple mathematical  description. 

2„.1,,3 	rove Process  :- 

If Pi(t) is probability of finding a generating 

unit in state i 

a i 	upstate 	
at time to 

i a 2 	dawn state 

A 	- - Transition rate from state I to state 2. 

This parameter obtained from Fig,.2#1. 

1/A - - 	The average time a generating unit stays 

in up"stato 

u - --- 	Transition rate t' om state 2 to state '1 

/ 	Average time , generating unit stays in 

downstate. 

To find probability of generating unit in up-state 

at time t+ o t. there are two ways a unit can be in up state 

if it was in up state at time t and did not transfer to don 

state in time Atq  or if were in down state at time t., and 

transferred to up-state in time A to 

If probability of a unit failure is defined by 

FI  {t) fj”" At  o probab. of a unit being available upto time 



, ,. R(  t) so 1'' fat + _ 	+ 	.. . . 

to 1- A 4t • = probability of unit being 
availablee during time A t, 

Where ) 4 t .a probability of transferring In time d tl  

Hence probability that first event to occur 

a' 	p1 (*') 	(I..  A I  t) .#. it...f#.ii i4 R•• #t 

Similarly, Let F2(t) a e *̀  ' 	4 probability of 
unit being unavailable in time ©t . 

	

F2(t) e"ut 	Probab. of unit being unavai labl o upto 

time 8 t 

¶-u 't 	probab. of unit being 
unavailable in time o t,. 	......... . C 

	

Where. u At 	probability of transferring in time Q t, 

Hence the probability that second event occurs in P2(t) u©t$  

P2(t) is the probability of being down-atate at time t 

u 4 t 	it 	
8 
	 U  that a transfer from down state 

to tap state occurs in time increment o t t 

* 0* I (t+ d t) = P,1(t) (1- A& t) + P2(t) a t t 	mo i........(3} 
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Similarly P2(t. Q t) 	P2(t) (1-u At) + P1(t) ,t, 

On rearranging theme two equations 

P, t+,nt) - !1(t) 
IC PI (t) + UP2Ct) 

o~ 

!t) - P2(t) 
At 

jt p1(t) - uP2(t) 

As 4 t 	>0 

4P1 (t)  
d 	- )P1(t) * up2(t) 

dF.~-2 .t....P 	,~ uP2(t)  
dt 	1 (t 

Since we are interested In long term (steady state) probabilities 

of being in either state I or 2# set derivates to zero and 
solve equations for P1(t) and P2(t) 

P1(t) + 	° 	~* P - available 
+U 

P2(t) 	q 	Forced outage rate* 

U 
and P1Ct) # P7(t) n 	j~ 	+ 	 1, 



22 

2,, 2,r  W8 OF _ LAS• PROBABILITY 14ETHOD -• 

2,2 • 1. Determination of probability tables for a generating 

system for Reliability calculation : 	All the 

components of goneration and transmission are included in 
reliability calculations* tie commence with the combination 

of the selected forced outage probabilities applying for each 

component of system by methods of multiplication and addition. 

The forced outage probability of a series arrangement of 

components like boilers#, turbine #, generator and transformer, 

where outage of any one renders the whole system inoperative, 

1s computed by multiplication principle,#  probability of system 

with respective components probabilities being p,p2, p3, p49  

is then equal to p,1P2P3p,, and probability of forced outage 

for the series is (I-plp2p3p) a This reduces all elements of 

the aeries to one unit for further probab, calculations lO ), 

„+e : Consider a generating plant containing five units, 

three of 25t4t capacity and two of 40 tor, assume q a 0.02 for 

each smaller unit and 0,03 for larger unit. 

For t l smaller units combinational of probabilities 

is accomplished by binanial expansion, 

(p+q)3  a (0,8 + 0,02)2  a 1 

a 0,941192 + 0.057624 + 0 +.001176 + 0.,000008,., .. (1) 
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©B, of applying 44) Mw units a (0.97 + 0,03 

Add this with 3z25 Mw units in a similar manner 

c(0.97 + 0.03)2 (0911.1192 • 0#05762 . + 0,001176 • 0,000008) 

Multiplying (1) and (i) yields the following table 1: and table 

2.2 when arranged in ascending order.  

1Lo ?J 

(1)  (2)  (3) 
Capacit

M 
oudage' 	Probability~ 	' Units on forced 

- 	 L( i outage 

0 0,8855676 0  

110 0.0 	7774 1 

80 0.0001?08 2 

2 ' 0.0512182 1 

65 0,00335371 2 

105 0.40000318616 

50 0.0011Q6l+9, 2 

90 0,00o06811  

130 0,000000058 4 

75 0.0000 	527 3 

115 0 	oao4656 1+ 

155 0,0000000072 5 

Table 2.2 when rearranged in ascending order for capacity 

outage is# 
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,Labl&2, 2 

~i 	 (2)  
Capacity outage 	Probability 	$ Units in freed 

( 	 outage 

0 	 0.885567500 
25 	0.05421842 	1 

3 0*05477731)+ 

50 0,001106498 2 

65 0,003353717 2 

~5 0.000c 	52 
80 0.000847073 2 

90 0,000068)#4 3  

105 0.00005186 3 

115 0*000000465 . 4 

130 0.00 001059 4 

155 0,0000000072 5 

Rounding of probability outage tables 

The proration of forced outage probabilities to 

multiples of 25 14W produces reasonable results and reduction in 

number of terms. 

Hence it is desired to eUminate tê0 MW1 65 14W etc. 

rows and Introduce 50 MW J. 75 NW units etc. after considering 

proration. Linear proration between 25 MW and 50 MW assigns 5 
of the outage factor for 25 Mtn and VA of outage factor to 50 Md 

But 50 143 outage condition is further modifiod by tho proration 



15 

,)f the 65 14W outage condition. This results in a new table 

2,3 shown below 

MW 	 Probability of 
outage 	, 	outage 

0 0.88556756 

25 0.576i29+ 

50 0.0353144 

75 0,002724793 

100 0000252 56 

125 0.0000115583 

150 	 0.0000002173 

175 	 0..000000001 . 

Cwnmulativc outage Probability table 

The method described above determines exact outage 

probabilities for various capacity outage. The term cummulativo 

probability is introduced when the planners are desirous of 
obtaining outage probabilities of losing a certain capacity 

or mora. In table 24,29  the exact probability of losing 0.0 MW 

is 0,,8$5556?5# and It can be easily explained that probability 

of losing 0.0 MW or more is summation of all terms of column 2 

in table 2.2 wicb is equal to 1,00 This is mo tive 
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probability or losing 0,*0 NW or more*  For 25 MW it is the 
c ation of all terms in column 2 except the first one for 0.0  

W. Hence table 2.2 a rt be modified as below: 

'able 2j + 

outage 	 ye probability 

0 	 1,00000 

25 0.11321i 
40 0.0602140256 

50 0,0053665 
65 0.00 4  3301  53 
75 0.000976++36 

80 0.000968909  
go 0*000121836 

105 04 	053393 
11' 5 0.000130073 
130 0.0001065600 
155 00000000072 



on 

2.2 E OBAJIJ4STIC WAiHOOT* 3. 

In IA LP method, the capacity outage table is combined 
with the system peak load duration curve in order to find loss 

of generation which may or may not result in a doss of lcad(35,36). 

This depends upon reserve generating capacity as well as peak 
load, 

AS shown in figure 2.1 ., 

+ 	Magnitude of Kth  outage in system capacity 

outage table 

pK 	Probability of outage of capacity equal to oK., 

tK  a IJo.of time units in study period that an outage 

magnitude °K  would cause a loss of load. 

Obviously, any capacity outage lass than reserve will not 

contribute to the system expected load loss, Capacity outages 
more than of reserve will result in loss of load with varying 

time periods tK. 

total loss of load for study interval 
n 

ECt) 	7- PIC  t J 	time units (days or 

year)* 	 k s1 

The period of study could be a week, month or year. The simplest 

application is use of curve on a yearly basis*  ' on using 

daily peak load variation curve on an annual basis o  the expocted 

loss of load is in days per year, The reciprocal of this value 



in years/day Is often quoted as reliability index. Tho days/ 

year result is a mathematical expectation of load loss in time 
units for period under study*  This method is further explained 
below t4th the help of an example. 

Example I Consider a system containing 4 units of 60 Ill each. 

System Installed capacity 	. 240 I 

Capacity outage table is shown below for this 
system t 

. e 24 

Capacity 	1 	Probability 	t Cummulative proba- 
outage 	j 	 bility 

	

0 	 0.9223669 	 1.00000 

	

60 	 0,07529523 	 .07 63171 

120 	 0,.002,30495 	 .002336'76 

180 	 0,0000313598 	.0000315198 

240 	 0,000000159 	 ..000000159 

System load model is represented by annual . peak 

load variation curve shown in g,2.5. 

100 % on x' is corresponds to 365 days. In many studies the 

weekends and holid=4ys are neglected as their contribution to 

the expected load loss is negligible. The time span Is then 

260 days„ The forecast peak load is 160 MW for this system 



24 

20 

16 

2 12' 
z 
0 
0 -s 

4 

C 

STALLED CAPACITY 

PEAK 
_REIRVE 

0 

4 	 K 

z tK 

o 

TIME __-- 

Fl G. 2.4 

% DAYS TIME _~. 

FIG. 2.5 



ubi yh is equivalent to 100 1% condition on ordinata.. poctod 
load loss can be found using either the Individual capacity 

outage probabilities or using cummulativo values q  the results 
for both are same. 

Table 2.6  

Capacity out X  tK  p t 	1pectod load 
lose 

....r 

0 00,9223669 . . 

60 0.07529523 ,.... 

120 0*002301+9 38,12, 0.0878627 

180 0.0000313598 100.0 0.00313598 
240 0,000000159 100*0 000000159 

pK. tK 	a , 0.09101)+5 

Epoctcd load loss is 0,.09101)5 S 'of the time base units. 

Assuming a 365 days yoar expected load loss if) 0,,3322029 days 

or 3*0102085 years per day*  

In modelling the generation system, the . units 

are assumed to be connected in parallel. Each unit is defined 

by a given maximum capability and by a long run behaviour pattern 
with regard to the occurrence of the available repair cycles 

through which it passes. The technique diffdrs from loss of load, 
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sincel  In this model*  each unit may be described by its own 
capability and duration: of available and repair periods, The 

method presents a reliability calculation for generation system 
that incorporates the frequency and duration of unit outages 

and includes consideration of theloade This method calculates 
reliability parameters viz* availability, frequency of occurrence 

J and outage duration for a number of generating units connected 
in parallel to form a single cyst+ (26 ). 

2,3.1.. Stochastic Processes z- A single repairable device 
which is either available (up) or in repair (down) may be 

defined by its mean behaviour. It is assumed that repair and 
failure rates are constant. it is further ax ed that moan 

time to failure' m' and mean time to repair"  r ' are finite. Jith 
finite'r'and `m we say thatboth up and down states arc 'accessible' 

and that over a long interval of time, tho availability, or 
fraction of time, the machine will be in an upstate,, is a numbor 
greater than zero and less than one„ 

The mean cycle shown in Pig,2.6 defines the 

following terms z 

• " = 1 /f 	cycle tiro (days) 

f a frequency (cycle per unit time ) 

m = i / j ,9  mean up time (days) 
r = 1/ 	mean repair time (days) 

•failure rate (failures p,u tine) 

u repair rate (repairs p.u. time) 
ii 



31 

A 0 .- -_- a M a availability (.steady state) .....(2.3. 
(m+r) 	T 

A a (i A) w r/'T, unavailability (Steady state)  

The availabilities, transition rates and mean cycle time are  

related by 

I / Am. 	 M M # IY M 1 # 1 #AMR # M # i ! f +0 #. lr ~F ! ~i ~f' !f r' ► •. 1~ Ay A ~r 

K1 

f à  A 	• 	X 	 ^~f ~f pF ~f. '!~R I!'Mi!. 1!t#t# M M 4# 1#1►# f MM Af #R # # 

Fig.2 7 shove the state transition diagram for the two state 
device 

From diagram 	f(Up) 	'A11 
(steady state probability  of 

being in state ) x (rate of 

departure).... .. . « . . (2 W s.5 

f(up) « A u a (steady state probab. of not 
bei in the state) x rate 
of entry  w-.—.------(2  i3A 

„ c _, , - Assume a single, repairable generator unit 
capacity 	a 20 Mai 

A a ©.98 
r - 2.040816 day, 
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Renee# 	U + I /r 	A,,)+900 

rA 	A 

that r 	a 102.01+08 darn 
t 

is the mean cycle time for encountering either the up or down 
states 

2„3.2. Two machinos  in parallel  - Equations 2.3.9, 2,3.2 aro 

general even If there are more than one mode of entering or 
leaving a state, n this case number of possible states is 

2 a I+*  Fig 2.8 shows the transition diagram for those states,,. 

Table 2,.2 

State 	Machine I 	' 	Machine 2 	Rate of 
number 	 I departure 

up 	 UA  
2 	doiM 	Up  

3 	 UA 	 down 	AI  +U2  

4. 	down 	down 	'U1  + U?  

The last column Indicates the rates of departure from each of 

the stater. Mean time In residence in a state is equal to the 

reciprocal of tho rate of departure. The cycle t xno between 
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encountering state 2, . on the average is, 

Astaty 2 	+ u, ) 

an nlo : Two generator in para lel, 

Unit Capacity Mailability , Repair ; Failure 	Repair 
f 1 	 time in 	rate 	rate 

NY+. MwiwrtYrirr+.v 	A Y Y r rlriWrOr r. 	J "'i.  

1 	20 	0,9800 	2.040816 	0.01 	0..49 

2 	30 	0.9800 	2,0140816 	0.0 	0.1+9 

Referr ng to state transition diagram for Fig,2.8 the 
availabilitius and mean time bot ,Pon encountering the states 
are as follows in table 2,9. 

State 
	

Capacity 	Availability , Rabe of espy . ' CyCIO time 
I available 	per unit 	ture(dayc) 	(days) 

1 	50 	0,9601+ , +,A 	a 0,02 52.0616 

2 	30 	0,0196 uI  +/ 	a 0,50 102..1 	$ 

3 	20 	0.0196 • u2  e 01050 102,0408 

0 	0.0004 u. + u2 	0098 2551.0200 
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2.3.3. Curiu1ative Event - 	In the example considered above,, 

the mean time between encountering an outage of exactly 30 MW 

is 102.01408 days, but, It would be more valuable to know the 

:' frequency of encountering an outage of 30 MW or more* That ie, 

how often (frequency) will the outage change from lease than 
30 MW to an outage of 30 MW or more, 

'herefore$  it becomes necessary to redefine the 
states so that each state represents occurrence of a given 

or larger capacity outage. The previou , two parallel machines 

transition diagram may be used to illustrate this transforma-r 
tion procedure and the steps necossary to obtain the frequency 

of encountering the newly defined states. In Fig,2.84, the 

new states are denoted by primes and are numbered differently. 

State 11  = -state I+. 

State 2' a state 3 and 1 and so on. 	' 

The frequency of encountering state 11  In the same as that of 

encountering state I+. 

At  (u1  4 1 )  

The frequency of encountering the new state 2' Is equal to the 
sum of the frequencies with which transfers take place from 

old state 3 to old state 10  A3  U2  and from old state 14. to 

old state 2 A,+  u2. Obviously,, the result will be leas than 

the sum of the frequencies of encountering states 3 and 4 by 
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the sum of the encounters of states 4 and 3, A3 A l and of states 
3 from 1*9 A~ u1. Transfer between 3 and 4 reprooents failure 

and repair of machine I. The frequency of transfer may be given 
by, the product of the unavailability of machine 2 and the freq. 

of encounter of machine I '"up" state* The froq. of encounter 

of cummulative state 21 9 f2l t is given by the sum of the frequon~» 

ciao of encounter of state I', ft,, plus the freq. of encounter 

of old state 3 from old state I, A3 u.4 less than f`roq. of 
encounter of old state t from old state 30 A A1. 

2 i = f1, - A A I • A3 U2 

The f©llcting transition rates are defined so as to 

generalize the procedure: 

Lot 
A np a rates of transition out of a 

given capacity state. K to one in 
which more capacity is available* 

Aon 	rate of trnnsItion out of a given 
capacity state ( to one in which 
less capacity is available# 

The frequency of encountering a state with a giver, capacity 

or loss than that is given by the recursive relationships given 

in equation below (2.3.7), In this relationship9 exact (.a. 

uprimed) state K is being added to cummulativo state n-I (i.e. 

primed) to obtain the now c mmulfttlVe capacity 'n, 
A at! $ Alt A 1C 	+ of r r * i • s r * 42i3 E / r 



FIG.2.7 TWO STATE TRANSITION DIAGRAM FOR A REPAIRABLE 

MACHINE. 

ml 
TIME  

FIG.2.6 AVERAGE HISTORY OF UNIT CAPABILITY. 

FIG.2.8 FLOW GRAPH REPERSENTATION FOR THE MACHINES 

IN PARALLEL. 



In equati©n (2.3.?) 

AX  = 

 

availability of the exact state k and the 

primes have been discordod and replaced by 
subscripts, 	r, n.1, 

The avai labia i ty of a cummulativo capacity state n may be 

found from the following relation,, 

where again, the exact capacity state i is bei 
appended to the eumrtulative matt n-1 to arrive at n. 

*3,1+o Identical capacity a atos w In the construction or 

the exact capacity state availability and frequency tables 

for larger systems, Identical states may, be generated by 

different combinations of units. In the ensu of transition 

diagrams, there is no direct linka;o betucon these statov, 
That ia, the only izay that a system ray transit within a given 

instant of time from one exact capacity state to another state 
with the name capacity available, is to have ore m/c repaired 

and another fall within the same instant. The probability of 
this occurrence in of second. order, That is, it is so unlikely 
that it is ignorable relative to the occurrence of a single 

event Therefore,, the two capacity stater may, by merged an 

states separated in time, 

since transfer cannot occur directly from one 

state to the other, their availabilities and froquenclea of 
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encountering will add directly. Lot i and J designate two 
states which have exactly the same capacity available and K 

designate the merged state. `then the capacity availability and 
cyclo frequency cy of the merged state are as follows: 

Capacity CK  * 01 	C3  

Availability A. a A + A 

equen ti fl + f'T 

• s r 6 N a a M *• s as a a w e  a s .2.39 

*0+I*4$.-ire.r66''0►a*D 204 

4,.4, ..ö.......N4... 2.1 

Therefore#  the total rates of departure to greater and lesser 
capacity states may be found .from 

AK  , 	up,  K 	. /l  U p, i + A3 i)` tarp, 3 ..,.2.+2 

`X * A down, K a A  A down fi + A3  A down, J ....  2. #3  

Those relations complete the set of those that are required to 

permit construction of non'redundants  exact capacity availability 
tables. 

Using the data of example 2 and the transition 

diagram of two marines in parallel case the cummulating availa-

bility and the cycle time are calculated for the four cunmulat vo 

states and the results are tabulated in table 'below (table 2„91 ). 



Tables 2 1 

State 
no. 

Capri 	 _tact -_ capacity 
city'xtva°i 	.► 	' 

I 	jbi uty' 	[' 	I I dog 
1St 3t e I 

. 	' 
Capa- 
city f 

z 
Avaiiabi-. ' 
lith 	1 

canacitv 
Cycle tip 
dad 

1 50 0,9604 0 0.02 1+ 50 1.000 

2 30 0,0196 0.)+9 0.01 3 30 0.0396 52.06 

3 20 .0196 0*'+9 0.01 2 20 0+0200 102.0+ 

1+ 0 0.0001+ 0.98 0 1 0  0.0001+ 2551,02 

__ 	In/cs system# 

b 2,92. 

pacity 	 Mean repair 	j 	Availability 
- ~ :__ 	 per unit  

20 2„000 0 980 

30 2,000 0,980 

2.000 0,975 

50 50000 0,975 

60 5.000 0,975 

The results are tabulated in table below (2,93), 
A graph is plotted between outage (!fit) and einu1ative cycle 
time shown in. Fig.2.82. Those data along faith the more 
ioi1 known information about existence probability (i.e. availabis 
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FIG.2.81 REPRESENTATION OF CUMULATIVE STATES. 
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3ity) of cummulattva outage atatos provide a cornprch-enaivo 
reliability picture of the generation system* The frequency 
of occurrence of a zero outage or more is zeros meaning that 

the s ntem is always in this state. The curve of ig.2..82 
boloto are ahem by moth 'curves fbr sake of cloarity oaiy. 0 "n 

same lines rel .ab. parameter for more •number of units can be 

evaluated, 

tacit  
outage I Available Cyclo time , Availability 	t rcic time 

I (a) 	 I (days) 

0 o.89.7 ,27434 1,000 
20 .A825xi0 103,20 0.1053  

30 .1 B25z1 O-' 103.20 0.8702x101l 35,72 

40- ,,1825 c10' 103.20 01,6876%16 51.+8 

50 .2331zi0` 112.75 0,5050x10 92.41 

60 ,, 233 jx 0'" 172,75 O,2718x10'1 148,74 

70 0. $408X10 3 1388.96 0,3872z10"*1 1 386,,15 

80 0,936 x10 3 17i,92  0,3032x10 1 523.88 

90 0.9139110"3 1447.1+5 0*2091+00 1̀ 782193 

100 041+777xl0'"3 28i6.53 0,1151x10 1576.39 

110 0, 	"1x10 "3 ' 3616.23 0.6731x00 325 ti, 58 

120 0.1911x1O 	̀  30y'7,05 0,6581x10" 1 148520. 

130 0,2156x10 t 	: i   0.!+570z10 22376.37 

t 0,12.20x10'"' 878 `8'~, O3 0,2510z10 43838.19 

10 0.1220xi0.4 87858,03 0 i291fz10°l 83885,58 

1160 0,24 	50x10""6 289+356.00 O,7teOOziO "i 969932.10 

contd.. 



ME 

170 	0.2450z10*6  289356*  0.)+950x1O'"' 148225.90 

186 	0.21#50x1O 6  2891+356.00 0 2500zlO*' I  28571 2,80 
200 	0.5000x1 O' 105263150.00 0 5000x1 O `' 105263150,00  00 
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C I#F'ER .. III 

TWQ  

3.0. V. RODUC I0j 

The digital computer provides an effective means 

for evaluation of probability  of nimultancous forced outages 
for determining generator reserve requirement and for calculation 

of lose of load probability as a reliability index*  Arithmetical 
computations are reduced to a fair degree and enables an engineer 

to concentrate more time on technical aspect of the work. 

Brennen of al. (1) have discussed a method to 
calculate probability or capacity out igo for determination of 

system reserve requirements®  The procedure Is followed to 

obtain a cumulative outage table by adding one unit to an 

existing system, In the present investigation a computer program 
has been developed, the program docs the addition of various 
number of units at a stretch to an existing system and finally 

obtaining capacity outage table for various rounded values# The 
table thus obtained is combined with system load model for 

dotormining loss of load probability for a no 4intorconnected 

sy'et on,. 

As an illustration, the R orkee and Bareilly Area 

controls has been chosen and probability tables isitb the aid 
of digital computer TDCe312 have been developed. A yearly-peak 

load duration curve has been plotted after obtaining the relevant 



1+2 

data for Boorkcie (Fig.3„fl) and an approximate straight line 
curve has been assumed for Earcilly control (Fig.3 «'1) The 

loss of load probability for both those systems is then calculated 
assuming no. interconnection between them,. 

In the work that follows1 it has been assumed 

that the outage rate of all units is 0.029, so that p = 0.02 and 
t 0,98, All units considered are assumed to be of unit scheme 

type for each turbine generator or hydrogonerator, The value 
of p a 0,02 then applies to overall series arrangement of 

generator, turbine etc.. 

3. 1, BEP 	ATiV L1 - (Eoork oo and Bareiliy Aroa control). 
U, P. Sato Electricity Board has four area controls 

for the whole grid of U.P,pouor cyatcm. They are floorkee, 
Bareiliy,, Sshupur°i and Panki, with Iaaeknflw an central control, 
The generating units which coma under the Itoorkcc and Baroilly 
area controls are shown In !~ppondix-ll (Tablas I and 2). 

For making the procedure for calculating probabi-. 
lit  easier and also for making it simpler for computer, the 
smaller machines in both the systems viz, floorkee and Barei ly 
areas are grouped together, without losing much in [ accuracy. 
Arranging in descending orders# the system A and B can thus be 
shown in Table 3.1 and 3.2 shown below $ 



O. 
(,Syetin A - Boozkoe)  

Capacity ot Each $ Tota 	capacity 

t .) 7 60 s20 
(ii) 2 50 100 

(iii) 3 30 gv 
(iv) 2 25 50 

(V) )k 17 66 

(vi) 6 10 60 

Total No.ot Machines 	24 

Total installed capacity 	a 788 MW 

F.,0.B. 	- 0,02 

Table 32 

(System B 	Bari Uy) 

U) 	3 	 66 	 198 

(ii) 	 20 	 20 

15 	 75 

(iv) 	3 	 12 	 36 

Total No.of machines 	12 

'Total installedd capacity a 330 !4W 

F;, O1  R. 	a 0.02 
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Now , for system A1  the capacity outage tables were 

developed, First of all (1460 ) system is considered and a 

cumulative outage table developed for this is shown below. 

Computer programs are shown in Appendix. I, 

Abp 
Determination of emulative probability ̂ of occurrence 
of capacity outages. 

	

Capacity 	(14W) 	 Cumulative probability 

	

E 	 100000 

	

60 	 O 077631?1 

	

180 	 0,0000315198 

	

210 	 0,0000001599 

In a similar manner, we go on adding units and a combined 

probability table is obtained for the whole system as shown 

Ix table 3,44 below: 
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Combined probability table for System A with all units 
addod as tabulated by computer(. 

8*110.. 	0utago capacity 
	Cumulative probability 

15 

I 	0,00O000E 1 

2 	1.0000009+1 

3 2,000000E+i 

4 2! 50O0oOL- 0 

5 3.000000E+1 

6 3.500000E.1 

7 if.000000E+1 

9 5.000000E+i 

10 5.500000E+1 

11 6.000000E~1 

12 6 * 500000E. i 

13 7.000000E+1 

I')+ 

 
7,500000E+1  

15 8.000000E+1 

16 8.500000E+1. 

17 9,.000000E+1 

18 9.500000E+1 
19 1, 000000E+2 

20 	1 ,O500O0I.2 

21 	1,1 00000Es 2 

22 	1,150000E.2 

9 99988E.i 
3, 8If21 6Es' 

2 928)+05E.1 

2.I5563OR-1 

2.329961 1.1 

i s8 i51E'4 

I , 808802E-j 

I .727031Ei 

I.717383 1 

j .1f32362Esu 1 

a 2I 07E+*1 

If. 980038 .2 

if,963350E4 

3 iI5502r-,--2 
3,357335E.2 2 

2.51 589 5E.2 

2,327 303Eu.2 
I .58125ifE..2 

I o5If9666E.2 

1.19810IE42 
1.180932E 2 

686288E'.3  

contd..., 



2-3 1.200000E+2 711.53 	3I 	3 

2+ 1.250000E+2 2.91+7)+70E' 3 

25 1.300000E.2 2,875721#E3 

26 1.35Q0Oc 't2 I .8528 	E .3` 

27 1•. 	O0OQB+2 i .768702E+ 3 

28 1•.+5QO00I +2 1,095600E,-3 

29 1.500000 E b2 1.1+01997E.3 

30 1.550000E+2 6,60752=,-I+ 

31 1.600000E.2 6.398559 

32 1.650  0E.2 +iO4.91OE 

33 I ,700000E+2 3 988I62E .I 
3~+ I ,750©00E.2 2 09 +76E L 

35 10800000E.2 2 001510E-4 

36 1.850000 +2 9.07i999 E.'.5 

37 1,900000E.2 8.6036625 

38 1.950000E*2 5,233728E4u5 

39 2,000000I +2 +,846893E*5 

I 2,.0550000E+2 2e92299OE**5  

1+1 2, 100000E+2 2, 699 9 E'5 

42 2..150000E+2 1, 13300E 5 

4.3 

 

2.200000E+2 " 344049r,-5 

4 r 2„2500001 +2 ?.+3+275E'6  

45 -2-300000E+2 7.01381+E-6 

2.350000E+2 3.253203E-6 

107 2 	OQQOE+2 2.9923io 

8 2. ~+%O000E .2 1 „l+91277EN.6 

M 

contd... 



1+9 2 500000I+2 1•372649R4 
50 2,5500001+2 .8766?93x7. 

51,  2 600O00E.2 7,911-6609E,-? 
52 2+, 	9999E.2 3.73721)+Ea7 

53 2.7000003.2 3 1f3255?E*7 

51f 2.7if9999E+2 1..5 1 1+2 -7 
55 2.8000003.2 1.984 	3-7 

56 2.8if99993.2  

57 2.90 	03.2 6.21+9 73E 8 

58 2 919999E+2 2.930067E8. 

59 3.,C000003 +2 .05)+if?2E..8 

60 3.0if99 	3+2 I,01+11+ E 8 

61 3.10000032 9,302467B-9 
62 3.1199993+2 5,0668063 

The results 8h m in table 3.i were then 

ro desl acro .25 IW and 50 MW and the results are tabulated 

as shown in table 	 5 and table 3 2 
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b .i' 	. 

Computer tabulation of results for probability of 
capacity outage (25 tit rounding) 

so  110,, 

r+wriwr. 	_. 
Capacity out 1 	Probability 

. r w 

1 0,400000 	'# t . VOOb39 	i 
2.  2.5OOOOOF.1 1.31723OE 
3.  5.000000E+1 1.O44O3E.10 

I.. 7.500000E.1  

0 1.000000E+2 1,+2126E.2 

6 1.250000E+2 6.+ 	2651F.3 

?* 1.500000E+2 1.285i281!-3 

8. 1.750000E+2 3.6828E8E4 

9„ 2,,000000E+2 7 s72?875 '5 
10,  2,250000E+2 .1.501359 	4 

11,  2.500000E+2 2 «?% 1198 	6 

120 2,7)+9999E+2  44,1+52000 -7 

13. 3 «0OGO000+2 -,78000Ifi *B 

1 *. 3,24.9999E+2 0.000000E..i 



a 12 _= a 

(Rounding Across 50 MW) 

, 	Capacity out 	,' 	Probability 

1.  0.000000E411.1 7 4592̂ 	' 

2.  5.000000E,1 2,008389E 1 

1,000000E+2 4.$16 	E 2 

40 1.500000E.2 '+.79059)+E"3 

5 # ,,,000000E+2 2,689297E4 

,6. 2.500000E+2 1,0.858E..5  
76 3.0000 	E+2 ,503999E.7 

In a s m .lar manner, the results obtained by computer 

for capacity  outages and their corresponding probabilities are 

tabulated below for System B 

Tabic ." 

Cumulative Probability table for 66; 3 Mtn machine 

Capacity outage 

0.0 

66,0 

132.0 
19800 

rulrt ,ve probability 

'9 



Iibic s8 

Conbtned camputcr results fb r all units considered 
for system B 

	

I 	 r 

	

S,lio, j 	Capacity outage 	I 	Cumulative probability 

50 

1 0,0000OO 	i 

2 1 0 2000003+1 

3.  1.500000E.1 

4.  2.000O00+1 

50  2 ,) 00O00E+1 

6.  2.70O000L+1 

7.  3..0000001+1 

8 3*2000009+1 

9. 3.500000E9 
lo+  3.,.600000E+1 

110 	3,900000E+1 

12, 

 

4, 200000E+1 

13, 4,. t+00000E+1 

i4.. 	tf. 500000E 1 

15. t.7000O0E+1 

16. 5,000000E+1 

17, 5.10000rE+i 

18, 5.100000E+1 

19, 5.600000E+1 

2010  5.700000E+l 

21. 5.9000013E#1 

22, 6.000000E+1 
/7 © 6l 

LOTML LIURAJY UUIVE s1TY of 	DKR 

9 999988E.1 
2,1552829E 1 

I,67239i i 

8,7166Ui.2 

7,115150E-2 

7.017101 -2 

6 52685E 

6,200030E..2 

6,161982E»2 

5,93856+ 3-2 
5.9379005-2 

5.92?895E 2 

5.907885.2 

5 ,905883E-2 

5•.899213E. 2 

5,889209 2 

5. 882 538I -2 
5„8824y4. -2 

5, 882062E-2 

5.88201+9E.2 

5.881639 -2 

5*885).35-2 

contd.. 



23 . 6.200000E+1 

24. 6.500000E+1 
25, 6..600000E+1 

26. 6.900000E+1 

27,  7.100000E'i 

28,  7.200000E.1 

29.  7.1+00000E.1 

30.  7,.500000E*1 

31.  7.700000E+1 

32• 7. B00000E.1 

33. 8.000000E+i 

31+. 8.100000E 1 

35s 8•1+00000E.i 

36.  8.600000E.1 

37.  8,700000H.1 

38, 8.900000E.1 

39 • 9.000000E+1 

1+'0. 9.2000001+1 
41 9..300000E+1 
2,E  9, 500000E*1. 

1+3, 9.600 	0E+i 
191k, 9,800000E +i 

1+56 	9,900000E+1 

46. 	'.010000E+2 
1+7.4 	1.020000E+2 
48, 	9 O 000E+2 

5.881366E-2 

880959E-2 
55.880822E-2 

1.076)+31+E. 2 
I ;07 26E'.2 
I.076421 2 

I *076420E,.2 
1,O761+1IE 2 

I .07 61+1 i. E.  2 
1 .O761+03 ,.- 

7., 822573E.3 
7,822558E-3 
2.920121 E-3 

2,.920121 E.»3 

i#939633E.3 
1.939633Eu3 
1.939632E*3. 
t 8796O2E'3 
1*,87960YE..3 
1.5797+51 Es'3 
I 91+51 »3 

1,37935"1 E.3 

I.319322E-3 

1319322E-3 

1.219272E"3 

1.218861+E•3 

Si 

nnr :d_ _ 



1+9. 1.050000E+2 1.218861.E-3 

500  1.070000E+2 1.212738E 3 

51.E 1,0800009¢2 1,212738E-3 

52.  1.100000'9+2 1.aoo 87Pa,»3 

53.  1.'I 10040E+2 1 # 199262 +' 3 

54,  1,130000N+2 1 M 195178E.'3 

55,  1 +160000E +2 1.189053E .3 

56,  1,.170000.2 I .181+969E.3 
57,  1,19000O 	2 1,181.928E-3 

58,  1.2000OW42 I.184928E 3 

59,  I . 220000E.2 1.18+677 	3 

60. 1.230000E.2 1,1 8l+669E..3  

61, 1.250000 ,.2 1,1844191••3 

62,, 1,260000E.2 1,11+291+E.3 

63, 1.280000E.2 'f * 1$4?52Lp3 

61+ 1,310000E.2 1.1$1+fiO21..3 

65, 1 * 32C000E+2 1,, t $39 9 	3 
6. 1, 35OOOOJ+2 2.0 3  5I 56E -1+ 
67. I «3700008+2 2.0351 O5E.'1+ 

68, 1, 38Ooo01 +2 2.Q35O97E + 

69. 1.1+00000E.2 2.O35072&1+ 

52 
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Table ' .9 

Computer tabulated results for probability of capacity 

outagos for 25 MW rounded values. 

Sob. 
.,. 

Capacity outage 
2 _.. 

# 	Probabi 	.t 

i • O.00OOOOL' -1 8 i.. 	71 OE+ 1 

21 2 • 500000E+i 9.381131 E«2 

3. 5.000000E+1 1.969920E-2 

4, 7,500000E+1 3,7?6218E27 

5.  1,00000x1+2 2, 553600E'.3 
6.  1,250000E.2 ?,9"'r 3968E-If 

7,  1.500000L+2 3.956056E.If 
8,  .1,750000E.2 9.1247960-6 

3.2. DETERMINATION Q OSOijAD R©B A 3 I 	. 

For the system A, we have probability of capacity 

outages shown intablo 304, The table does not indicate tho 

probablo ions of load9 but confines itself to loss of generation 

only. In order to know what is the probable loss of load, the 

load duration curve for the system must be combined with the 

formation relating to the probability of capacity outage. 

The first piece of information required is a 

kno4odge of the shape of daily peak load variation curve for 



the system. If for • a given year the maximum hourly load that 

occurred each day were known, those could be rearranged so 

that the largest value was shown as occurring on day 1, the 

next largest on dh ► 2, the base load existing for the whole 

yoar. In this study, the maintenance has not boon considered, 

an in our Countrr, mantonance is never plam.nod, and it is 

done only when the machine is on forced outages The load 
duration curve for ibooe Area control is shown in Fig.3.0 

From table 3.5, the probability for capacity outage .foxy G.0 

in 0,,6800639. On the load duratio i curve in I ig 3,,O,, the 

corresponding time in days for this outage ' 0,0 days.. Hence 

expected loss of load is .oro for this outaGe. Similarly, 
corresponding to 75 14W, out ago the probability  i s 0.061141+21+t  
and time corrospondinC for this outage is 30 days, The 

expected load togs is thus PK  ' K  a 1.833'+ days Tho summation 

of all values of loss of load thus obtained for aU the 
values of capacit' outages shown in table 3 5, gives the total 
expected loss of load for the whole year The values thus 

obtained for system A is tabulated In Tables 3,91, and for system 

B in Table 3.92, 



loss of load probability for Eoorkoo Area - 8ystcm A 

Capacity 	Probability 	Tito (days) 	1ptod load 
outago 	 (pg) 	 t' 	o 

00014W 0,6800639 0 0 
25 14W 0,1317230 0 0 
50 000"53 0 .O 

75 0.06114424 30 1.8331+ 
130 0*011+27126 12 0.5993904  
125 0,0066 2651 75 0.198195 

150 0,001285128 105 0513)+9355 

175 0.000368288 135 0.049707 

200 0.000077278 150 0.011580 

225 0.0000150136 202 0.00303 

250 0.0000027561 232 0.00062 

275 0,..00000044520 218 0,0000992 

300 0.000000028 262 728„36110" 
.000072836 

55 

Expected load loss PKtK 	3#1354059 day 



Lose of load probability for Hareillyw Area -• System B 

Capacity 	 Time in days 	Expected load 
outage 	 lose POK 

0 a.$ 	.97i 0 0 

25 0.09301131 0 0 

50 0.0196992 0 0 

75 0.0377622  11 0.4153842 

100 0,0025536 60 0.153216 

125 0.00079739 11+7 0,1172178 

150 0*000395606 210 0.083076 

175 0o000009125 277 .00252€ 7 

erected lose of load 	ptK  a 0.7714147 

The expected load bee for the systom A acrd B 

are respect1vo r. 3.135)4O59  days/year and 0.77i+1+7 . days/year. 

If the cumulative probability values were used, the results can 

be show , to be the tae,, 
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APER   

PROBABI LI WIC ELALUA ION OF iE LJJLBX ULOR 4EflCOEcT 

4000  IrEODcpt.  

The tenofits of interconnecting two power systems 

or areas to form an integrated power pool, derive from (a) inter. 

change of energy (b) gain in the reliability of the generating 

st0P38 when an intarconnoction is constructed. 

The oxtonsivo development of interconnections has 

boon due to following advantages : 

(i) Reduction in Installed r ssor7o 

(ii) Reduction in Spinning Reserve,, 

(iii) Economy loading of largo unit sizes 

(iv) Otaggering of capacity instal .ation. 

Provious r,  the application of probability methods in power 

system planning had been primarily in the area of planning 

generating capacity requirements for single integrated power 

aystom 	The ovaluation of loss of load probability for 

intorconnocted systems is a more complex problem. The introduc-

tion of a tic line between two previously unintegrated systems 

to form a power pool generally has the affect of reducing the 

loss of load probability in each of the systems and reducing the 

total generating reserve capacity required to maintain a given 

reliability ,ovol (23 ) 

r 



..1 •  G RATING CAPACITY  RESERVE Q1fi1EI4U Fit 	E OidNECTED 
8Y48.  

The concepts used are based on use of daily capacity 

margin characteristics of single system. Such a characteristic 

can be developed for a futuro period by inter-rclating daily 

peak loads and available capacity for particular ported, consi" 

daring maintenance as well as forced outages. This characteristic 

can ho expressed in two ways I as a probability density 

distribution of the daily generating capacity margins or as a 

cumulative probability distribution of such margins (Figs. 4.9 and 

The basic density distribution of daily capacity 

margins (Fig. I#.I) defines the probability of occurrence - which 

can be expressed in p*u„ of time or in days per period of each 

dais capacity deficiency or surplus expected to occur during a 

given period. For a given power system, the curve for ,.g. r.2 

e lcv indicates measures of reliability as indicated in Fig.If.3, 

useful for evaluating generating reserve capacities. 

Tho capacity deficiency occurs only if no remedial 

measures are taken, making the system to depend upon various 

supplemental resources of capacity available to the system for 

emergency purposes. Such supplemental capacity may be supplied 

either from within the systems  as in the case of intorruptible 

load curtailments or ootra load capability o ' gcnerator89 or 

.tr external sources, such as emergency back up from neighbouring 



CAPACITY 	-- 0 t-  CAPACITY SURPLUS 
DEFICIENCYr__  

FIG.4.1 PROBABILITY DENSITY DISTRIBUTION OF DAILY GENERATING 

CAPACITY MARGIN. 

_.. —o 
GENERATING CAPACITY MARGINE 

FIG.4.2 CUMULATIVE PROBABILITY DISTRIBUTION OF DAILY 

GENERATING CAPACITY MARGIN. 

M 



TOTAL No. OF DAYS OF 
	

AGGREGATE MW DAYS OF 

CAPACITY SURPLUS ____ 	 CAPACITY SURPLUS 

AGGREGATE MW_DAYS OF 
	

TOTAL No. DAYS OF 
CAPACITY DEFICIENCY 
	

CAPACITY DEFICIENCY 

FIG.4.3 EXTANT OF CAPACITY SURPLUS AND DEFICIENCY FROM 

CUMULATIVE CAPACITY MARGIN DISTRIBUTION. 

	

~ mq 	 TAB 	 mB 

	

p(mq) 	 TBA 	 p(mg) 

FIG.4.4 TWO INTERCONNECTED' SYSTEMS. 
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systoms via ftitorconnections, Thoea capacity surpluses aro 

on the other hands  a measure of systems potential ability 
to aceomodate the capacity deficiencies of neighbouring 

utilities. 

.,,11 .  Two Interconnected p'stems:-' 

(A) General Concepts : •- The basic capacity-margin distribu- 
tion curvac for each system is developed in the exactly saint 

manner previously described ibr 1- system. The likelihood of 

occurrence of a capacity deficiency on either system must 

then be correlated with the availability of surplus capacity 
by the other. For the two system group shown in Fig.)+.l,,, the 
effect of either system on other depends upon (i) the trans 

mission capability limitations between systems A and B 
(T • T), (ii) the nature of the cpucity margins in 

systems A and B, In terms of magnitude and likelihood of 
occurrence and (iii) the diversity of capacity margins between 

the two systems, 

(B) Determination of overall capacity,- Margin characteristic;- 

Fir the simple two-systems interconnected configuration in 
if it is assumed that no transmission constraints 

are present o  the probability of occurrence of a given overall 

ndt capacity, margin#  I 14W'a, is determined using the familiar 

convolution equations as follows 



r9 

P(m cK) a Z P(rA) P(mD) 

for allMA+m3 a 

or 
P(r OK) a 	P(m1) P (mBs 1Cu rn'p) 

for all MA  

shorn P(mA), P(m8)O, P(m ) represent the Probabilities 
ass ,utod with the discrete capacity margins mAO  mB  and MAB 
In systems A, B, and overall area Afl xeap..oct .vely. 

If continuous rather than discrete probability 
distributions are used,, than equation ()+.2) becomes 

W ) ► f PA(MA) PB  (K-r A) dmA  

for all W A 	 •s.*......***.,...,.. ♦ ," 

fro r ' P B  and p represent the probability .ty density 
distribution of capacity margins in ,system A B p  overall area 
AB etc. 

The convolution process (as seen from equations 
4*19 )S2 , I.3 provides a mean for evaluating the benefits associated 
4th ut .lisi,ng the interconnection,  normo r a do roaao In capacity 
do cienulos ,hich vould otherwise -occur in the two  systems if they 
wore not Interconnected, and thus unable to assist each other 
during times of capacity deficiency. 
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(C) Determination of the interaction effect on each system :- 

'he condition process permits the evaluation of combined 
effect of both 6 systems upon the whole area, but evaluation 

of effect of interaction of either system upon the other is 

also required. Whenever one of system Is in danger of Incurring 

a capacity deficient ', the other system 'would provide emergency 
capacity only to the extent possible without jeopardizing its 
o reserve situation*  Consequently, emergency capacity would 

be transmitted over the interconnection only in those instances 
when a capacity surplus exists in the sending system and a 

capacity deficiency in the receiving system. In all other cases, 

that is when both systems have capacity surpluses or when both 

are deficient $ the reserve capacity margins are retained and 
no transfer of emergency power would take place*, 

In Fig.4.5,, such interactions are summarized assuming 

no transmission constraints. The shaded regions of the arrays 

represent the situation In which capacity deficiencies still 
exist even after interaction between the two systema has 

occurred. 

From the array of possible capacity margins (Fig,4.5) 

for system, At  the overall likeithood of any given margin 

resulting from interaction with system B can be determined, as 

indicated by following 
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For positive margins in Sy8tem A s- 

P(mA K) w Y(mi'*K) 	 + 	 p(mA) P(mB) ......... 

K >0 	 for all 	for all :mB <O 
K 

For negative margins in 8ytem A low • 

p{mA K) a p(m f). 	p(mB) 	• 	p(tn4) p(rB) 
B 

K 4 0 	 for all 	for all m8 > 	... w 14  
mB O mmB 10K 

For Kau-MW margins in system A I- 

P(MAB o) +* p(m0) + 2 p(mA) p( mB) + 7- p(n) P(Ifl ) 

for all mA> 0 	for all mA &O 
mB40 	mB(mA) .,...f b) 

mA` (mB) 

where mA and mB ---- ~ capacityr margin of A and B 

prior to interaction 

MAB - capacity margins on System A as modified. 
by effect of interaction with `$tem B. 

P(mA) p(mB), p(mom) a Probability of occurrence associated 
with mAt mB# mAD« 
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A similar set of equations also appy to system B. 
The first term in each of above equations represent the events 
in which the original capacity margins are retaij ed in system A, 

ale the other terms correspond to those events in which 
capacity margins are modified as a result of interaction with 

`stem B 

In the above analysis#  the effect of transmission 
that exists and is an important aspect of overall evaluation of 

generating capacity reserves has been neglected. The numerical 

determination of such effect . is made by use of load flaw studIes 

stability analysis etc* 

*2, iO4BILITX'.0 IE&JOt TWO 8Ti $ 

The less of load roach can be appliedeasily to a 
two system interconnected study,* Assuming *o transmission 

limitations and that each system will share deficiencies equally$  

then the total generating capacity can be used to develop 

combined capacity outage probability table. This can be then 

combined with load duration model to obtain LO LP for the 

two systems , while analysing two interconnected  syste s, it is 

impractical to adopt 'one companyconcept', hence to maintain 
the identity of the generating facilities in each system., two 

dimensional array of probabilities cover ng the various 

simultaneous outage levels in each system is maIntained, 



1'ar. our 	to Ins A and B (Boorkee and Baroi,l Area) 
(Boo Apps dix- l), and simplified form as shown In Tablas 3.1 and 

3,2, The table 4,21 shows the individual system capacity 
outage probability tables, as obtained by computer. 

Capacity outage probability tables for systems .A and B 

yatciA 
Capacity 	Probability 
outage in 
MW 

an 
Capacity 	Probability 
outage 

E 

25 

50 

75 
.100 

125 

150 

175 

200 

225 

250 

275 

300 

0.680064 

O131723 

0.1014405 

.0611 

#011+27126 

• 00661+265 

*00128512 

•00036828 

•000077278 

*000015013 

.000002756 

.0000001+1+5 

*0000000278 

10 

25 
50  

100 

125 

150 

175  

.8 171 

.09381131 

60196992 

.0377622 

•0025536 

.00079739 

*000395606 

.000009125 



In tab .e 4.229  the probabilities of simultaneous 

capacitor outages are shown, and all values less than 10 8  have 
been. neglected. For example, the probability of 75 MW outage: 

service in systen A and 50. MW outage in system B is, 00120I49 
at some time in future. 
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1+.3, 	t8 '' 	? 9A ' 

The probability array shown in Table t,22 cocas not 
provide a useful risk index until it is combined with the load 

model in a much similar wuy as In a single system. 

Assume the load duration curve shown 	 ? .3.O  to 
be divided into three straight line segments*  Take the average 

load for each segment and find the corresponding number of days 

for which it persists* Taking this average load ftr the system 

we find the systems reserve capacity (soya Fig,l.6) Ass „ng 

the interconnected tic line capacity as 25. MW1 , 50 14t o  and 75 MW 

succdasivoly,, we find the expected risk level for each segment 

of a system, The summation of risk levels for the throe segments 
will give the combined expected risk for the system A.. We can 

proceed in a similar faihion for system B. 

(A) It the firm capacity of the interconnected tic line 25 
1*1 and assume a negligible probability of ou° age, Under those 

conditions a load lose array can be created for oath system as 

shown in tables )+.31 and ) 4.33. 

(a) I'or segment AB (sea FIgo 16) 

Tie line capacity 25 IN 
Average load 	. 665 MW  

installed capacity a 788 14W 

Reserve capacity Is 123 MW 

Days !tI1 	150 days 

The table ,3i (a) gives the lose of load in system A for this 

average load.. 
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(b) For second segment BC 

Installed capacity 	a 788 MW 
Average load 	a 575 14W 
Time 	 = 75 day's.. 
iesorao capacity 	= 213 7 

Tabla 4+3i(b) gives loss of load in System A for this average 

load in segment BC. 

f c) For third segment D 

Installed 6apacity 	a 788 MW 
Average load 	a 460 14W 

Reserve capacity 	-* 328 MW 
Time 	 135 days 

Table 4.31(c) gives the loss of load in system A for this 

average load., 

Tho loss of load array is shorn in table i.31 for 
oystcm Av  where it is assumed that system B will assist A upto 

the point at which B suffers load curtailment. The matimum 

assistance is limited to tho 25 M tIc capacity, For ozamplo 

considering the 150 MW capacity outage row in table 1f,31 A, 

150 MW out in A and "04  out In B,. means 27 NW outage in A; 

assistance from B a 25 MW.  Benda load curtailment in 

Aa2 

rz 



150 MW out In A and '25' MW in B g  assistance from B a 25 MW. 
Banco load curtailment in A 2 MW, 

150 MW out in A and 150 MW out in B, No assistance from 

system B. Hence load curtailmc t in It a 27 MW 

('etc $ etc.) 

The rest or the values ak-o obtained in table 4„31 and 4.33 
likewise, In table '&.22,,9  the probabilities are given associated 

with each of these load lone donditions.. The values which 

correspond to actual load losses have boon repeated and are 
shown in tables If,32 and t,3s. The probability of any loss of 
load in the given day for system A is the cum of values given 

in table 4433 and similarly In table 4. 31+ for system B. If it 

wan required to find the oxpcc od load lose in MW , the probabili- 

ties of. tables )+.32 and 1.3 would have to be multiplied by the 

corresponding load losses In tables 4.31 and )+,33 and then 

summed.. The peak load for the day is assunod to represent the 

system load for the entire day in either cane. Laing the 

probabilities in tables 4.32 and 4.34 gives an expected load 

loss f'br system A of 2.7069075 days and  for system B 0,02535 days, 
The system risk expectancy on a day basis for each system 

considered on a non ntcroonnected basis can be obtained from 

capacity outage probability values in table 1#.21. The expected 

value is equal to the cumulative probability of the capacity 

outage exceeding the reserve:, 
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Out 0 	25 	50 	7 	1 100 	125 	150 	11 175 

iiiiiii 	1 
0 0 0 0 .0 0 0 0 0 

25 0 0 0 0 D 0 0 0 

50 0 0 0 0 0 0 0 0 

75 0 0 0 0 0 0 0 0 

100 0 0 0 0 0 0 0 0 

00 00 X25 
 

0 02 2 

150 2 2 2 2 2 12 27 27 

175 2? 27 27 27 27 37 52 52 

200 52 52 52 52 52 62 77 77 

225 77 77 77 77 77 87 102 102 

250 102 102 102 102 102 112 127 127 

2 7 512 7127 - 	12 712712 713 7 13? 
- 

137 

300 
- 

152 
__L 	..__ 

152 152 
- 

152 152 
- 

162 177 177 
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(b)  '`j i._!3ego  

I 	i 	t 	# 	I 

out 1 0 	1 25 	1  50 	1 75 100 J 125 1 150 	175 
1 	. 	 ± 	

1 	

1 	1 	1 
out 	, 	:  

0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 

50 0 0 0 0' 0 0 0 0 

/ 	
', 
	

75  0  0  
0 00 

0  0  0  

100 0 0 0 0 0 0 0 0 

125 0 0 0 0 0 0 0 0 

150 0 0 0 0 0 0 0 0 
175  0  0  0  0  0  0  0  0  

hew r 	 «.. K—M 

200 	0 	0 	0 	0 	0 	0 	0 	0 

225 	0 	0 	0 	0 	0 	0 	12 	12 

250 12 12 12 12 ' 12 22 37 37 

X7'5 37 37 37 37 37 1+7 
nw+PpTM+iFr 

62 62 

300 62 62 62 62 62. 72 87 87 
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(b) For C;gient BC 	 stem B 

MW 
out 1 0 2.5 	50 	75 j 100 	125 1 150 	175 I 	I 	I 

0 0 0 0 0 0 0 t 10 

50 0 0 0 0 0 0 0 10 

75 0  0  0 0 0 0 0 10 

to 	t Utl 	
_ 

0 0 0 0 0 0 0 10 

A 	125 0 0 0 0 0 0 0 10 

150 

200 

0 

I--
0 

0 

_ 
0 

0 

0 
0 

0 

0 
0 

175 
 0 

9 

0 

0 
0 
0 

0 
3 
0 

10 
10 
'21 

225 0. 0 0 0 00 10 35 
2550 0 0 0 0 0 0 10 35 

275 i !p n 0 0 0 10 35 
300 0 0 0 0 0 0 10 35 
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11+ 
(A) load loss probability in system B 

Mai 	 i 	t 	I  

out 0 25 f 50 ; 75 	100 J 125 	150 	1 	175 
MW 
Out 

0 *0000619 

25  .119867 

50 .0000095008 

75 *000005563 

100 ,00000145 

125 
	

*0000262783 	.00000023 

150 	 .00000508 	.00000041 

175 	 .000001.56 

200 

225 

'5 
300 

Total expected loss in load  
probability 	.0001236 
Time T.~ 	a 150 days 

P1 TI 	I a O,01854.  
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(B) load loss probability in system B (segment 8C) 

out 0 	25 	50 	75 1100 1 125 	150 	175 
Tal' 

0 .0000619 

25 .0000119867 

50 *0000095008 

75 .0000055639 

100 .000001298 

125 ,000000604. 
........... 

150 ,00000011 69 
.~...r. 

175 

w 
225 	:: ____ 

250 

275 

300 

p2 	a .0000908 

T2 	0 75 

.4" PT 	00681 



0 

Total expected load loss in system ,l (25 MW tie) 
ar ,,M54 + ,00MMi 
a 0.02535 

Table 1,35 

Tie  ca1pacity..". 5 3 MW 

(a) ftment AB 
Loss of load in system A 

System. B 

km 

MW' 	j 
out 0 1 25 

r 	1 5075 1 100 1 125 ; 150 1 175 

0 0 

0 

0 

0 

0. 

0 

0 

00 

0 0 

0 

0 

0 
0 

0 

75 0 0 0 0 0 0 0 
- 	-,r- 

0 
- 

100 0 0 0 
W -*W 

0 
- - - 

0 
:- 

0 0 0 
►stem 125 0 0 0 0 0 0 2 2 

A 	150 0 0 0 0 t 22 27 27 

175 2 2 2 2 12 37 52 52 

200 27 27 27 2737 62 77 77 

5 52 52 52 52 62 87 102 102 

250 77. 77 77 77 87 102 127 127 

275 102 102 102 102 112 -127' 152 152 

300 127 127 127 127 137 152 177 177 
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(b) 	 jment BC 	Ions of 1c►ad in system A 

system B 

1.1d ' 	I 	I 	1 	E 	I 	I 
out 1 0 ; 25 	50 t 75 1 100 1 X 25 	1 o 	17 5 

4W 

0 
MflllA w. .1w 	M 

0 0 0 0 0 0 
',,.~ 

0 0 

25 0 0 0 
_ 

0 0 0 0 
 wK+Mwr 

0 

o. 	50 
tern 

0 0 0 0 0 0 0 0 

A 

100 

0 

0 

0 

0 

0 

0 

0 

0. 

0 

0 

0 

0 

0 

0 

0 

0 

125 0 0 0 0 0 0 0 0 

150 0 0 0 0 0 0 0 0 

175 0 0 0 0 0 0 0 0 

200 0 0 0 0 0 0 0 0 

225 0 0 0 0 0 0 12 12 

250 0 0 0 0 0 22 37 37 

275 12 12 12 12 22 37 52 52  

300 37 :17 37 7 1+7 72 87 87 
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Total pected lose of load ln6 retem A 	* 0*5888+ + .002235 
(50 nw)  0.591075 

Fable 4..37 
„ _am 	- 108s of load I ith segment AH of System A 

(a) 	System B 

out ; 0 1 25 	50 i 75 ; 10O y 125 1 150 	175 

0 	© 0 0 0 0 0 0 0 

25 	0 0 0 0 0 0 00 

ys e~mt 	0 	U 4~_ 4 0 0 0 n 0 
..,..2....M._ 	o a 0 0 . ....,. ,,....» 
J90... ...... 	......._ • Q... 0 0 a Q...~...~.,.»..Q....,....._. .~ ........,_..~ 

? 	0 ...._ Q o,....__.._.Q ...._..............,~ .... 	...... 
.1.50 	? 0 	.. 0_ —  ._~ Q' Q 1 Q . 	M. 3~z:..~.....~ 

0 i0 ...Q ..,.... 0 0 10 	 ....... 	,......,_ ., 
20th 	0 0 0 00 0 10 35 

225 	0 0 0 0 0 0 10 35 
250  0 0 0 0 0 0 10 35 

275 	0 0 0 0 0 0 10 35 

300  0 0 0 0 0 0 10 35 



(b) For segment BC 

System B 

025 	50 , 	75 1  100 	125 	150 	175 cut l 	 I 	 i 

0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 

50 0 0 0 0 0 0 0 0 

75 0 0 0 o 0 0 0 0 

Ssi 	100 0 0 0 0 0 0 0 0 
tern 	125 0 0 0 0 0 0 0 

A .,.. , _ 

150 0 0 0 0 0 0 0 0 

175 	t 	3 	0 	a 	0 	. 0 	0 	0 

200 	0 	0 	0 	0 	0 	0 	0 	22 

	

0 	1 a 	35 

250 	0 	0 	0 	0 	0 	0 	10 	35j 

275 	0 	0 	0 	0 	00 	10 	35 
300 	0 	t 	0 	a 	0 	0 	10 	35 



less of load probability in system B (segment AB) a .0000348 
150 

.0052204 

Loss of load probability in cyst  B (segment BC) a 0*0 (negligible) 

. Total expected lose of load In system B w 0#0052204 

The t 8 
Tie Capacity 75 MW ! » loss of load In System A 

(a) 	l timet Al 

out 1 0 1 2 5 1 50 '1 75 1 100 	125 	150 	175 
MW 

0 0 0 0 0 0 0 0 0 

2'5 0 4  0 B 0 a 4 D 

50 0 0 0 0 0 0 0 0 

75 0 0 0 0 0 0 0 0 

tern 	100 0 0 0 0 0 0 0 0 

A 	125 I 4 U 0 3 0 2 2 

150 0 0 00 0 12 27 27 

175 0 0 0 0 12 37 52 52  
200 2 2 2 12 37 62 77 77 

225 27 37 62 77 	. 102 102 

250 52 52 52 62 87 112 127 127 

X75 77 77 77 87 112 137 152 152 -- 
300 102 102 102 112 137 152 177 177 



(b) 	a ej 	- .loss of load in A. 

f 	 t 	 f 	# 	 1 	 t 	 1 

out 	a 	25i 50 	75 	10 	125 	150 1 1755  

} 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 ► 0 

50 0 0 0 0 0 0 0 0 

75 0 0 0 0 0 0 0 0 

100 0 0 0 0 0 0 0 0 

125 ( t ! 0 { 4 0 0 

150 0 0 0 0 0 0 0 0 

175 0 0 0 0 0 0 0 0 

200 4 00 0 0 0 C 

22i 0 0 0 0 0 012 12 

250 00 0 0 0 22 37 37 

275 0 0 0 0 22 47 62 62 

Sat 12 12 12 22 47 72 87 8 
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loss of load in a rstem B (T'ie w- 75 NW) 

(A) 

out 	0 
t 

25 
a 

50 75 100 
i 

125 150 175 

25 a 0 0 fo 0' 0 0 0 
50 0 0 0 0 0 0 0 0 

75 0 0 0 0. 0 0 0 t} 

100 0 0 a 0 0 0 0 12 

1250 00 0 0 0 '0 35 

150 0 0 0 0 0 0 10 35 
o 

200 0 0 0 0 0 0 10 35 
225 Q 0 I ( 0 T:bILio 35 

251 
WHIN... 

75 

0 
-_. 

0 

0 
00 

0 
NST 

0 

0 
0 
0 
' 	 o Mw_MNM-+ 

0 

0 

10 

10 
35 

35 
300 0 0 0 0 0 0 10 35 



(B)  r segment BC 

1?yatem B 

• 
out 0 	25 	50 	75 1 1010 	125 1 150 1 175 

0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 

50 0 0 0 0 0 0 0 0 

75 0 0 0 0 0 0 0 0 

125 0 

.0 

0 

0 

00 

`stem 	10o 
 

0 a..... 1 

Q 

0 

0 

0 .... 	- 
0 

{ w..._......,..~. 
0 

15O 0 + 4 0 0 0 0 0 

175 0 0 0 0 00 0 0 

200 0 0 0 0 0 0 0 0 

225 0 0 0 0 0 0 10 35 

20 0 0 0 0 0 0 10 35 

275 0 0 0 0 €7 0 10 35 

300 0 0 0 0 0 0 10 35 



loss of load probability in System B (segment AD) a 0.000031+8 
150 

PIT, o 0026102x2 
a 0.0052201+. 

Lass of load probability in system B (segment ) = 0.0 (negligible,' 

The table 4.,5 Show$ the final tabulated results, 

Expected loss of load in days individual system 

	

System A 	311351+059 

	

stem B 	0.7711+11+7 

to 

to  a 

2#7069075 	0,591075 
	

0.1235175 
0;02535 	0:0052201+ 

	
0.0052201+ 

The values shown in the above table represent the 

expected contribution to the total risk for a year considering 

firstly the individual systems aeparatelyo  and then by inter 

connection by a tie line of 25, 50 and 75 : respectively, 

1•,I. 	1J ITS U19 TO NTER00NNE g 

Table 4.5 indicates that the expected loss of load 

in days decreases if we interconnect two systems than by 

letting it remain noninterconnectod. Handy the load carrying 

capability of the combined system as well as Individual system 



increases., Interconnection benefit to a system can be defined as 

the corresponding increase in lad carrying capability at a 

specified risk level. 

The effect of varying the interconnection capacity 

between the two systems A and B has been studied, tor2 MW, 50 MW  
(a,b) 

and '/5 14# as tie capacities, Fig, f.7 and table )+,5 show that 
as. the tie capacity Increases, the risk in each system decreases 

until it reaches a point at which any increase In ti capacity 

has no further effect This point is a function of operating 
reserve In the two systemst the load models and the generating 

capacity models, This point is designated as ' .nf'inIte tie capacity'  

(35) This is clearly seen In "t . ,7.(a, b). 

l*,5. B _AtAtTr EU° W ION I MOI S THAN  TH  

The method employed to evaluate risk levels for 
two systems which are interconnected can be suitably extended 
when a third system Is added,, An assistance probability table 

of the third system can be obtained which contains the different 
capacity assistance levels each of which has a probability of 

availability. The table is developed using the capacity outage 
probability table, the available system reserve and the tie 
capacity, For a given capacity on outages. the assistance is 
equal to the difference between the operating reserve and the 
capacity on outage or the tie capacity whichever is less* The 

probability of this assistance is the probability of the capacity 
outage itself, For instance, in the figure 4.8, It system .A is 

QEUTRAL LIBRARY UN!YERS!TT OF ROOR~'F° 
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connected to systems B and C, the risk level in system A is 

obtained using the combined capacity model of systems A and 

B, adding the capacity assistance from system C to system A 

directly, and multiplying the expected loss of load by the 
probability of the assistance from system C. The sum of the 

products obtained for all the levels in the assistance probability 

table of system C 13 the risk in system A (35). 

The description of this method considering an 

hypothetical example Is not attempted here#  since they are 
lengthy and involved, and can be easily obtained In the 

references. 
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WL- 

5.1.   

The apparent superfluity of the probability 

method has been disproved in the preceding pages and some of the 

very basic probability theory necessary in the study of Generation 

reserve capacity and interconnected power systems has been 

discussed. The utilization of probability teohniqued permits all 

the pertinent parameters to be incorporated into the analysis 

of system reliability, 

In the typical case of system generating Capacity 

reserves  the problem not only concerns the risk of outage#  but 

also the economic balance between generator reserve and tie 

capacity' in providing against local outage concentrations. The 

generating equipment tend to go through the general breaking-in, 

useful life and wear out phases. The useful life period can be 

extended considerably by preventive maintenance$  and many utilities 

are now oorr rencing to collect data on equipmentwhich has progressed 

well into its useful life. 

Methods have been discussed to obtain reliability 

indices to complicated probability calculations for Generation 

reserve and interconnections,, But the actual expectation for 

any one year or even fur a period of few years will vary considerab«» 

ly from the most probable mean value.. The reliability index or 

design standard that can be used in future studies is that value 

obtained after intensive study of the present or past system and 



9!4.  

found to be satisfactory under these oonditions(35). 

The capacity outage probability tables developed 

for two practical systems A and B (Chapter Iii) were as a 

result of calculations done by digital computer T -312. the 

programs for which were developed and are shown in Appendix 1. 

The programs can be combined and further extended for calculations 

of risk levels for two systems but for the limited memory 

locations for this computer. 

The application of probability methods for an 

interconnected studr provides an analytical approach which can 

include all the factors for reliability assessment, as shown In 

Chapter IV. For a two-system analysts, it has been shown that 
as the tie capacity increases,, the risk in each system decreases 

until it reaches a point at which any increase in tie capacity 
;0 5I 

has no further effect (Pigg+.? ). The approach can be extended 

for more than two systems or for whole U.p wer System, but 

this is not attempted here as it would occupy time and space 

as the present work itself, 

52.  . UGGE ION u O.Ei FM.HER WORK. 

in this dissertation, two practical systems have 

been considered, and the reliability index has been evaluated 

considering the systems individually, and then on an inter- 

connected basis, The assumption$ made$  regarding tie line 

outages no negligible implies that the tie-lines are somewhat 

oversized when judged by the reliability standard set up for 
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the power supply. For two interconnected systems, this would 
not introduce any appreciable error, but if the studies are 

confined to more than two systems, this assumption is not 

justifiable and would Introduce errors. This points out the 

heed for collecting more information on tran3mission component 

outage. 

Furthermore, the problem fare more than two systems 

or for a whole UP,, power system would become quite comprehensive 

and tedious„ The need_ would be recognized for Improvement in 
the outage factors applied to the many components of generation 

and transmission systems for which reliable dates have to be 
made available, It viii be indispensable to develop general 

Computer prorama to Calculate the risk levels for the combined 
system as a uhole9  as yell as individual systems, which would 

require greater dimensions in the programs  greater card handling, 

punching#  compilation and hence consume more of computer  time. 

In the course of time when a national grid is 

ormad, installed apaiiy would increase considerab: ,, the 

necessity of solving system reserve and interconnections problems 

and measuring the ac me reliabilities in a scientific manner 

will be felt* It would be In the interest of Indian Power 

companies to keep themselves abreast of the new developments on 

this aspect of the problem, as a lot of active research work 
has been published and is going on in U. S, where the problem 

has already been tackled effectively. 



APP1~t4UI C -. A 

4 TE P1{GRAM8 • 

C C 	PROBABILITY CALCULATION F 1VA~?' AVA 

DIMENSION CAP(30)s CUMMP(30),, CA(2) PA(2), AP(30), 

RCUM(30), PR(iO), CO(iO),, CI(iO), ,NUO(10) 

READ TC, FOR, NI, ACAP 
WRITE 121, TC, FOR, . Ni, ACAP 

1211 	FORS (/,$$,E, 9 $$)S, E,, l I l6 , Is $$$3, 3) 
125 	FORMAT (/,$S$, id, I, 1S $$$, i) 

VAa N1 

1 0 1 

CR 0 1.0 

AM + 0.0 

M *0 

"JO(I) * 0 
CO(I) a A14 * ACAP 
CI(I) TC.CO(I) 

PR(I) * CR * FOR *' 14 * (I • .FOR) ** NA-N) 
AN = Ni 

N a Ni 

DO 110 Me, I O N 

LmI  

I a 1+1 
AN w N 

TRaM-1 
nuo(i) a L 



9? 

CO(Z) ' ACA,P * AN 

CI(X)a  TC. cO(I) 
CR a CR * (AN-TR)/!N 

PR(I) a CR * FOR ** 14 * (1 .POR) ** (NA-M) 

	

110: 	CONTINUE 

WRITE 1100 

	

1100: 	FB RAT ("PROBAEILITY NO OF UNITS OUT CAPACITY OUT 

CAPACITY IV' / ) 

LM 0 1?+ 

DO 4O K a 1, I2!  

WRITE 30t PR(K), NUO(K), CO(K), CI(K) 

	

30: 	FORM (E 	d~6 d S ", it "I$ ", x 	f 	"p1,1) 
1 CONTINUE 

END 



C C CCM PROB CAL 81U VASAVA 

DIMINSION PR(i5), CU:4P(15), CO(i5), Ci(y), CAP(15) 
READ 114 

DO 99 1 19 LM 

READ COW, P11t.I? 

CONTINUE . 

L 0 LM 

GUM? )•PR( l) 
WEE 17, CQ(L), CUMP(L) 

17* 	FORM (I, ' 	;, ' 	1~ i, B,' 	$1 ' $ 3 
M a LM 

53, 11 M 
Ma N»j 

PRO4) PR(N) + x11(M) 

L a L»l 

CUMP(L) is PR(M) 

IF(!4.•1), 50,61 950 

50: WRQ 17, c0(L), CUMP(L) 

GO TO 53 

61 	WRITE 1?, 00(L), CUMP(L) 

DO 115, 1a', LM 

CAP(I) 0 cO(I ) 

115: CONTINUE  

Stop 

END 



C C 	PROGRAM FOR ADDING INGI UNIT 	BRIVA6TAVA 

DIMIM1SION CAP (70), CT '(70), CA(2),, PA{2), RCAP(7p) 9  
RCTJM(70 ), ICAP(10) 

READ NO NT, P0, NADD 

DO 127 1 n 'i t  NUNT  

READ CAP(I),, GUMMP(I) 

127: CONTINUE  

DO 122. II a 1, NADD 

READ ICAP(II) 

WRITE 2229  II, ICAP(II ) 

122: CONTINUE 

2221 F(tMAT (1, "ADDED CAP.",/, ' $ S$$ ', IV ' $) $} ',E) 

DO 18 IJ + 1, NAD]) 

IC 0 ICAP (II) 

NN * NUd4T . I 

CAP(Nf) * 0,0 

CU4PO N) 0.0 

CA(1) = 00 

CA(2) ► IC 

PA(1) (1.-PC) 

PAW a PC 

I a 1 

J. 1 .  

51 IF ((CA?(I) + CMI))  - (CAP(I) • CA(2)) 2 24, 

2: IF (PAM' M * CU (I)) 5, 3,5 
1 ECAP(NA) * CAP(I) + CA(1) 

RCUN(NA) + PA(I) * CUMP(I) * PA(2) * CUMP(J') 



8* NA * NA + 1 

I - I + 1 

GO TO 51 

	

3$ 	I (CtMP(J)) l 	lit  'jl 

1i 	HCAP(NA} s CAP(,) + .GA(2 

RCt (NA) PA MM * CU (J) 

IF( fiAu7G) 9 li t  11 

9$ NA * NA . I 

G0 0 3 

	

4s 	IF (P&(1) ' CUM (I)) 501,, 3s  501 

5011 FtC (TNA) GAP(3) +CA(2) 

R0W4(STA) o PA(' )  * CGHP( I) + PA(2) '* CUMP(J) 

IF (SNA?O) 6, 11, 6 

	

61 	14A * NA+.1 

GO TO 51 

	

2#1 	I)? (PAM' M ' CUMP(I)) 2i v  30  21 

21; MCA '(NA) CAP(I) • CAM 

RCUM(NA) Pk(i) * GUPIP(I) + PAW W. ' cUMP(J) 

IMA-10) 7 9  11, 11 

7' * NA * NA + 

I 	+1 

303+1 
GOTO51 
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tot FOBt4AT (1,/, ' 	1$ ', Is  1 $$$$ ', El, 1  $$ 	', E) 
III Maur 0 NNA*1 

DO 120 1 a I, I4U1 T 

CAP(I) a 	t 13 

CU (I) 0 1C4(I)  

120 * CONTINUE  

NB a N13+1 

1281 C0:TIME 

WRITE 200 

200: FORM (1, " Ì14ALRESULT"*  1, / g  " 8, N0. OUTAGE CAP CUM 

PROS" 

DO 201 1 a 1, 9MM 

WRITE 140  1, CAP(I) t CUMP(I. ) 

2312 CONTINUE 

STOP 

END 
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C 	C PROBABILITY ROUNDING PROGRAM 	SRI VASTAVA 

DIMl N8ION PROH(70),NOUT(?O), POUT(20), PROT(7O), RPRB(20) 

HEAD NTOT # END, NAB 

WRITE 18, 1TOT,, RN]), NAB 

DO 201, 1 ■ 19 NAB 

READ NOUT (I), PROB (I) 

201: CONTINUE 

18: FoR! (' )S) ' , i s ' 	9 569 1, I, ' ~d~6 S~6 ' , I, I) 
L a 1 

tRNA? a RND 

119; M 	L+1 

PROB(L) a PROB(L) - PROB( M) 

WBITE 25, NQUT(L) # PROB(L) 

L * LA'1 

IF (I-NAB) 119, 139, 139 
139* NAM - (NOT + (ZRND -i)) / lEND  

NAM I - NAM • I 

DO 998 Io I s NAMI 

AK - I«1 

PRO 0.0 

IN - 1 

	

POUT (l) 	i - ENI) 

11: PRt7(I1 ') 	NOUT(IN) 

IF (PROT (IN) « POUT(I)) 14,1 2t 3 

2: PRO PRO + PROB(IN) 

30 t IN - IN+1 

GO TO 11 



3:. IF(PROT(IN) - POUT(I) + RND)) 4,505 

14 s .AB u POUT(I) - PROT(XN) 

IF ( -Rw) 4,3O,3O 
1+: DIF a PQCPi(I) - PROT(TIS) 

IF(DIF) 21,22,22 

213 DIF-DIP 

22: 22: DIF = I -DIF/RND 

PRO = PRO + aROB(IN) * DIF 

IN n INtl 

GO TO 11 

t RPRB(I) = PRO 

WHITE 250 POUT(I), EPRB(I) 

998: COITINUE  

25: FORMAT (/# $ 1$I$  ', Eq t 	•, E) 
* ~ r 

RIM 
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APFiNDIXU 
DESCRIPTION OF EOOBKEE AREA CONTROL (Y M A) 

able -1 
S.No, Place where generating 	Installed capacity Dereated 

unit installed. (moi) capacity 

1. Yamuna Stage-I 

a) Dhakrani 3XI3.25 3I..O 

b) Dhalipur 3x1 51 ,O 

2, Yamuna Stage-I1 
a) Cbibro 1x6O 21+0 MW 
b) Khodri (under construction) kx3O 

3. Yamuna stage-III 

a) Kulbal 3x10 

4, Ganga Canal Power Rouses 

Ci) Pathri 3x6,8O 

(ii) 	obd. Pur 3x3.1 
( iii) Nirga j ni 2x2.5 
(iv) Chilaura 2x" } 5 

(v) Sal away 2z1.5 
(vi) Bhola 1ixO.37 5 	+) •» 

2x0.6 	3 
(vii) Sumera 2X0.6 

5.  Uarduagan3 'A' (Thermal) 
3z30) 

6.  faruaganj '1' &tension 2x O.  
1.60 

? Agra Fort 1x6.0 
8. Agra New fxtO .. 
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For making calculations procedure simpler, we 

consider all the smaller machines by grouping them together 

as 2z25 MW machines. Thug, the machines of Chitaura, $alawa'  

Mohd.. pur o  Nirga j ni, Agra Fort and Pathri can be - grouped in 

this fash on, 

Similarly, making groups in ascending order#  we get 

the ft llowing simplified table I-II for whole Roorkee Area 

Control: 

'ble - SZ 

System No..of M/ce Capacity of each Total 
qDae7M 

U) 7 60 MW r2p.  

(i;) 2 501t 100 

3 30 MW go 
(iv)  2 25 MW 50 

(v)  4 17M4 68 

(vi) 6 10 til 60 



,w:.. 
Description of System B ( cilli Area Control) 

Place 

ganga 
Kbatima 
Bareilly  
Chandausi 
Moradabad 

Installed capacity 

3z66 

3x13.8 
1x1.25 2x12 
2x3.0 

(2x15 + 25) 

3. 

50 

"able-IV 
(Simplified Thble) 
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No at machines 

3 
I 

3 

Capacity 14W 

66 
20 

15  

Total capacity 

198 
20 

75 
36 

ti 
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(iv)  15 
w 

(,+q )nom 	Z- n0 ,pn r• qr 
r=

n 
o  r 

(p+q )n=n v . ,1, qn` 
r 

(v) -16 	p (2nd line) 
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