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ABSTRACT

b]

In the following pages, an effort has been made to
present a comprehensive picture on some of the aspects of
pover system interconnections. The basic elementary theory
of probablility applied to non=interconnected and intere
connacted systens héve been discussed, and the significance
of eonventional methods df outage probability caleculation
has been illustrated. Computer programs have been developed
fbi finding probability of capacity outages, adding units
and then rounding across a suitable increment, A répresenta-
tive example is considered having two systems, and risk levels
are calculated for each system‘individually on non=intcr-
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 compuﬁer programs for
further probabilistie study of interconnected systems on a
larger scale has been stressed, The need and scope for

further research have been indicated,
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CHAPTER 1

1.1, IITRODY i,

- In the past reliability has been recognised only
a2 o qualitative aspect. Engineering systems earlier vere 8o
oimple that on scute need for quantitative study of reliability
wvas not felt. It was only after the second world war that the
noecd for reliability was felt vhen several studies revealed some
otartiing results vhich served as an impetus for further investigo-
tions, How, relincbility has become an absolute necessity and
a recogniéed engineering discipline., A high degree of reliability
190 desired vhcen dealing with rodern complex systems such ags spaco
misoion and aireraft systew. In such systems, the fallure of
a part or component results not oﬁly in the loss of failed item
but most often results in the loss of some larger asseombly or
gysten, of vhich it is a part. The rgliability of such costly
ond cophisticated systenms has to be ensured bofore these are

getunlly QOEniasioned.

The modt accepted definition for Hellability is
"It is tho probability that a device will operaté satisfactorily
for a given pericd of time in its intended application®. The
dovice may refer to some compcnent, equipment, systcm or sub=
systen or o block in a particular application. The definition
includes the term *probability’ vhich indicates the use of a
quantitative measure for reliability. Further it involves three



other considerations 3 "Satisfactory operation, length of time,
and intended application”, For the reliability assessment the
sﬁtistnctony operation is to be eclearly understood. An equipment
does not necessarily have to be totally inoperative for it to

be unsatisfactory., Satisfactory operation is defined for a
neaning ful nmeasure of reliability.

The length of time of operation is more definitive,
A mission is defined as covering some specific length of time,

The last consideration, intended application, is
also a part of reliability definition, Any cquipnment is designed
to operate 4n a given manner under particular sets of condition.
These include environmental condition (temperature, pressure,
hunidity, acceleration, vibration, shock, accoustic noise etec.)
and operation condition (voltage, current, torque corrosive
atmosphere ete, ) which will be encountered in manufacturing,

transportation, storage and use,

A well) designed, tested, engineéred and properly
maintained equipment should never fail in operation. Experience

ghowg, however, that even best design, manufacturing end maine

tenance efforts do not completely eliminate the occurrence of
failures, Reliohility distinguishes three characteristic types

of failures vhich nay be inherent in the equipment and occur
vithout any fault on the part of operator.

Firstly, thero are ' carly fallures' which result

from poor manufacturing and quality control techniques and



oceur early in 1life of an equipment, Such failures can bo

eliminated by 'debugging' process.

| Secondly, 'vear-out fallures' are cuused by
wvearout of pqrts.‘ These failures are a symptom of component
ageing., To avoid these failures, the parts of an equipment
are designed for a longer 1life than the intended 1ife of an

Thirdly, there are so-called 'chance-failures'
vhich are cauted by sudden stress accumulations beyond the
design strength of the component, These failures occur at
random‘intervalag irregularly and unempectedly. These are tho
rost common type of failures during the useful operational
life of an equipment, Hence, maximum attention in the reliobi-
1ity literature has been given to these 'chance' or ‘catastro=

phic failures',

A pover system 18 composed of group of elements
or components that act in series or parallel or both with
each other to carry pover from generation sources to load
centres, Henee there is a need to (1) supply improved scrvice
a8 custoners beocome more dependent on their electric source,
(11) to use nev system voltage and designs vhose reliability
is not well known to supply the heavier load demands of
future,

A power systen as a vhole is composed of generating

unit, transmission and distribution systems, hence main



requirement is cdntinuity of supply, which depends upon the
capacity outageé of the generating units and the frequency of
the capacity outeges, and on availability of tranomission and
distribution system, In this dissertation, it 1s ossumed that
generating stations are systems that are indopendent of environ-
mental‘con§it1cna as they are houaed in-doors and transmission
and distribution systems are cxposed to weather conditions,
Hence failure rate of unit under stormy weather is quite high

as compared to failurabrate during normal weather,

The developrient of high speed of protective
equipments, improvements in maintenance techniques and inter-
connection éf‘geﬁerating stations are some of the factors vhich
contribute in improving the reliability of pover systems. The
reserve requirements in the past vere basecd on 'rule of thumb'
eriterisa such as fixed percentage of the installed eapacity,
or the 6utage of largest generating unit. A current 'rule of
thunb! in industry is that roserve cupacity should be 159 of

system requirements,

Howevery if the power stations are inter-connocted
it 18 preferable to expansion, since an interconnected systen
experiencing a deficlency mny be able to borrow pover from one

wvith an excess,

| The application of probability methods to the

capacity problems provides an .analytical basis for capacity
planning vhich can be extended to cover partial or complete
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integration of systens, capécity of interconnections, effectaA
' of unit size and design, effect of maintenance schedules and

. othor system parameters. The economic aspeets mssociated with
difforent standards of relinbility can only be compared using
probability techniques,

A considerable number of papers have beon -
published in this area(1,2 etc.) and the techniques used at
the present time are extremely interesting. Although the
studies started much earliery but a large group of papers(3,l4,5,6)
wa8 published 1ﬁ 1947 by A.I.E.E, vhich evoked keen responsec,
These pﬁpérs made the application of probability methods to
solve reserve problens of many of the problems of power‘systems
in U,8, Moreover, the inadequacy of the present system due
to grovth of loand and increased comploxities in the generation
and transmission of equipments also warranted the development
of a new method by uhiehlraserve problems could be tackled in
a rore reasonable and reslistic manner, Calabreso(3) gave a
nathemutical treatment of faoctors involved in investigation of
forced outages on several systems of boilers and steam turbo-
genorator units covering a period of six years. Iypan(h) gave
a short-cut method spplicable to a system with any number of
generating wnits of ddfferent sizes, Watchorn and Loane($)
declt with probability applications for hydro unit treatmentas,
Sselye(6,7) gave a mathematical development of relatively simple
algebraie formulns for the study of reserves necessary to take
care of forced or emergency outages of gencraters, Ho extended

this method to determine charts vhoreby percentage of reserve



in ternms of total systenm canability or total system load may be
found direectly, uatchorn(9,10) showed complex composite effect
of all factor effecting system capacity requiremonts and that
these can be calculated by use of two basic probability prineiples
applied al%@hmeticalky&

Calabrese{11,12) presented methods for determination
of index of reliability level using load duration curve based
on daily maximm loads. He put forth some ideas regarding
treatment of interconnected systems and suggested three methods
to detérmzne "1oss of load probability®™ with interconnection and

"Frequency and Duration of outage approach”.

T411 1954, most of the probability studies were
done by hand or desk calculators, The benefits of using digital
computers to reduce tedious arithmetic required vere noted by
Watchorn(13) and illustrated by Kirchmayer ot al.(14,15) in
the evaluation of economic unit additions in System expansion

gtudies,

Several excellent papers appeared each yoar until
4n 1958, a second large group of papers appeared(15,16,17,18,19,
20). Bremneh et'al.(15) discussed about the computer applications
to caleulate the capacity outage and probability of loss of
load for a non-interconnected system, After the IOLP nmethod
of Calabrese(12) for interconnected systems, a classical treat-

ment of this problem was done by Cook et al.(23). The authors



established simple formulas for noneinterconnected as vell as
system with finite and infinite intercomncctions, by menns of
VEH diagrans, A digital pragramme wvag also developed and the

vork confines to problems involving two interconnected systems,

The two A.I.E.B, Committee reports on eguipment
forced outage experience(8,21), were gnnerélly restrictad to
thermal unit equipment 4information with the exception of a
short section on hydraulic equipment. Broun et al,(22) presented
the results of a statistical study of five years of data on
387 hydroclectric generating units using punched cords for the
initisl eollection and sequential processing of the data.
Vassel(2h) determined eapacity defieiency and energy deficiency
curve and applied these deficlency curves to the specific
situation, and discussod o short cut method to examine capacity
rosorve requirenents, and in{ 38 ) 1972, developed fundamental
principles of applying probability ezleulations to the analysis
of genernting capacity roserve requirements for two or more
inteorconneceted pover systems, Building on concepts developed
for a single power system, the author analysed the efiect of
support interaction between intercomnected but othervise

indepondent systems.

In spite of the above excellent publications
available there is still considerable reluctance awong many
pover system engineers to accept the application of probability
pothods, 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 describod in detail in

a series of two recent papers(26,27), and can be applied virtually
to all areas of reliablility evaluation,

Iaﬂgdren(30)"ﬁsed probability methods to investigate
effect of outage of Key transmission lines on the reliability
of an intercomnected P-3yeten, Yeiss(31) developed an inter-
connected model and studied systen reliability both from the
standpoint of failure and also theo expeeted value of unserved
load, He presented explicit algorithms (for use on digital
computers) for caleulation of both these values. He gave
examples whereby showing that inﬁarconnection could produce a
more reliablo pair of systems than an expansion would, Rama~
moorthy and Gupta(32) divided a complex systcm into two or
more subsystems, Reliability of each subsystem was avéluated
using Markov process methods assuning each subsysten as a

single input-multi-0/P; or multi input-single O/P systen.

Gambirasio(33) presented a paper vherein he
found a simpler procedure fér IOLP studies, VYhen the roliabie
1ity of an P,S. is evaluated by IOLP method, the uncertainty
in load forecasts is considored by associating a peakload
distribution (as a parameter expresoing uncertainty) with the
assumed daily peak load duration curve, then to compute the
unconditional LOLP as an average of the conditional LOLP
voighted by the paraneter distribution. He modified tho first-

daily peak load curve so that uncertainty is incorporated in



it and then applied to the usual LOLP method.

Biliington & Eanington(Bh) in the assessment of
reliability of operating capaecity procedure to the unit commit~
ment problem in which the basie quesiion is wvhich units should
be scheduled to adequately meeot a future uncertain loads and
in "evaluation of reliability the energy limited generating
capacity studies" secems to be one of the latest publication

on this topic.

A survey of the published literaturc indlcates
that LOLP method using a daily peak load variation curve
appears to be most widely accepted technique and used nost
often. The ability to indicate both duration and interval of
a given outage condition adds a significance to results of
'Frequency and Duration method', but it is relatively infloxible
in considering effects of load characteristics, load forecast
uncertainty and the reliability aspects of multiple inter-
connection facilities, Simulation rethod is rﬁlativéxyieompli-

cated and undesirable from a practical viev point,

The applications of all the methods have been
vast and a great wealth of information cxists in the form of

toechnical papers,

143, DEFLIITIONS.
The IEEE Comnittee Report(29) gove several basic

definitiong applicable to all areas of pover systems, The
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dofinitions useful to this work are given below:

Outage i~ An outage describes the state of a component
vhen it 18 not avallable to perform its intended function

due to some event directly associated with that component,

An outage may or may not cause an interruption of service

to consumers depending on system configuration.

Forced outage :~ A forced outage is an outage that

rosults from emergancy conditions directly ascociated with

a component requiring that component be taken out of servieo
inmediately either automatically or as éoon as switching
operations can be performed, or an outage caused by improper

operation of equipment or human error.

Scheduled outage t« A schoduled outage 18 an outage

that results vhen a component is deliborately token out of
service at a selected time, usually for purposcs of construction,
preventive maintenance, or repair. The Key test to classify

forced or scheduled outage is as follows 2

If 1t is possible to defer the outage when Such
deferment 15 desirabley the oﬁtage is a scheduled outage,
othervise 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 consumers,
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CHAPTIR ~ I1

NPl

PROBABILIGTIC APPRCACH TO GENERATION » SYSTEM RBLIABILITY
ANALYBI1S,

2:0: IIITEOD‘GCTI{)E_! »

Generation Reserve planning is one of the most
crucial steps in planning the expansion of a modern electric
power System, Decisions and comnitments made at this stage
have a tremendous effect on all other phases of system expansion

and dietate the finaneial posture a system may assumc,

In broad terms a suitable genoration 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 lomd requirements, the planner
must deal with the uncortaintios associated with |

(1) VUnit Reliability and maintenance schedule
(2) Fuei and construction costs

(3) Availability and cost of eapital

Toss of load probability (LOLP) determinss vwhether
a generation expansion plan satisfies a desired level of relia-
bility or not. The analysis of the reliaﬁility of an expansion
stratogy for isolated and intercomnected systems is considered
by studying (a) Foreeast uﬁcertainty {b) Unit availabilities

(¢) Unit maintcnance schedules (d) Interconnection constraints,
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. Further, in addition to LOLP méthad, thore is
agother approach to reliability analysis, geonerally referred to
as frequency end duration mothod (FD), Frequency and Duration
nethod enables to determine the frequency of a particular
generation system outage a8 well as its expectod duration,

The impetus for development of the FD method has come from the
need for a gensration system reliability technique compatible
with transmission system reliability methods and historical
transmission system outage data, Moreover, the LOLP mothod

i3 preferred over FD technique for genoration system planning.

Another approach is to determine capacity require~
ments over the horizon pertiod using analytical mothods, Various
expaﬁsion plans can then be determined by varying the typo and
timing of wnit additions(25,35,37).

2,4 NECESSITY OF APPLICATION OF PROBABILITY THEORY.

The past mothods of determining roserve require-
ments were becoming inadequate because of the growth and
increasing complexity of the gencrating and transmission compo=
nents of the pover system, 7The reserve requirements wvere
app arently based upon the loss of largest unit and it was
satisfactory under the conditiorns vhich then existed, vhere
»applied. Honce some substitute for the previous moethod is
‘e¢ssentiel and in this, the probability theory fulfils the
roquiremonts, Tho close agrecment betweon thoe calculated

pervice reliability based upon probability thoory and the
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actual service reliability has been extremely gratifying(3,11,
12),

2.1+1. Description of Basic PROB Theory t= Pertaining to

pystem reserve requirements this can be studied in four parts @

(a) Definition of statistical probability = Probability

is a moasure of the chance of a certain event by the ratio

between the no. of events that can occur in that certain way,

and the number of total pogssible 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 time O (unplanned shut downs), the probability

g of forced outage (hrz or days) is then q= %;g v

And probavility p of equipment romaining in service is
T
P "(m)-

In generaly for n machines,
| n
qav ZOK
k=1

.I‘ﬂt‘l'.".l"?'...‘201)

n
(forced outage - (g

+ 0Q.,)
factor) ket K L
n
and p = = I | | .
Yo 1 ;a..ctoaa..'-oooooo(2.2)
(operating n
factor) = (Tg+ 0y

k=1
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Calabrese(3, has taken ¥,0.R, as 0.03. Further
detailed investigations in U,S, have establishod a National

average of 0,02, &tudlies have shown that there is no charactor-
. istic variation in frequency and duration of individual
_generator outuges with size, age or manufacture technique of

the machino,

(b) Multiplication =

if Py is probability of Generator 91 operating,
p, of Generator G,, then combined probability of simultaneous
operation = p1p2, when the generators are independent as

regards operating condition.

Further if qy and q, are outage probabilities of

G, and G2 gencrators,

The probability of first unit operating and

second on forced outage = p1 q2

the probab. of first unit being on foreced outage

and second unit coperating = Qg Ppe

(c¢) Addition -~ The probability of occurrence of

elther one or the other of tvo mutually exclusive events is
the sum of the respective probabilities, Thus, the prbhability
of having either of the two units on forced outage is

(py 93 * 9y Py)s Alsop, ¢ g, =1, and p, + a5 = 1,
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For two units of same eapacity and outage factor,

the expansion becomes

(pa-q)z = pa + 2pg + q:? o 4

If n wnits of the group are assumed to be similar,

using same cutage rate gq for all of them,

Then the well known Binamial formula

sheSORES

(peq) = (p" + n pn=1 g ¢ BADA) o2 2,

—— P + @ T #% 4iuuean tons)
n=rj;. r.

. n n
or {(peqg) = p
reo

b S P r D=y
Crn P + g

This cxpansion provides the basis for determining the probability
of finding various numbers of 'n' units available for servics.
The first torm 4n the expansion roprescnts the probability for
no outage, the second term for the forced outagé of one unit,

the third for the forced outage of two units and so on,

{(d) Expectation «~ FExpsctation 15 a mathematical

method of placing & value on a probable event and may be
described as the product ¢t the probability of an event
occuring multiplied by the results realized if the system

ocours,
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Considor a system with outcomes Eyo g 13.'xn
and probability of each Pys Pys 93.... pn.

, " n
The expected value of variable E(x) o s Pyedye

i=1

s weighted mean of possible values
with probab, of occurrencd as

veighted factor,

2.,1.2, Probabilistic Generating lodels 3= The reliability
of a system depends upon the reliability of its goneration

system which contains many differont type of units, their
outages being due to technical problens, Hence it is necossary

to model the random availability of a unit,

Basieally, the units fall in one of the following

classest

{1i) Base load
(11) 14 Range load
(14i) Peakers,

The base load units operate at very high capacity factors,
ideally at 90-95 ¥ but often lower if the unit is immature
or fraught with technical problems, Units in base load class
are usually large fossil~steam; nuclear, or to somec extent
hydro units, Midrange units operate at capacity factor of
30-75 §i. For these combined cycle combustion turbines, hydro

units, and small fossilwsteam units are usually employed.
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Poakers operate only during peakvdamand poricds(3,6) and have
velov capacity factor, 510 Z. Combustion turbines in thermal
systems and hydro units in hydro systems are used as peakors,
Midrange units and peakers cannot'he base~loaded as thése
devices ara‘&eaigned 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, 1t 1s necessary to detormine the probability density
‘function 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 datn the availability
of the generating.capacity of a given unit may be graphieally
reprodented as shown in ¥ig.2.1 vhich conveys the idea that
random failurc and repalr of a unit can be defined as a two
~state stochastlc process, vhercas, a stochastic process is
defined as a process that develops the time in a manner controlled
by probabilistic laws, The so~called "state-space diagram™
for stochastic process shown in Fig,2,2, shows that a unit may
be in state 1 (up-étate 6r state corresponding to maximum
available capacity) and then randomly transfer to state 2 (the
down state, or the state corresponding to no avellable capacity)
and vice versa., In this context two important titles aro
defined. '

1» Unit ayallability (denoted by wariable p) ¢ the long
term probability that the generating capacity of a unit will bhe



OP TIME |

UP STATE , 1 ' l
(STATE 1)
FAILURE REPARR REPAIR  FAILURE
FAILURE
DOWN ST l
STATE 2 .
—»| DOWN |¢—
TIME

FIG.2.] RANDOM UNIT PERFORMANCE RECORD IGNORING
SCHEDULED OUTAGES.

_ UP STATE(STATE 1)

A u
(FAILURE RATE) (REPAIR RATE)

DOWN STATE (STATE 2)

FI16.2.2 GENERATING UNIT STATE SPACE DIAGRAM .

-+—— PEAK LOAD
«——— MID RANGE
‘ <— BASE LOAD

i
|
I

LOAD MW

TIME

FIG23AAGFNFRATION 1 NAD MNNDFI



18

avallable,

2, Unit forced outage ¥ tho long term probability
that tho generating capacity of a wnit will be unavailable,

or foreed off-line,

For obtaining an expression for the long term
availabllity of the generating capacitﬁ of a unit, it is
first necessary to recognize the stochastic process, which s
called zero-order, disercte atata, continuous transition |
Markov process. Such a stochastic process has the following
propertics: .

(a) The system deseribed (here the svailable capacity
of a generating unit) can be characterized as being in oﬁe cf
a gset of mutually exclusive, discrete states &31, Byy seeeesBn,
at any time, A generating unit can be in either the upor the
doun state but not in both simultaneously, thus the states

are mutually exclusive and discreto,

(b) Changes of stato are possible at any timo.

(c) The probability of departure from a state depends

only on the current state and i3 independent of the independent

varishle time,

(d) The probability of more than are change of state
during an appropriate small time interval At is negligibdle.
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Markov process providos a fairly accurate modol of real life
and has a simple mathematlical desceription.

2:1.3. Harkov Process =

Ir Pi(t) 15 probability of finding & generating
unit in state &

(4 = 1 = upstate )
;-*"*“ at time t.
i1 = 2-» down state

A - Trangition rate from state 1 to state 2.

This'paraméter obtzined from Fig.2.1.

1/, =  The average time a generating unit stays
in uwp-state, |

un  — Transition rate from state 2 to state 1

1/u S Average time g genorating unit otays in

downstate,

To find probability of generating unit in up-state
at time te¢ At, there are two vaye a unit can be in up state «
if it was in up otate at time t and did not transfer to down
stato in timo At, or if were in down state at time t, and

transferred to up-state in time At,

If probability of a unit failure is defined by
F1(t)‘n g At A prohab, of a unit being available upto tinme

———

t.
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v‘n F1(t) L L AAt * L“A’;_. ¥ Genvees

= 1= JMAt , == probability of unit being
available during time A t,

Where A4t = probability of transferring in time At,

Hence probabllity that first event to occur
- 91(1:) (1"’ AAt) t'i"»illtitt..d..(“)

Similariy, Let F,{(t) = & w 2 probability of
unit being unavailable 4in time AL,

-ut A '
Fa(t) = g ut ===. Probab, of unit being unavailable upto

J
time At

A
— 1=uAt == probab, of unit being
unavalleble in time Ats  seeevseceese(2)

Where uAt -—- probability of transferring in time A ¢,
Hence the probability that second event occurs in Palt) uat,
P,(t) 1s the probability of being down-state at time t

uldt " " " that a transfer from down state

to up state occurs in time mcremnt At,

'Q. :91 (t"’ At) = P1(t) (1= XA t) + Pg(t) ulAt vo‘ao‘c«coaca(s)
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Similarly Py(t+ at) = Py(t) (1eu At) + P (t) Aax,
On rearranging these two equations

At

= = AR (t) » uP,(t)

fa(t'» st) = Py(t)
At

= Apy(t) = uPy(t)

ks At —~——>0

ap, (t)
at

s - )\P1(h) * ul’z(t)

dP,(t)
—a -‘ /\P.,(t)- uP,(t)

Since we are interested in long term (steady state) probabilitics

of being in either state 1 or 2, set derivates to zero and
solve equations for P, (t) and Pz(t)

P,(t) = 4 a P = available
A*u

Pg(t) - - g Forced outage rate,

A+ U

and P,(t) «+ Py(t) S T
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2,2, 10SS OF LOAD PROBABILITY METHOD.

2.2+, Determination of probability tables for a gencrating

system for Reliability calculation :=  All the

components of goneration and transmission are included in
reliability ealculations, We commence with tho combination
of the selected forced outage probabilities applying for each
component of systoem by methods of multiplication and additlon.
The foreed outage probability of a series arrangement of
components like boilers, turbine, generator and transformer,
vhere outage of any one renders the whole systom inoperative,
is éomputad by multiplication principle, probability of system
with respective components probabilities boing p,i,-"paP Pys Py
is then equal to p1p2p3ph, and probability of forced outage
for the series is (1~p1p2p3ph)¢ This reducos all elemonts of
the series to one unit for further probab, calculations(10).

Izgmple ¢ Consider a generating plant containing five units,
throe of 25 iy capacity and two of L0 Mw, assume q = 0,02 for
oach smallor unit and 0,03 for larger unit,

For ﬁ&& smaller units combinational of probabilities

is accomplished by binamial expansion,
oD
(p+q)3 s (0,48 + 0,02)° = 1

e 0,9%1192 + 0,057624% + 0,001176 + 0,000008,.4..(1)
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PROB, of applying hp My wnits = (0,97 + 0.03)2

Add this vith 3x25 Mw units in a similar mannor

=(0,97 + 0.03)2 (0,9h1192 + 0,057624 + 0,001176 + 0,000008)
ﬁ’#‘l'v'tﬁ(ii)

Hultiplying (1) end (4i) yields the following table 2,1 and table

2,2 vhen arranged in ascending order,

Table 2,3
(1) T (2) | ) - (3) o
Capac%gg)outage Probablility gg%g;een forced

0 0.8855676 0

k0 0.054777% 1

80 0.00084708 2

25 0.,0542182 1

65 0.,00335371 2
105 00000318616 3

50 | 0.00110649, 2

90 0,0000684M% 3
130 | 0,000000058 b

75 . 0,000007527 3
15 | 0.0000004656 b
155 0,0000000072 5

-~

Table 2,2 vhen rearranged in ascending order for capacity

outage is;
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Iable 2,2
(1) H (2) H (3)
Capacity outage | Probability { Units in forced
(M) | { outago
0 0,885567500 0
25  0,05421842 1
Lo 0.05477731k 1
50 0,001106498 2
65 0,003353717 2
75 0.00000752 3
80 0.0008147073 2
90 0,000068%Y 3
105 0.00005186 3
115 " 0,000000465 g
130 0,000001059 b
155 0,0000000072 5

Rounding of probability outage tables L

The proration of forced outage probabilities to

multiples of 25 MW produces reasonable results and reduction in

number of terms,

Hence it is desired to eliminate 40 Mi, 65 MW etc.

rows and introduce 50 M, 75 MW units etc. after considering
proration. Iinear proration between 25 M4 and 50 Mu'assigns

0
5

of the outage factor for 25 MW and,ég- of outage factor to 50 M,

But 50 MW outage condition is further modified by the proration
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of the 65 MW outage condition, This results in a new table

263 shown balows

Tgh le 2,3

(1) : (2)

M | Probability of
outage § outage

0 - 0,88556756

25 : 0.5761294

50 ‘ 0,0353144

75 0,002724793
100 : 0,000252156
125 , 0.000011583
150 - 0.,0000062173
175 0.0000000014%

Cummulative outage Probability table :

The mothod deseribed above dotormines exact outago
probabilities for various capacity outage, The term cummulative
probability 48 introducod when the planners are desirous of
obtaining outage probabilities of losing a cortain capacity
or more, In table 2,2, the exactvprobability of losing 0.0 M4
is 0,88556754 and it.can be easily cxplained that probability
of losing 0.0 MW or more is summation of all terms of column 2
in table 2,2, which 18 equal to 1,00, This is cummulative
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probability of losing 0,0 M4 or mora, For 25 MW, it is the
summation of all terms in column 2 except the first one for 0,0

M, Heneo teble 2,2 can be modified as below:

Table 2,4
Capacééi )tmtago ‘ Cmmulatgg probability

0 1,00000

25 0. 1114324k
40 0.0602140256
50 . 0.00543665
65 0.004330153
75 . 0.000976436
80 | 0.000968909
90  0,000121836
105 0,000053393
115 " 0.000130073
130 0.0001065600

155 0,.0000000072
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2,2, FROBABILISTIC LOAD MODELS,

In LOLP mothod, the capacity outage table is combined
wvith the system peak load duration curve in order to find loss
of generation vhich may or may not result in a 108s of load(35,36).
This doponds upon reserve generating capacity as well as peak
load.

As shown in figure 2.4,

Aog o Magnitude of Kﬁh outage in system capacity
outago table '

pg = Probability of outage of capacity cgual to Oge

ty = HNo.of time units in study period that an outage

magnitude o, would cauge a 1o8s of load.

Obviously, any capacity outage loss than reserve will not
contribute to tho system expoctod load loss, Capacity outagos
more than of reserve will rosult in loss of load with varying

time periods ty.

Total loss of load for study interval

n
Et) = S Pty « tine units (days or

year) ’ k=1

The period of study could be a waek,.manth or year, The simplest
application 1s use of curve on a yearly basis, VYhen using

daily pesk load variation curve on an annual basls, the expocted

loss of load 18 in days per yoar, The reciprocal of this value
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in years/day is often quoted as reliability index. Tho days/
year rosult 18 a mathamatical expectation of load 10so in timo
wnits for period undor study., This method is further explained
belovw with the help of an example,

Example ¢t Consider a system containing 4+ wmits of 60 1 each.

ARt ati——

System installed capacity s 240 MM

Capacity outage tablo 18 shown belov for this

system?
Table 2,
(1) H (2) ] (3)

Capacity | Probability | Cummulative proba-
outage ! {  bility

0 0.9223669 1,00000

60 0,07529523 »07763171

120 0.00230495 | 002336476

180 0.,0000313598 0000315198
40 0,000000159 000000159

Systom load model is ropresented by annual peak

load variation curve shown in Fig.2.5.

100 §{ on x-axis corresponds to 365 days. In many studies the
veckends and holid:ys are neglected as their contribution to

the oxpected load loss i3 negligible, The timo span 18 then
260 days, The‘rorecaat pealt load 48 160 MY for this system
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vhich 1s ocquivalent to 100 % condition on ordinato, Bxpoctod
load loss can be found using cither tho individual capacity
outage probabilities or using cummulative valuesy the reosults

for both aro samo.

Table 2.6
1 4 ]
Capacity out § Pr } ty ’ Py thﬁkpected load
loss
1a — - !L 3a i et —
0 0.9223669 - -
60 0,07529523 SR SR
120 0.0023049% 38,12, 0.0878627
180 - 0,0000313598 100,0 0.00313598
240 0.000000159 ~  100,0 0,0000159

Pgty = . 0.0910145

Expoctod load 1055 18 0,0910145 & 'of the time basc units. ‘
Assuming a 365 days year, expocted load loss 18 0,3322029 duys
or 3.,0102085 years per day,

2.3+ FREQUENCY AND DURATION METHOD.

In modolling the generation systcm,; the unito
aro assumed to bo connectod in parallel. Each unit is defined
by a given maximm capability and by a long run behaviour pattern
wvith regard to the occurrence of the available repair cyclos

through vhich it passes. Tho technique diffdrs from loss of load
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sincey in this model, each unit may be described by its ovn
capability and - duration of availablo and repair poriods, The

method prosents a reliabllity caleulation for generation systom

. that incorporates the frequency and duration of unit outageo
and ifncludes consideration of theloads, This mothod calculates

réliability parameters viz. avallability, frequonecy of occurrence
and outage duration for a number of generating units connocted
in parallel to form a single system(26),

24341, StuchaaticﬁPmocesses t= A singlo ropairable devieo
vhich 18 either available (up) or in repair (down) may bo

defined by its mean behaviour, It is assumed that repair and
failure rates are constant, It is furtheé assumed that mean

timo to failure m and mean timo to repair r are finitec. With
finite r'and‘'m, we say thatboth up snd down states are 'accossiblo’
and that over a long intorval of time, tho availability, or
fraction of time, tho machino will be in an upotate, is a numbor

greator than zoro and lesz than one.

Tho mean eycle shown in Fig.2.6 defines the

following terms &

Te 1/f , cycle timo (days)

f = frequency (eycle por unit time)
me= 1/, , mean up timo (days)

r = 1/, , mean ropair time (days)

= failure rate (failures p.u tinoc)

" w = repair rato (repairs p.u. timo)
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A = z—m—;m L g' = availability (steady5tﬂt°) cuoaoa(2¢3-
e

A= (1~A) = p/T, unavailability (steady state)

The availabilities, transition rates and mean cycle time are

related by
A - 1/Am .ﬂ!l.iilttli'ﬂih.!.QDDQlOC0.|(2D302)
uw= 1/22 ' 'nuoiqn.oyausbcunnntlno‘paoqc(203030)
faj = E/u c.qntnﬁﬁ.wﬁtvnatoqaangro~¢o00(2930h)

Fig.2.7 shows the state transition diagram for the two state
device, - |
From diagram f(up) = AN
= (steady state probability of
being in state ) x (rate of
Aepartura), secssensssse (243.5)

f(up) = A u s (steady state probab, of not
boing in the state) x rate
Of ENtYY ~-rmevacmvecea=(2,3,6)

Example 1 = Assume a single, repairable generator unit
capacity = 20 MW

A ." 0.98
r = 2,040816 daye,.
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Henc@, ou= 1/’.‘ - O.’-!-QOO

=i =UA = 0,0100
rA A

Bo that T = 1*-" = 102,0408 days
u .

18 the mean eycle time for encountering either the up or down

states,

2+3.,2, Two machinos in parallel := Equationa 2e341, 2,3,2.are

general even if there are more than one mode of entering or
leaving a state, In this caso numbor of possidle states is
12 e 4, ¥Fig,2.8 shovs the transition diagram for these states,

Table 2,7
State ' Machine 1 f | Machine 2 ' Rate of
nunmbor f : ! departure
1 up up M2
2 dovm up Ay + U
3 up dovn Ay + U,
L down down 01 + Uy

The last column indicates the rates of departure from each of
tho states, Mean time in residence in a state is equal to the

reciprocal of tho rato of departure, The cyecle time botwaen
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oncountering state 2, on the aveorage is,

Ty= 1/ ' »
2 Agtate 2 (/\2 * u1)

‘Exanmple 2 ¢+ 'Two generator in parallel

Pabl
’. "
Unit ! Capacity §Ava11ab111ty§ Repair ! Failure ! Ropair
T T ! time in | rate | rato
i 1 | _days | z
20 0.9800 2,040816 0.01 0.49

2 . 30 6.9800 2.040816 0.01 0.49

Referving to state transition diagram for Fig,2.8, tho
availabilities and mean time botweon encoumtoring the statoes

are as follows in table 2,9,

State] Capacity | Availability ! Rate of depar- ; Cyelo time
{ available i per unit i ture(days)v g (days)

1 50 0,960k Aq+hy = 0,02 52,0616
2 30 0.0196  uy +A, = 0,50 102.,0408
3 20 0.0196 A, +uy = 0,50  102,0408
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2,3.3, Cummulative Event - In the examplo consigored above,

the mean time between encounteoring an outage of cxactly 30 M
is 102,0408 days, but it would bo more valuable to knovw the

| frequency of encountering an outage of 30 MW or more, That is,

hov often (frequency) will the outage change froﬁ less than

30 MW to an outage'of 30 MW or more,.

Therefore, it bocomes nocessary to redefine the
statos so that each state represents occurrence of a givon
or larger capacity outage, The previous, two parallel machinos
transition diagram may be ussed to illustrate this transforma-

tion procedurae and the steps necossary to obtain the frequency
of encountering thoe nowly defined states, In Fig,2.84, the

nev states are denoted by primes znd are numbored diffeorently,

State 1' = state b,

State 2' = state 3 and & and so on,

The frequency of eoncountering state 1' 48 tho same as that of -

encountering state kL,

The frequency of encountoring the new state 2' 18 equal to the
sum of the fraquencies with which transfors take place from
0l stato 3 to old state 1, A, u, and from old stato 4 to
old stato 2, A u,. Obviously, the rosult will be loss than
the sum of the frequencies of encountering states 3 and b by
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the sum of the encounters of states 4 and 3, AB A, and of otatos
3 from 4y A& u,. Transfer between 3 and 4 rcprowsents failure

and repair of machine I. The froquoncy of transfer may be given
by the product of the unavailability of machine 2 and the freq.
~of encounter of machine 1 ™up" étate. The froq. of cneounter

- of cummulative state 2Y, f,vy 18 given by tho sum of the frequen-
cies of enécuﬁter of state 1', f415 plus the freq. of cncounter
of old stato 3 from old stato 1, A3 Ussp less than frogqe of
encounter of old state 4 from old state 3, A3,A1.

The following transition rates are dofined so as to

genoralize the procedure:

Lot

e A = rate of transition out of o
A +K ap
given capaeity state K to one in

which more capacity 43 availsblo.

A=K = Adown = ratc of transition out of a given
capacity stato X to one in vhich

"~ less capacity is available.

 The freguency of encountering a state with a given capacity

or loss than that is given by the recursivo relationships given
in equation below {(2.3.7) In this relationship, cexact (i.c.
uprimed) state K is being added to cummulative stato n-1 (1.0,
primed) to obtain the new cummulative capacity n,

fn = fn“? - AK /\ 'K < AK /\ f’K 0iv600i9lli(2.307)
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- In equation (2.3.7)

Ay = availability of the exact state K and tho
primes have been discorded and replacod by

subseripts, ny n-1,

The availability of a‘cummulativn_gapacity statc n may bo
found from the following relation, '

% o %“1 ¥ AK aotcpotioiw«qbt&o..t:&ao(2.3¢8)

vhere again, the exacet capacity state K is being

appendod to the cumulative statoe ne1 to arrive at n,

2¢3.,4, ldontical capacity statos = In the construction of

the exact capacity stato avallability and froquency tables

for lerger systems, identical states may be generated by
éifferent combinations of wnits, In the sensc of transition
diagramsg there is no direct linkage betuoen these states,
That is, the only way that a systam omay transit within a given
instant of time from one oxact capacity state to ansthor state
vith the same capacity aveilable, is to have ove m/c repaired
and another fall within tho samec instant., Tho probabllity of
this occurrence 13 of second order., That is, it is so wnldkely
that it is ignorable relative to the occurrence of o single
event., Thercfore, the twn capacity states may be merged as

statas geparnted in time,

Sinea transfor cannot ocour direetly from ono

state to tho other, their availabilities and froquencies of
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encountering will add directly. Iet 4 and J designate two |
states which have exactly the same capacity available and X
designate the merged state. Then the capacity, avallability and
cycle frequency of the morged state are as followss

Capacity cg - Ci - CJ .D.ﬁﬂ!iib.‘ﬁt.ov‘ial‘2.39
Availability AK - Al + %J f‘iﬁl;illliiiiﬂasabb 2.4

Frequoney fK b fi * fJ SN stsbinidsanesed 2.1

Therefors, the total rates of departure to greater and lesser

capacity states may be found from:
AﬁK » A up, K - Ail\up- 5 + AJ/\W' J s 2&‘&2

Ag » Adown, K " M Pdown,1 * ArAdown, T evee 2483

Those relations complete the set of those that are required to
permit construction of non-redundant, exact capacity availability
tables,

Using the data of example 2 and the transition
diagram of two machines in parallel case the cummulating availew
bility and the cycle time are calculated for the four cummulative
states and the results are tabulated in table below (table 2,91 ).



Table 2,91

State ! Capa-3 E city State ! Capa= ) Crmmlative capaciis

no. | city lwvaila- Fo. |city | Availabie Gycle timo
Hd ‘b:.m:y { Aup ”‘d""’"f ’ ’ T § ity gdays

50 - 0.9604 O 0,02 & 50 1,000 -
30 0.0196 049 0,01 3 30  0,0396 = 52,06
20 0,0196 0,49 0,01 2 20 0.0200 102,04
0O 00004 0,8 ©0 1 0 0,000 251,02

Fow -

Example 3t 9 mn/es system.

Iable 2,92
Capacity : Mean repair , Availability
M timo por unit
30 2,000 . 0,980
4 2,000 0.97%
50 5.000 0,975
60 5,000 , 0,975

Tho results are tabulated in table belov (2.93);
A groph is plotted between outage (M) and cummulative eyclo
time shovn in Fig.2.82, Those data along with the more
woil known information about existenco probability (i.e. availabi-
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1ity) of cummlative outage statos provido a comprehensivo

roliability picture of the gencration systom.

Tho froguency

of occurrence of a zero outage or more is zero, meaning that

the syotem i8 alwvays in this g;taté. The curve of Fig.2,82

bolov are shown by smooth curves for sake of clearity only.On

same lines relisd, parameter for more number of wnits can be

ovaluated,
Zable 2,93
éapacity _Bract cppacity out tiyve ouba o_state
autgﬂg}o Available ! Cy?t]igy g:i).me Availability Cy?égyg%me
! : |

0 0,8947 27,34 1,000 .
20 1825x10™t 103,20 0.1053 27,34
30 .825x10°1 403,20 0.8702x10™1 35,72
40 Cagasxto”! 103,20 0,6876x10™" 51,48
50 23312101 17205 0.5050x10”" 92,11
60 2331x10”Y 42,98 0,2718x10™" 148,74
20 0.8408x10"3  1388,96 0.3872x10°1 386,15
80 0,9364x10™3 141,92 0.3032x10"1 523.88
90 0.9439x10"3 7,45 0,2004x10”7 782,93
100 077x1073  2846,53 0,1151x10™! 157639
110 0.6074x10™3  * 3616,23 0.6731x10™" 3254,58
120 0,191x10™  43057.05  0,6581x10™" 14852, 44
130 0,2156x10™F  M138,75  0,4670x107 22376,37
140 0,1220x10™%  87858,03 0,2510x10"" 43838.49
150 0.1220x10™"  87858,03 0,129%x10""  83885,58
160 0.24450x10™0 2894356,00  0,7400x10™" 969932.10

contd,.



170 0.2450x10"6
180 0.2450x10™0
-8

200 0.5000x10

2894356,00  0,4950x10"1
2894356,00  0,2500x10""
1 405263150.00 0,5000x10™"

1448225 ,90
2857142,80
105263150,00
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CHAPIER . 11X

COMPUTER AIDED PROBABILISTIC EVALUATION OF 10SS OF LOAD FOR
TWO SY STEMS, ‘

3.0, INTRODUCTION.

The digitel computer provides an effeetive means
for ovaluation of probahility.or gimuitancous forced outages
for detcermining generator rosorve requiremqnt and for calculation
of loss of load probability as a reliability index, Arithmetical
cemputatiohs are reduced to a fair dogree and enables an engineer

to concentrate more time on technical aspeet of tho work,

Brennen ot al.(%5) have discussed a method to
calculato probability of capacity outnge for determination of .
system reserve requiroments, The procedure is followed to
obtain a cumulative outago table by adding one unit to an |
oxioting eyston., In the prosont investigation a computor program
hao been developod, the program docs tho addition of various
numbor of units ét a stroteh to an cxisting system and finally
obtaining capacity outage teble for various rounded values. Tho
tablo thus obtained is combined with system load model for
dotormining loss of load probability for a non-interconnccted .

systam,

As an illustration, the Roorkee and Bareilly Area
controls has boen choson and probability tablos with the aid
of digital computoer TDC~312‘hava becn doveloped, A ycar}y-peak‘
load duration curvoe has bean plotted aftor obtaining the relovant
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data for Roorkee (Fig.3.0) and an épproximate straight line
gurvo has been assumed for Bareilly control (Fig.3,1). Tho
loss of load probability for both thosc systems is then calculated

agsuning no interconnection between them,

| In the vork that follows, it ha® beon assumed
that the outsge rate of 211 units is5 0,02, so that p = 0,02 and
q = 0,98, All units considered aro assumocd to be of unit scheme
type for each tufbine generator or hydro-gonerator. The value
of p = 0,02 then applies to overall scries arrangement of

genorator, turbine ote,

3,1, REPRESENTATIVE EXAMPIE -(Hoorkoe and Bareilly Aroa Control).
| U.PsState Eloctricity Board has four area controls
for the whole grid of U,P.povor systcm. They are Roorkee,
Bareilly, Sshupuri and Panki, with lacknow as contral control.
The gonerating units which como undor the Roorkoo and Bareilly

aroa controls are shown in ‘ppondix-II (Tablogs 1 and 2),

For making the procednre for calculating probabi=~
lity. oasier and also for making it simpler for computer, §ho
smaller machines in both tho systems viz. Roorkee snd Bareilly
areas are grouped together, without losing much in accuracy.
Arranging in dosconding orders, the system A and B can thus bdo
shown in Table 3.1 and 3.2 shown belava



Iable 321

(System A « Roorkee)

3

3, No,, No,of machines | Capacitj of Each
| ! A (M) §

¥

Total capacity
B

(1) 7 60 420
(11) 2 50 100
(114) 3 30 90
(1v) 2 25 50
(v) L 17 68
(vi) 6 10 60
Total No,of Machines = 24
" Total installed capacity = 788 MW
F.0.R, = 0,02
Iable 3,2
(System B ~ Bareilly)
(1) 3 66 198
(41) 1 20 20
- (441) 5 19 79
(iv) 3 12 36
Total No.of machines - 12

Total installed eapacity = 330 MW

F,0.R, = 0,02
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Now, for system A, the capacity outage tables were
developed, First of all (Lx60 MW) system iz considered and a

cumulative outage table developed for this is shown below.

Computer programs are shown in Appendix~ I.

Igble 3,3
Determination of cumulative probability of cccurrence
of capacity outages.

bl

Capacity (MW) - ! Cumilative probability
0 1,0000
60 ’ 0,07763171
180 | 0.0000315198
240 0,0000001599

In a similar manner, we gc on adding units and a combinred
probability table i8 obtained for the whole system as shownm
in tadble 3,4 helowt



Iable 3.4
Combined probability table for Systom A with all units
addod as tabulated by computoer,

45

Outago capacity

Cumulative probability |

SJ&.; i

i 2, } 3,
1 0,000000E=~1 9.999988E=1
2 1.,000000E+1 3, 842176E~1
3 2,000000E+1 2,928405%-1
% 2,500000E+1 © 2,455630E=1
] 3.000000E+1 2,329961 -1
6 3.500000E+1 1.827451E=14
7 1 ,000000E+1 1. 80880281
8 % ,500000E+1 1,727031E=1
9 5 . 000000E+4 1.717383E~1
10 5, 500000E+1 1.,432362E-1
11 6.000000E+1 1,4221071~1
12 6,500000E+1 %,980038E-2
13 7 ,000000E+1 4,963350En2
1 7.5060001*:*1 3415502F-2
15 8.000000E+1 3.357335E-2
16 8,500000E+1 2:9515895E-2
17 9, 000000E+1 | 2,327303E-2
18 9.5000005+1 1,581254E-2
19 1.,000000E+2 1,549666T=2
20 1,050G00E»2 1.198104Ew2
21 1.100000E+2 1,180932E~2
22 1+ 150000E+2 7 ,686288E«3

Contd. [ X X}



23
2k
25
26

28

30
31
32
33
3N
35

36

37
a8

39

41
L2

k3

45

W7

1.,200000E+2
1.250000E+2
1.300000E«2
1.350000E+2
1. 4O0000E+2
1.450000E+2
1.5000001¢2
1.550000E+2
1.600000E+2
1.6500008+2
1,700000E+2
1.750000E+2
1.800000E«2
1,850000E+2
1.900000E «2
1.,950000E+2
2,0000005¢2

2,050000E+2
2,100000E+2
2,150000E+2
2,200000E+2

2,:250000E+2

-2,300000E+2

2,400000E+2

. 2,450000E+2

 74534031Ew3

2 4S4W7470E~3
2.875724E=3

1.768702E=3
1419560053

-+ 14101997E«3

6,607522 =l
6.398559E -l
4 104910E=k
3.5881625-4
2 (0947 6E=}
2,001510E=4
9.071999E~5
8.603662E~5
5,233728E=5
L ,8u6893E~5
2,922990E~5
2+699592E=5
1,.413300E-5
14 344049LS
7 43427586
7 043814E=6
34253203E-6
2,992310E«6
1 40427756

contd,..



47

49

- 50

2,500000E+2 12372649E~6

2,5500008+2 7 4876679F7
51 2,600000R+2 7+116609E=7
52 2,6499991+2 373721457
53 2,7000008+2 3.432557E7
Sk 2. 74999982 1.54124287
55 ' 2,800000E+2 1,398454E7
56 2, 849999F.+2 6,884424E-8
59 2,900000E+2 6.249273E~8
58 2,949999E+2 | 2,930067E-8
59 3..000000%4+2 2,054472E-8
60 3.0&999_91414»2 1,041497E-8
61 3, 100000E+2 94302467 E~9
62  5,066806E=9

34 149999E+2

The results shown in table 3.4 were then
rouaded across 25 MW and 50 MW and the results are tabulated

a8 shown in table 3.5 and table 3.6 8



lable

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

S,do, 1 |

Probability

Cgpacity out g
1. o;oooooon~1 6.800639E+1
2, 2;500000E*1 1.317230E~1
3s 5 «000000E+1 10440531
b, ?;500000}3*1 6411424 Eu?
5. 1,000000E+2 1,427126E-2
6. 1+250000E+2 6 o 42651Fm3
7 1.500000E+2 1.285128F-3
8. 1;7500003+2 3,6828B8E-4
D | 2;030000E+2 7,72787555
10, 2,250000E+2 | 1.501359E-5
11, 2,500000E+2 2,756198E~6
12, 2,749999F+2 &, 452000E~7
13. 34000000E+2 2,780001E~8
1, 3.249999E+2 0,000000E=1




Zable 3-6
(Rounding Across 50 W)

8, No, %  Capacity out Probability
1. 0,000000E~1 7 L5925 Fmq
2, . §,000000E+1 2,008389E1
3w 1,000000E+2 | L, 816468E-2
b 1450C000E+2 b, 790504 Ew3
Se 2,000000E+2 2,685297Ewl;

, 6y 2 ,50C000E+2 1,048558E«5

"~ 7 3,00C000E+2 2,503999E~7

In a similar manner, the results obtained by computer
for capacity outages and their carreaponding probabilities are
tabulated belovw for System B ¢

Table 3.7
Cumulative Probability table for 66x3 MW machine

Capacity outage Cumulntive probability

0.0 14,0000

66,0 0.0588079
132,0 0.00118398

198,0 - 0,00000799




Tablo 3,8

Combined computor results for all units considered
for system B

50

QEXTRAL LIDRARY UMIVERSITY 6F DGonKEr

17608

ROABEERRA

8,Ho. E Capacity owtage |  Cumilative probability
1, 0,000000E=14 9.999988E=1
24 1,2000008+1 2,15282GK-1
3 1.500000E+1 1,672391E~1
by 2,000000E+1 8,716611E=2
5. 2,400000E+4 7 +115150E=2
6. 2,7000008+1 7.017101E=2
7 3.000000E+1 6,526856E«2
8. 3,200000E+1  6,200030E-2
% 3.5000008+4  6,101982E-2
10, 3. 600000E+4 5.,938566E=2
11, 3,5000C0E+1 5 ¢937900E=2
12, k&, 200000F+1 5.927895F=2
13, 4 ,400000E+1 54907885 Em2
1,  4,500000E+1 5 ,9058835-2
15, 4,7000008+1 5,809213E-2
164 5 «000000E»1 5 ,880209E~2
17, 5« 1000005 +1 5+882538E=2
18, 5 . 400000E+1 5,882471E~2
19, 5 « 600000E+1 5 «882062E-2
20, 5 +700000E+1 5.852040E~2
' 21, 5 + 900000E+1 5 «881639E~2
22, 6.000000E+1 5, 861435E-2

contd, .



51

23,
24,
25,
26,

- 28,

29,

30,
31,
32,
33.
3,

35,

36.
37,
38,
39,
40,

b,

b2,
43,
W,
L5,
46,
47,

6.,200000E+1
6+ 500000E+1
6.600000E+1
6.900000E+1
7 « 100000E+1
7 + 2000005+
7 «400000X+1
7 «500000E+1
7 +70C000E+1
7 +»800000E+1
8;000@00E+1
8.100000F+1
8.400000E+1
8.,600000F+1
8.700000E+1
8.900000E+1
9.000000E+1
5+200000E+1
3.300000E+1
9.500060E¢1
9., 600000E+1
9.800000E+1
9«900000F+1
1. 010000F+2
1.020000F+2
1.040000E+2

5« 881366E~=2
5 880959 F=2

. 5,880822E~2

1.076434E~2
1.0764261-2
1.076424E-2
1,076420E-2
1.076411E-2
1,076%11Ew2
1,0764038-2
7.822573Ew3

2,920121E~3
2,92012153

14939633E~3

14939633E=3

1:939632E=3

1.8796025=3
1.879601Ew3
1.579%5*B~3
1457945153
1437935183
14319322E3
14319322E«3
1.219272E~3
1.,218804E=3

nortad. .
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49.
504
514
52,
534

55+
56.
57
58.
59+
60,
61,
62,
63.
64,
65+
6¢,
67,
68,
694

" 1,050000E+2
* 4,070000E+2

1 * 080000 Efa

1, 100000%+2

1.110000E+2
1.130000%+2
1.160000%+2
1,170000E+2
1, 190000%+2
1.200000%+2
1,220000F+2
1,230000K+2
1.25000054+2
1.2A0000E+2
1.280000FE+2
1+31C000E+2
1.32C000F+2
1+350000F+2
1.370000E+2
1.380000F+2
1.400000E+2

14218864E«3
1,21273803
14212738Ew3
1420048753
1,1992625m3
1.195178E~=3
1,185053E3
1418496953
1,184928E-3

1.184928E~3

1.184677E-3
1418466913
1,184419Ea3

1,184294Ew3

1.184252E=3
1, 184060283
1.183919E-3
2,035156L~4
2,035105L =k
2,035097E«k
2,035072E~
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Table 3,9
Computsr tabulated results for probability of capacity

outago; for 25 MM roundod values,

S, o, Capacity outagé 3 Probability
1,4 | 2, ] 1
1o 0,000000E~1 8, Uh9710 -1
2. 2,500000E+1 9,381131E-2
3, 5 ,000000E+1 1.969920E=2
b, 7 ,500000E+1 3,776218E=2
5 1.000000E+2 2,553600E~3 i
6. 1.250000E2 7 +973968E 4 |
7 1 ,500000E+2 3.956056F.~k4
8. 1,7500001+2 9,124796E=6

3.2, DETERMINATION OF LOSS OF LOAD PROBABILITY .
For tho system A, we have probability of capacity

outagos shown 4ntablo 3+%s The table does not indicate tho
prbbablo logs of loady but confines itsolf to loss of generation
only. In ordor to know what is the probable loss of load, the
load duration curve for the system must be combined with tho
informstion relating to the probability of capacity outago.

The first ploce of information reguired is a

knovwlodge of the shape of daily peak load variation curve for
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tho systom, If for a givon yoar the maximum hourly load that
occurred each day vore known, these couid bo roarranged go
that the largest value was shown as occurring on day 1, the
noxt largest on day 2, the base load existing for the vhole
yoﬁ:.' In this study, tho maintenance has not boen considered,
as in our country, maintenance ig never plaaned, ahd it 1s
done only when the machine is on foreed outages The load
duration curve for Hoorkoe Area control is shown in Fig.3.0,
From table 3,5, the probability for capacity outage for @.0 M
15 0,6800639, On the load duratior eurve in Fig.3.0, tho
corrosponding ti@a in days for this outago » 0,0 days, Honce
expectod loss of load i8 zoro for this outageQ Similarly,
corrosponding to 75 KW, outago, the probabllity is 0,0611LL2k,
and time corrosponding for this outage is 30 days, The |
expected load loss 18 thus py TK e 41,8334 duys, Thoe summation
of all values of 108s of load thuo obtained for all tha

values of eapacity outages shown in table 3.9, gives the total
'expcctnd los8 of Yoad for the vwholo yoar. The values thus
obtained for system A is tabulated in Teble 3.91, and for system
H'gn Table 3.92. |
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loss of load probability for Roorkoo Arca - System A

Capacity | Probability | Timo (days) | Fxpoetod load
outago i (pK) ty | lgeg
1a. 20 I VO | o iy,
0,0 M 0,6800639 0 0
25 M 0,1317230 0 0
50 0.1044053 0 0
75 0,0611&»2# 30 1.833%
100 0.01427126 L2 0, 599390
125 0,006642651 75 0,498195
150 0,001285128 105 0.1349355
175 0.000368288 139 - 0.,045707
200 0.000077278 150 0,011580
225 0.0000150136 202 0,00303
250 0,0000027561 232 0.000626k
275 0400000044520 248 0,0000992
300 0.000000028 262 728,36x10"0
' = ,000072836
Expectod :mad.loss pKtK s  3.1354059 day
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Table 3,92
Ioss of load probability for Bareilly Area - System B

Capacity | Py i Time in days ! Txpected load
outage ! § 1:K § loss pKtK
1. 2, i 3. i b, S
0 0.8u4971 0 0
25 '0.69381131 0 0
50 0.0196992 0 0
75 0.0377622 11 0.4153842
100 0,0025536 60 0.153216
125 0.00079739 147 0,1172178
150 ~ 0.000395606 210 0.083076
175 0.000009125 2?7‘ 0025207

Expocted loss of load « Zp.t. = 0.771%147

The expacted load loss for the systom A amwd B '
are respectively. 3.1354059 days/year and 0,7714147 days/year,
If the cumulative probability values were used, the réaul;s can

bs shown to be the same,
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CHAPTER = IV

PROBABILISTIC EVALUATION OF RELIABLLITY FOR AN INTERCONNECTED
POWER _SY STEM, '

4,0, INTRODUCTION.

The teneflits of interconnecting two pover systems
or areas to form en intogratod power pool, derive from (a) inter=
change of enorgy (b) gain in tho reliability of tho genorating

gystems when an interconnoction is constructod,

Tho oxtonsive devolopment of interconnections has

beon due to following advantagos

(1) Roduction in Instaliled reserve

(14) Reduction in Spinning Roserve,
(411) Economy loading of large unit sizes,
(1v) Staggering of capacity installation,

Proviously, the application of probability methods in pbwor
systcm planning had been primarily in the area of planning
genorating capacity requiraments for single integrated power
systoems, Tho ovaluation of loss of load probability for
intorconnocted systems is a more campley problems The introdncw
tion of a tic line botweon two previously unintegrated systems
to form a powor pool generally has the offoct of roducing the
lose of load probability in each of tho systems and roducing the
total gonerating roserve capacity required to maintain a given
roliability lovel(23).
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4.9, GENERATING CAPACITY RESERVE REQUIAEMENTS FOR_INTERCOWNECTED
SYSTEMS.

The concepts used arc based on uso of daily eapacity
margin characteristics of single systom, Such a characteristic
can bo devaloped for a futuro poriod by inter-relating dally
pecak loads and available capacity for paéticular poriod, consie
doring maintenance as well as forced outages, This characteristic
can bo exprossed in two ways ! as a probability density
distribution of the daily generating caepacity margins or as a
cunulative probability distribution of such margins (Figs. 4.1 and
%,2). :

Tho basic density distribution of daily capacity
margins (Fig. ,1) defines the probability of occurroncc - which
can be oxpresssed in p.us of time or in days per periocd of ocach
daily capacity deficiency or surplus expocted to occur during a
given period, For a givon powor system, the Securve for Fig.h,2
21c0 indieates measures of reliability as indiested in Fig.h.3,

uvscful for ovaluating gonerating resorve capacitios,

The capacity deficiency occurs only if no remedial
moasuros ars taken, making the systom to deopond upon various
supplemontal resources of capacity available to the systom for
emergency purposes, Such supplemental capacity may be supplied
either from within tho system, as in tho case of interruptible
load curtailments or cxtra load capabillty of gensrators; or

from oxtornal sources, Such ag emergency back up from noighbaﬁring
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gystoms via intorconnections, These capacity surpluses are
on tho other‘hand, a measure of systems potential ability
to acconodate tho capecity doficiencies of neighbouring
utilities,

k411 Two Interconnected Syatems s

{A) GoaoraIIConcepts ¢t ~ The baslc capacity-margin distribue
tion curves for cach systom is developed in tho exactly samo
rannor previously doscribed for i-system. The likelihood of
oceurrenee of o capacity doficiency on either system must

then bo corrolatod with the avalilability of surplus capseity
by the other, For the tﬁo system group shown in Fig. L.k, the
offect of either system on other depends upon (1) the transe
mission capability limitations between systems A and B

(TAB ® TBA)‘ (11) the nature of the capacity margins in
systems A and B, in terms of magnitudo and likelihood of
occurrence and (1i1) tho diversity of capucity margins bctwacﬁ

the two systens.

(B) Dotermination of overall capacity,- Margin characteristicie

For tho simple two-systems interconnocted configuration in
Fig.e,lb 1f it 45 assumed that no transmission constraints
are presonty, the probability of occurrence of a given overall
ndt capacity margin, K Mi's, is determined using the familiar

convolution eguations as folloust
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P(mmnli) s = P(mA) P(mB)

for all mAme e K IR I mmrm (#01)

or

P(mAB“K)‘“ Ziiwmn) P (mga K—MA)

¥ for all mA . e Al mmnmm ™ (h.2)

vhore P(m,), P(mg), P(m,n) roprosent tho probabilities
associatod with the discrote capacity margins M,y Dy and m,q

in systems A, B, and overall area AB respoctively.

If continuous rathor than discrote probability
distributions are used, then equation (%4.2) bocomos

pAB(_K) ® f pﬁ(mh} Py (meﬁ) dm,

for all EA : | GV BN AR S AT AN RO RAE TS (uhB)

vhoro p,, Pp and p,g represent the probability density
distribution of capacity margins in system A; By, overall aroa
AB otc,. |

The convolution procoss (as seen from cquations
hely o2y 4,3 providos a mean fOr cvaluating tho benefits associatoed
with utilising the 1nterconna¢tion, namoly a doercase in capacity
dofieciencies which would otherviso oceur in the two systoms if thoy
wore pot intercomnected, and thus unable to assist each othor

during times of capacity deficiency.
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(C) Determination of the Interaction effect on euch system i«

iho condition process permits the evaluation of combined
effect of both 5 systems upon the whole area, but evaluation

of effect of interaction of either system upon the other is
also required, Wwhenever one of system 18 in danger of incurring
a capacity geficiency, the other system would provide emergency
capacity ohly to the extent posaiblélﬁithout jeopardizing its
owa reserve situation, CQHSGQUBnﬁIy; emergency capacity would
be transmitted over the interconmnection only in those instances
when a capacity surplus exists 4in 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,

Y

In Fig.4,5, such imtoeractions are summarized assuming
no transmissiom constraints.The shaded regions of the arrays
represent the situation in which capacity deficiencies still
gxist even after interaction between the two sjstems has

ocecurred,

From the array of possible capacity margins (Fig.k.5)
- for system, A, the overall likelihood of any given margin |
resulting from interaction with system B can be determined, as
4ndicated by followings
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For positive margins in System A i-

P(mA-K) Ilp(mAnK) = p(mB) + Z D(NA) p(mB) seresesce (ole)

K>0 for all | fqr all My <0

m, > 0
B~ mAmBuK

For negative margins in System A =

p(mA;K) = p(m,=K) Z plmy) + Z p(m,) plmy)
K<0 | for all for all my >0 vuyeo(k5)
mﬁ-é'c m, +m, = K
"ATB

For O-MW margins in system A s«

pim, =0) = p(m,=0) + = plm,) pimy) + Z p(m,) plmg)

B
for all mA>O for all mAéo |
mBCO mab(mA) gttou(h"é)
m,< (mB)

vhere m, and mp ———> capacity margin of A and B

prior to interaction

Myp = capacity margins on System A as modified

by effect of interaction with System B,

pm, )y pimy), p(m,.) = Probability of occurrence associated
with m,y Mpy Mype |
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A similar set of equations also apply to system B,
The first term in each of abovs equations represent the events
in which the original capacity margins are retained in system A,
while the other terms correspond to thoSe events in which
copacity margine are modified as a result of interaction with
system B,

~ In the above analysis, the effect of transmission
that exists and 18 an 1ﬁpnrtant aspect of overall svaluation of
genorating capacity raserves hags been neglected: The numerical .
determination df auéh effect 1s made by usc crvload flow studies,
atability analysis etc. |

4,2, PROBABILITY TABLES FOR TWO SYSTEMS.
- The loss of loadapproach can be applied easily to a

tvo system intaerconnected study. Assuming nmo transmission
limitations and that each system will share deficiencies equally,
them the tota) generatinmg capacity can be used to develop
combined ecapacity outage probability tabie, This can be then
combined with load duration model to obtain LOLP for the

two systems, while analysing two intercomnected systems, it is
impractical to adopt ‘one company concept', hence to maintain
the identity of the generating facilities im each system, two
dimensional array of probabilities covering the various

simulteneous outage levels in each system is maintained,
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For our systems A and B (Roorkoe and Baroilly Aroa)
(8oo Appendix~II), and simplifiod form es shown in Tables 3.1 and
3+2, 7Tho tablo 4,21 shows the individusl system capacity
outago probéb&lity tables, as obtainod by computer,

Table 4,21 |
Capacity outage probabdility tables for systems A and B

" [ mmes
Capacity Probability ¢ Capacity Probability
outage in 8 ocutago
M 4 | _(11) 0 (1) | _(43)
0  0,680064 0 840171
25  0,131723 25 09381131
50 0104409 50 .0196992
?5 | H61142 75 +0377622
400 01427426 100 0025536
125 » 00664265 125 +00079739
150 .00128542 150 000395606
175 ,00036828 175 000009125
200 000077278
225 000015013
250 000002756
275 000000445

300 ~,0000000278
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In table 4,22, the probabilities of simultaneous |
capacity cutages are shown, and all values less than 10~ have
~ been neglected, For axample, the prﬁbability of 75 MW outagé
service in system A and 50 MW outage in system B is ,00120449
at some time in future,
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W,3. LOSS OF LOAD APFROACH.

Tho probability array shovn in Table 4,22 doos not
provids a useful risk index until it is combined with the load
modol in a much similar vay a8 in a single system,

Assumo the load duration curve shown in Fig.3.,0 to
be divided into threc straight line segments, Tako the average
load for each segment and find tho corresponding number of days
for vhich it persiatéa iakiﬁg this average load for tho syétem,
we find the systoms roserve capacity (soo Fig.4,6)., Assuming
the interconnected tic line capacity as 25 Mi, 50 EW, and 7% MW
succdssively, wé f&ﬁd tﬁe exbecté& risk lovel fbr each segment
of a system, The sumation of riek levsls for the throe scgments
will give the combined expocted risk for tho system A, We can
proceed in a similar fashion for system B.

(A) lot tho firm capacity of the interconnectod tic line = 25
M¥ and assumc & nogligible probability of outage. Under those
conditions a load 1085 array can bo croated for cach system as
shown in tables 4,31 and 4,33,

(a) For sogment AB (Sce Figs 4.6)

Tie line capacity = 25 MW Installed capacity = 788 MW
Average load s 669 HW Reserve capacity = 123 MW
Days ‘t1' . # 190 days

The table %,31(a) gives the loss of load in system A for this
average load.
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(b) For second segment BC @

Installed capacity o 788 Mu

Average load s 675 MW
Time ' = 75 days,
Resorve capacity = 213 MW

Tablo 4.31(b) gives loss of load in System A for this average
load in segment BC,

(¢) For third segmant Ch s

Installed éapacity = 788 M

Average load = 460 MH
Roserve capacity e 328 MW
Time s 135 days

Tablo %,31(e) gives the loss of load in systom A for this

avorago load,

The 1oss of load array is shown in table 4,31 for
systcm Ay, vhere 1t is assumed that system B will assist A upto
tho point at which B suffers load curtailment. Tho maxdmum
assistonce 18 limited to tho 25 MM tie capacity. For oxamplo
considering the 150 MW capacity outage row in table 4,31 A,

150 MY out in A and '0' out in B, means 27 MW outage in Ag
assistance from B = 29 M{. Hence load curtailment in
Aw 2 Md,
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150 M4 out in A and '25' MY in B, assistanco from B = 25 My,
Hence load curtailment in 4 = 2 My,

150 M¢ out in 4 and 150 MY out in By No assistance from
system B, Hoenee load curtailmext in A= 27 W
(ctce, otcs)

The rest of the values aro obtained in table 4,31 and 4,33
likowise., In tabie‘u‘zz, the probabilities are given associated
vith cach of these load lose donditions, Tho values which
corroespond to actual load losses have beon repeated and are
shovn in tables 4.32 and W.3%. Tho probability of any loss of
load in the given day for system A 48 tho sum of valuos givon

in table 4,33 and similarly in table 4.34 for system B, If it
was required to find tho expocted load loss in KW, the probabili~
ties of tables 4,32 and 4,3% would havo to be multiplied by the
correspénding load lossos in tables 4,31 and 4,33 and then
suymmed. The peak load for the day is assumed to roprosont the
system load for the ontire day in cithor case, Summing tho
probabilitics in tables %.32 and 4,3% gives an oxpected load
loss for system A of 2.7069075 days and for system B 0,02535 days.
The system risk egpoectancy on a day basis for each systom
considored on a non-interconnected basis can be obtained from
capacity outagoe probability values in tablo 4,29, The expectod
value 18 equal to the cumulative probability of tho capacity

outage oxceeding the roserve,
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(b) For segment BC
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(b) For s«

9

System B

gment BC

10
10
10
10

5
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10
10
10
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10
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10
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Table b,3h
(A) Ioad loss probabllity in system B
M ! ' ) i v ] T (
out | o ‘25 §so to5 | 100 | o125 i 150 | 175
AR IR I R
LI T IO N N I B |
0 0000619
25 40000119867
50 +0000095008
79 000005563 |
100 00000145
125 ,000026278  ,00000023
150 00000508 .000000k41
175 ,000001456
— ‘
225
250
275
300

Total expected loss in load
probability = 0001236

Time T‘l » 150 days

P,T, = 0,01854
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(B) load loss probability in system B (segment BC)

Wl T ] NI
out 325 ; 50 | 75 {100 | 125 150 i 175
M 3 ‘

0 0000619
a5 0000119867
50 0000095008

75 - 0000055639
100 ©,000001298
125 00000060k
175
200
225
250
275
300

TZ e 75
*s P T = 00681
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Total expected load 1o8s in system B (295 MW tie)

201854 + 00681
0.02535

Table L’

ty = 90 MW

Tie capa

Ioss of load in system A

(a) Segment AB

Sys

50

75
100

System 125

O,

=

150

27

52

52

37

12
3
62

175

77
102
127

62

200

225

102
127
152

87
102

52 52 52
127

52

87
112

77
102
127

7. 77
102

250

275

152
177

102

102

127

137

77

152

127

127

300
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Ioss of ldad in system A

(b) Segment BC

System B

175

- . S .

25
50
79
100
125
150
175

0

Sys-
tem ~—

200

12
37
52

12
37

225
250

278

52

3
n2

22

L7

12
C ¥

12 12
37

12
37

o0

87

87
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Total expected 10ss of load inSystem A = 0,58884% + ,002235

(50 Mu) = 0,591075
Table 4,37
System B~ loss of load with segment AB of System A
(a)  System B
My ! ‘ ; i 1 |
out 0! 25 50 75 1100 ! 125 | 150 | 195
] ]
20 i ! ! l :
put i I L.
0 0 0 0 0 0 0 0 0
25 o 0 0 0 0 0 0 0
System __50 0 0 0 0 0 ) 0 g
A 75, 0 0 __0 0 0 0 0 0
~100 0_ o0 o .0 o _ Q 12
128 0 0 0 0 0 0 0. .3
150 0 0 0 0 0. 0 10 138
175 0 0 0 0 0 0 10 15
200 0 0 0 0 0 0 10 35
22§ 0 0 0 0 0 0 10 35
250 0 0 0 o 0 0 10 35
275 0 0 0 0 0 0 10 35
300 0 0 0 0 0 0 10 35
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For segment BC

(b)

25

o

75
m_o
126

Sys=
tem

150

1‘75

22

200
, v

20

10

35
35
3

10
10

273

10

35

300
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loss of load probability in system B (segment AB) = ,00003L8
I, = 150

P,T, = 0052204

Ioss of load probability in system B (segment BC) o 0,0 (negligible)
«"+ Total expected loss of load in system B = 0,0052204

Table 4,38
‘Tie Capacity 79 M - loss of load in System A

(a) Hith_segment

Y mfﬂ ¥ : Y ( v

Moy | i i H ' ]
out]O0 125 | 50 | 75 { 100 | 125 | 150 | 175

/N N S R ! ! |

out HI— H : : : } 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 0 0 0 0 0

Sys-

tem 100 0 0 0 0 0 0 0 0
A 423 o o o 0 0 0 2 2
150 0 0 0 0 0 12 27 27
175 0 0 0 0 12 37 52 52
- 200 2 2 2 12 37 62 77 77
225 27 22 27 37 62 77 102 102
250 52 52 92 62 87 12 127 127
275 77 7 77 8 12 137 152 152

300 102 102 102 112 137 152 177 177
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- loss of load in A

sggment BC
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le 4,40
loss of load in system B (Tie = 75 MW)

gtem B

8¢

(A)

0

25
50

79
- 100

35
35
35
35
e

10

125
150

10
10
10
10

175

0

200
225

35
2
35

10
10

250

275

10

300
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(B)

r segment BC

Syatem B

Lia)
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loss of load probability in system B (segment AB) = 0,0000348

T1 = 150
e 0,005220%.

loss of load probnbziity in system B (segment BC) = 0,0 (negligible,
The table 4,5 shows the final tabulated resulis.

Expacted loss of load in days individual systenm

&ysten A 341354059
System B : 0.7714147
Table 4.9
TTic = 75 ™
2,7069075 0.591075 0.1235175
0,02535 0.0052204% 0.005220%

The values shown in the above table represent the
expected contribution ﬁo the total risk for a year considering
firstly the individual systcas separately, and then by intere
comection by a tie line of 25, 50 and 7% M respectively,

4,4, BENEFITS DU TO INTERCONWECTION.

‘Table 4,5 indicates that the expected loss of load
in days decreases if wo interconnect two systems than by
letting it remain non-interconneeted., Henee the load carrying
capabllity of the combined system as well as individual system
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increnses, Interconnecticn benefitto a system can be defined as
the corresponding increase in load carrying capability at e
specified risk level, '

The effect of varying the interconnection capreity
between the two systems A and B has been Studied, for 25 MiW, 50 MW
and 75 Mi as tie capacities, Fig, u.ﬁfé?a table 4,5 show that
as the tle 6apaciﬁy increases, the risk in each system decreases
until 1t reaches a point st which any increase in tiz capacity
has no further effect. This point is a function of cperating
reserve in the two systems, the load models and the generating
capacity models, This pbint 15 designated as 'infinite ﬁie capacity '
(35} This is clearly seen in Fig.h;Vdn,bx

4,5, RELIABILICY EVALUATION I MORE THAN TWO SYSTEMS.

The method employed to evaluate risk levels for
two gystems which are interconnected can be sultably extended |
vhen & third system 1s added, An assistance probability table
of the third system can be obtained which contains the different
capacity assistance levels each of vhich has a probability of
aﬁailabilzﬁy. The table is developed using the capacity outage

probability table, the available system reeerve and the tle .
| capacity., TFor a given capagity on outage,; the aésistanee is
equal to the difference between the operating reserve and the
capacity on outagé or the tie capacity vhichever is less, The
probability of this assistance 15 the probability of the capacity
outage itself, For iastance, in the figure L8y if system A 18

CEATRAL LITRARY UNIVERSITY OF ROORYE®
ROOBKEB
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connected to systems E and €, the risk level in system A is
obtained ﬁsing thé combined capacity modpl of systemé 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

hypothetieal example 48 not attempted here, sinee they are
lengthy and involved, and con be easily obtained in ihe

references,
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CHAPIER - V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER HORK

5.1 GONCLUSIONS.

The apparent superfluity of the probability
method has been disproved in the preceding pages and some of the
very basic probability theury necessary in the study of Generation
reserve capacity and interconnceted power systemS has been
discussed. The utilizetion of probabllity technigques permits all
the pertinent parameters to be incorporated into the analysis

of system reliability,

In the typical casc of system generating capacity
reserve, the problem not only concerns the risk of outage, but
also‘the econonmic balance between generator reserve and tie
capacity in providing against local outage concentrations, The
gencrating 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 ncw'éummencing to colleect data on equipment vhich has progressed
well into its useful life, | |

Methods have been discussed to obtain reliability
indices to complicated probability calculations for Generation
reserve und interconnections. But the actual expectation for
any one year or even for a period of few years will vary considerabe
ly from the most probable mean value. The relisbility 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
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found to be satisfactory umder these conditions(35),

The capacity outage probability tables developed
for two practical systems A and B (Chapter III) were as a
result of ealculations done by digital computer TDC=312, the
programs for which were developed and are shown in Appendix-I,
The programs can be combined and further extended for ealculations

of risk levels for two systems but for the limited memory

locations for this computer,

The application of probability methods for an
intercennected study provides ah analytical approach which can
include all the factors for reliability assessment, as shown in
Chapter IV, For a two-system analysis, it has been shown that
as the tie capacily increases, the risk in each system decreases
until it reaches a point at which any increase in tie capacity
has no further effect (Fig.h.?jif‘Tha approach can be extended
for more than two systems or for vwhole U.P,Povwer System, but
this 15 not attompted here as it would occupy time and space

28 the preaent vork itself,

5.2, SUGGESTIONS FOR FURTHER 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 interw
connected basis, The assumptions made, regarding tie line
outages as negligible implies that the tie-lines ere somevhat
oversized vhen judged by the reliability standard set up for
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the power supply. For tvwo interconnected systems, this would
not introduce any appreciable error, but if the studies are'
confined to more than two systems, this assumption is not
justifisble and would introduce eirors. This points 6nt the
need for collecting more information on transmission component

outage.

Furthermore, the problem for more than two systems
or for a vhole U,P, power system would be¢ome'quite comprehensive
and tedious, The need.voﬁld be recognized for improvement in
the outage factors applied to the many components of generation
and transmisaian systéms for which reliable datas have tc be
made available, It will be indispenssble to develop genecral
computer programs to calculate the risk levels for the combined
system as & vhole, as well as individual systems, which would
require greater dimensions in the program, greater card handling,

punching, compilation and hence consume more of computer time,

In the course 0? time when a rational grid is
formed,; installed capaéity ﬁpuld increase considerably, the
necessity of eolving system reserve and interconncetions problems
and measuring the sexvice reliabilities in a séientific manner
vill be felt, it would be in the interest of Indian Powcr
'companieS‘to keep themselves abreast of the new developments on
this aspect of the problemy, as a lot of active research work
has been published and is going on in U,S,, vhere the problem
has already/been tackled effectively.
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APPENDIX - I
COMPUTER PROGRAME

PROBABILITY CALCULATION BRIVASTAVA

DIMENSION CAP(30), CUMP(30), CA(2), PA(2), RCAP(30),
RCUM(30), PR(10), €0(10), CI(10), NUO(10)

READ TC, FOR, N1, ACAP

WRITE 121, TC, FOR, N1, ACAP

FORMAT (/,¥¥¥¥,E, VB¥Y, F, ¥¥¥6, I, ¥E¥S, E)

FORMAT (/,¥¥¥¥, I, ¥¥¥PB, B)

NA = W1 '

I =1

CR = 1,0

AM ﬂ.} 0,0

M =0

NUO(X) «0

CO(I) = AM * ACAP

CI(I) = TC-CO(L)

PR(I) u'cn * FOR ** M * (1, ~FOR) ** (NA-M)

Al = N1

N = N4

DO 110 ¥ = 1,N

Lwl |

I = I+

AM = i

TR » M1

NUO(I) « L
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CO(I) = ACAP * AM

CI(I) = TC = 00(’1)

CR = CR * (AN-TR)/AM

PR(I) » CR * FOR ** 1 % (1,~FOR) ** (NA-M)

CONTIHUE

WRITE 1100

FORMAT (“PROBABILITY NO OF UNITS OUT CAPACITY OUT
CAPACITY In",/)

IM = et

DO KO K= 4, IM

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

FCRMAT (E, " ¥¥¥¥e¥y *, I, " ¥o¥wds *, I, " Yépew¥ ",1,/)

CONTINUE | |

STCP

END
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C  CUM FROB CAL  SRIVASTAVA
DIMENSION PR(15), CUMP(15), CO(15), CI(5), CAP(15)
READ IM
DOGY Iw 1, LM
READ CO(I), PR(I)
991 CONTINUE
L= IM
CUMP (1) = PR (IM)
WRITE 17, CO(L), CUMP(L)
17t FORMAT (/, ' ¥¥¥ ', ' ¥id#¥ ', E, ' ¥i¥ ¢, B)
Me M
531 HNeM
M o= Nt
PR(M) = PR(N) « PR(M)
L= It
CUMP(1,) = PR(M)
IF(i=-1), 50,61,50
50:  WRITE 17, CO(L), CUMP(L)
GO TC 53
61:  WRITE 17, CO(L), CUMP(L)
DO 115, I = 1, LM
CAP(I) » CO(I)
115 CONTINUE
HUNT w 1M
STOP
END
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PROGRAM FOR ADDING BINGLE UNIT SRIVASTAVA

RCUM(70), ICAP(10)
READ NONT, PO, NADD
DO 127 I = 1, NUNT
READ CAP(I), CUMP(I)
CONTINUE
DO 122 Ii= 1, NADD
READ ICAP(II)
WRITE 222, II, ICAP(II)
CONTINUE

FORMAT (/, "ADDED CAP,",/, ' Y¥¥f ', 1

NB =1

DO 128 1IJ = 1, NADD
IC « ICAP (1I1)
NN = NUNT + 1
CAP(NR) = 0,0
CUMP(NN) = 0,0
CA(1) = 0,0 .
CA(2) = IC
PA(1) = (1,-P0)
PA(2) = FO
It

Jga= 1

NA » 1

- DIMENSION CAP (70), CUMP(70), CA(2), PA(2), RCAP(70),

(R

IF ((CAP(I) + CA(1)) = (CAP(I) + CA(2)) 2, 24, 4

IF (PA(1) * CUMP(I)) 5, 3, 5
RCAP(NA) = CAP(I) + CA(1)

RCUM(NA) » PA(1) * CUMP(I) « PA(2) » CUMP(X)
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33
14t

91

Ls
501

61

2h
213

73

NA = NA + 1

ImIst

GO TO 51

IF(CUMP(T)) 14y 11, b
RCAP(NA) = CAP(J) + CA(2)
BCUM(HA) = PA(2) * CUMP(J)
J = Je1

IP(NA-70) 9, 11, 11

NA = NA + 1

GO TO 3

IF (PA(1) * CUMP(I)) 501, 3, 501

RCAP(HA) = CAP(J) + CA(2)

RCUM(NA) « PA(1) * CUMP(I) « PA(2) * CUMP(J)
IF (HA=70) 6, 11, 6

BA = HA + 1

B I T 1

GOTO 51

IF (PA(1) * CUMP(I)) 21, 3, 21

RCAP(NA) = CAP(I) + CA(1)  °

RCUM(NA) = PA(1) * CUMP(I) + PA(2) % CUMP(J)
IF(liA=70) 7, 11, 11

NHA = HA « 1

Iwlaoet

TuJed

GO T0 54

100
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101 FORMAT (/,/, ' ¥¥¥6 ', I, * %¥¥¥ *, E, * ¥¥¥¥ ', E)
113 HUND = fA=9
DO 120 I = 1, NUNT
CAP(I) = RCAP(I)
CUMP(1) » RCUM(I)
120% CONTINUE
NB = ND#1
1281 CONTLNUE
WRITE 200
200: FORMAT (/, "FINAL RESULT", /,/, " S.NO, OULAGE CAP CUM
" PROB" )
DO 209 I = 1, NUWT
WRITE 10, I, CAP(1), CUMP(I)
| 201: CONTINUE
STOP
END
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PROBABILITY ROUNDING PROGRAM

102

‘SRIVASTAVA

DIMENSION PROB(70),NOUT(70), POUT(20), PROT(70), RPRB(20)
~ HEAD NTOT, RND, NAB

WRITE 18, NTOT, RND, HAB
DO 201, I = 1, NAB

READ NOUT (I), PROB (I)
CONTINUE

FORMAT (' Y%K ', I, ' ¥O¥¥H¥ ', I

Lai

IRND = RND

Mes I+

PROB(L) « PROB(L) - PROB(M)
WRITE 25, NOUT(L), PROB(L)
L= Inq

IF (1~NAB) 119, 139, 139

NAM = (NTOT + (IRND =1)) / IRND
NAM 1 = NAM + 1 |
DO 998 I = 1, NAM 1

AK = T1

PRO » 0,0

IN = 1

POUT(I) = AK = RND -

PROT(IN) » NOUT(IN)

IF (PROT (IN) - POUT(I)) 14, 2, 3

PRO = PRO 4 PROB(IN)
IN = INe1
GO TO 11

"Rty I, /)
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IF(PROT(IN) = POUT(I) ¢ RND)) 4,5,5
AB = POUT(I) - PROT(IN)
IF (AB-RND) 4,30,30

DIF = POUT(I) = PROT(IN)
IF(DIF) 21422422

DIF = - DIF

DIF = 1 ~DIF/RND

PRO « FRO + PROB(IN) * DIF
IN = IN+1

GO TO 11

RPRB(I1) = PRO

WRITE 25, POUT(I), RPRB(I)
CONTINUE

: FORMAT (/, ' ¥¥¥¥% 'y E, ' BEKE °, E)

8ToP
END

103
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APPENDIX « 11
DESCRIPTION OF ROORKEE AREA CONTROL (SYSIEM A)

Iable =1
s, No, Place where generating Installed capacit, Dereated
: unit installed, ' (MW) P ¥ capagity
1. Yamuna Stage-1
a) Dhakrani 3x11.29 34,0
b) Dhalipur 3x17 51,0
24 Yamuna Stage~Il
a) Chibro Lx60 240 MW
b) Khodri (under construction) ux30 -
3. Yamuna stage~III
a) Kulbal 3x10 MW -
4, Ganga Canal Power Houses
(1) Pathri 316;80 -
(14) Mohd. Pur Ix3.1 -
(114) Nirgajni 2x2.9 -
(1v) Chilaura 221,5 -
(V) Salawa _ 2x1 05 -
(vi) Bhola | 4%0,375 ) -
2x0.6 )
(vii) Sumers 2x0.6 -
54 Harduaganj 'A* (Thermal) 3x30 ) -
2x55 )
6. laruaganj 'B' Extension 2x50 ) -
: 1x60 )
7 Agra Fort 1%6,0 -
8.

Agra New 1x10 -
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For making calculations procedure simpler, we
considér all the smaller machines by grouping them together
as 2x295 MW machines, Thug, the machines of Chitaura, Salawa,
Mohd,pur, Nirgajni, Agra Fort and Pathri can be grouped in
“this fashion,

84milarly, making groups in ascending order, we get
the llowing simplified table -II for whole Roorkee Area

Control:
Table - II
System . No.of M/es  Capacity of exch  Total
(1) V4 60 MW 420
(31) 2 50 MW 100
(414) 3 30 MW 90
(iv) 2 25 MW 50
(v) I 17 Wi 68
(v1) 6 10 MW 60
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Table «II1I .
Description of System B (Bareilly Area Control)
S.Ho. Place - Installed capacity

T ' Ramgange 3x66

2. Khatima 3x13.8

3. ’ 11] Lx1,

3 Berelily 153

L, Chandausi 2x3.0

Se Moradabad (2x15 + 25)

(Simplified Table)

S,Ho, ‘No.of mé.ch.ines Capacity MW Iqtal capacity
1. 3 66 198
2, 1 20 20
3. 5 15 75
b, 3 12 36
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