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ABSTRACT

In generation expansion planning , the reliability
evaluation of each alternative plan is essential in order to
justify that the selected plan satisfy the desired level of
reliability . The commonly used religbility index is the Loss
of load probability (LOLP) . Three methods , recursive , seg-
mentation and cum:lsnt are generally used by the utility in
the evaluation of LOLP . Since the introduction of these met-
hods , attempts are being made with an ultimate target to
improve computational efficiency and flexibility . In this
resesrch these three methods are applied to two electric
utilities , the IEEER Reliability Test System (medium size
utility) and the Bangladesh Power 3ystem (small utility.) .
The methods are then compared in terms of accuracy, computa-
tional efficiencyland computer memory reguirements and
discussed with a view to determine a suitable method for any
particular type of system . In this research the sensitivity
of each method to the variation of peak load and sensitivity
of recufsive method to step size , segmentation method to

segment size and cumlant method to the number of terms are

investigated and a table informing the different characteristi-

¢s of each method is developed .
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NOTATIONS

Available Capacilty

Capacity of the i-th generating Unit
Energy curtailed by capacity outage egual to 0y

Probgbility distribution of load

Probability distribution of equivalent load

after convolving r-th Units
Equivalent load probability distribution
Probability distribution of outage capacity

Installed capacity

n - th cumlsnt

Random system load

Equivalent load

Rendom outage load corresponding to the
i-th Unit .

Mean up time

n-th moment about the origin

n—-th moment about the mean
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Normal distribution

r-th derivative of normal distribution

Magnitude of capacity outage

Probability of capacity outage equal to Oy
Availability of capacity Gk of the k-th Unit

Peakk Load
FOR of the k-th unit

Hean down time

Available capacity
Forced outage capacity
Generating unit failure rate

Generating Unit repair rate .
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ABBREVIATIONS

Bangladesh Power System
Cumulative Probability Distribution Function
Chronological Léad Curve
Equivalent Forced Outage Rate
Equivalent Load Duration Curve
East - West Interconnector
Frequency ind Duration

Forced Outage IHours

Forced Outage Rate

Gas Turbine

Load Duration Curve

Loss of Energy Expectation
Loss of Energy Probability
Loss of Load Probability

Moute Carlo 3imlation

Mean Time To Failure

Mean Time To Repair
Probability Density function

Service Hours
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CHAPTER 1

INTRODUCTICH

1.1 IHTRODUCTION

The main concern of power system engineers is to supply
customers , both large and small , with electriczl energy as
economically and reliably as possible. liodern society,because
of its nature of working habits expects continuous electric
power supply . The mein hindrance to the contimuous supply is
the random system failures . However , the discontinuity of
electric service may be reduced by increasing investizent in
generation and distribution sectors . Overinvestment rey lead
to excessive operating costs wioich will inflate the teariff, On
the otherhand the low investment ﬁay Eause unreligble supply .
It is , therefore , evident that the ecoromic and reliability
constraints are competitive , and this can lesd to difficult

managerial decisions at the planning and operating stages .

Tous , the evaluation of relighbility and economic const-
raints are two important aspects of generation eXpansion
planning of a power system . Generation expansion planning
begins with estimates of peak demands and assoclated electrical

f\'
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energy consumption . After 1ldentifylng the need for generating
capacity additions , the planners develop a number of feasible

expeansion alternatives on the basis of [ 11 .

i) Load growth
ii) Construction time
iii) Availability of sites

iv) Availsbility of fuel

Givenrthese alternative plans , it is common to subject
each plan to a detailed reliability analysis to ensure that all
Plans satisfy the desired level of reliability . Plans that do
not meet the reliability criteria are eliminated or appropria-
tely modified and plans which satisfy the required reliability
level are evaluated on the basis of economics . In order to

~determine the economic merit of any proposed generation expan-
sion plan , an economic indicator, usually called cost functi-
onal ig introduced . For the sake of simplicity and clarity
this cost functional is formulated as a sum of three major

items ¢+ [ 21 .

i) Cost of capacity addition .

ii) Bocilal cost arising from failure to meet the
projected demand .

i1i1) Fenalty for residusl generation capacity at the
end of plan period .



‘The cost of capacity expansion comprises generation costs,
fuel costs and operation and maintenance costs . It is difficult
to assess the socilal cost caused by loss of load or failure to

-meet the projected demand . However , it is clear that loss of
load has a serious economic impact on production and business,
in additibn to inconvenience suff;red by domestic consumers .In
ally sgeneration expansidn Planning this i1s a major factor and
hence some measure of sccial cost must be introduced , even if
it is fictitiogs . The obvious reason for this is that if there
is no social cost ,lthere is no need for power generation ,The
penalty for residual capacity is obtained by subtracting the
salvage value from the cost of residual capacity at the end of
plan period . Sum of these threé costs glves the cost functional.
For each potential plan , financial and envirornmental impacts
are anaglyzed . Finally , the alternative plans are compared in
order to identify the one that impacts on the utility as a whole
in the most favourable manner ., In figure 1.7 the planning

process 1s depicted in the form of block diagrams .
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1.2 BACKGROUIND AND LOTIVATION

The historical development of probabilistic methods to

evaluate production cost and reliability is extremely inter-

"esting . Interest in the application of probablity methods

to the evaluation of capacity requirements became evident in
19%% , The first large group of papers was published in 1947.
The papers by Calabrese [ 31 , Lyman [4 1 , Seelye [5 1,
Loane and Watchorn [ & ﬁfproposed some of the basic conceépts
upon which some of the methods in use at the present time are
based . in 1948, the first Albkl subcommittee on the application
of probability methods was organized . The subcommittee submi-
tted several reports containing compreiiensive definitions of
equipment outage classifications in 1949 [ 71 , 1954 [ 8 1

and 1957 [ 91 . In 1947 a group of papers proposed the meth—
ods which are now known as the 'Loss of Load Approach! ,'and
the 'Freguency and Duration of Qutage Approach' . Until 4954
most probability studies had been done either by hand or by
using conventional desk calculators . The benefits of using
digital computers were noted by Watchorn [10 I in 1954 . In
1960 Brown , Dean and Gapreztﬁﬂ] published the results of a //
statistical study of five years of data on 387 hydroelectric
generating units . Shortly after this in 1961 the AIEE sub-

committee [ 12 1 produced a manual outlining reporting



procedures and methods of analjzing forced outage data using
digital eguipment ., Cook et al [ 13 1 proposed in their

baper tae basic metnod for evaluating LOLP of two interconn-~
. ected systems . The initial apprqach to the calculation of
outage frequency and duration indices in generating capacity
reliability evaluation was modified by the introduction of =
recursive approach . This technigue is described in detail in
a series of four publications by J. D, Hall y R« J. Ringlee,
Ao J. J00d , C. D. Galloway , L.L. Garver , V. M. Cook from

September , 1968 %o August , 1969 [14 ,15 ,16, 171 .

An important advancement in probabilistic simulation
for generation plamning was the introduction of the concept
of equivalent load by Baleriaux et al . [ 18 1 . It was refined
by Booth [19 1 . The equivalent demand is the sum of demand
and the amournt of capacity on outage of the units and is obta-
ined by a convolution formula given in terms of g recursive

algorithm ,

a significant breakthrough in the computational effici-
ency of the prébabiliétic metiod was the introduction of the
nethod of cumulants or moments by Rau et al . [ 20 ] as well
as by Strenel et al . [ 291 . These are approximate techni-

ques Dased on the gpplication of Gram - Charlier or Edgeworth



series exvansions . In this case y & glven frequency function
is represented by a seriesof orthogonal polynomials. These
technicues jained increasing popularity because of their
~computationsl efficiency . However , the accuracy of these
nethods dependé on a nﬁmber of factors : unit forced outage

rate , number of units , the shape of load etc .

an exact end computationally efficient technique was
recently proposed by 3chenk et al . [22° 1 based on the obs-
ervation that the LOLF and expected energy generstion of
units may be obtained from the zefoath ené first order mouments

bl

of unserved dewsnd . This technigue is bésed on the seuenta—
tion of the demand aXils into segments of equal capacity . The
segmentation method ‘is further extended by Schenk , 4hsan =
Vassos [23 1 tc incorporate the reliabilivy evaluation of
two interconnected systems . Ahsan end schenk [24 1 have
utilized the segnentation method to evaluate the production

cost of two interconnected systems .

As mentioned esrlier ,. the commonly used methods to
evaluate alterrative plans in the generation expansion plann-—
ing vrocess and zlso to evaluabe a power system to measure the

staniard of service , are 'recursive' (Baleriaux and Booth ) s

4



‘cunulant' and 'segmentation' method . In this thesis , the
two exact techni gues , recursive and segmentation mctucds
are compared with the cpproximate technigque , cumulant
nethod , by avplyilag them to a typical system namely IZED
Reliability Test System [ 25 ] and to a suell system namely

Berglodesh Power System .

The methods are compared in terms of computational
efficiendy , computer storage requirement and aiso interms
of accuracy of results . This thesis presents an investiga-
tion regarding the sensitivity of each method to peak load
variation . The éensitiveness of recursive method to step

size , sepgmentation method to segment size aal cunulant

method to number of terms in the series 4g|\alse<lnvestlgated

-y -

--._ T, e "—Lﬂ-ﬂ “‘-'l-!"i'__h_, _Ear .
MR
Lln‘thlsﬂtheslS'
Finally the potential advantages and disadvantases of
these techniques are discussed in an attempt to offer some
guldelines to the utilities for their applicution tc vower

systen .



13 THESIS ORGANISATION

This thesis coﬁsists of six chapters . In the first chgpter
a brief introduction regarding the generation system planning
brocesses and the objectives of power system engineers are pre-
sented . The step by step development of probabilistic methods
to evaluate a power system is also discussed in this chapter

under the heading Background and motivation ,

Chagpter -~ 2 contains the basi¢ concepts of power system

reliability . 4 brief description of different reliability inde-

icies is ?resented in this chapter . The probabilistic model for

generating unit and load are discussed and d®mived in Chapter -3.
This chapter also contains the load probability distribution and

the concept of equivalent load .

The different methodotogies used for reliability evaluation

3
t
§
L

il

of a power system are discussed in detail with numerical examples!

l:!;"lil' ‘]
in Chapter - 4 . R '

Chapter - 5 contains a brief description of the IEEE Relig~

bility Test System as well as the electric bower generation
system of Bangladesh . The generating unit and load models for
IEEE system used in this research as well as the results obtained

by different methods are also presented in this chgpter . This
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chapter aiso contains the generation data of Bangladesh Power
System . Load data of this system are presented in Appendix-a.
The results obtained with these data are presented in Chapter-5.
Observations and discussions on the results obtained for both

the system are also presented in this chapter .

Chapter = 6 is the last chapter containing the conclusions
from this research . Some recommendations and suggestions for

further work are also presented in this chapter .

Computer programs developed in this research for different
methods to evaluate the reliability index are presented in

Appendix ~ B .
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CHAPTER 2

BASIC CONCEFTS OF POWER SYSTEM RELIABILITY

2.1 INTRODUCTION

The concept of reliability is very common . A perscn will
be called reliable if he kXeeps his word . A device is reliagble if
it works satisfactorily . Similarly a power system will be
czlled reliable if it serves its customers w;th uninterrupted
electrical energy . However such gualitative notions regarding
power system relliability are rot sufficient . A quantitative
evaluation of reliability is necessary to provide a quanfita~
tive prediction of éystem performance so that the reliability
levels of alternate proposals can be compared along with the
cost. In generation expension plarning , the reliability of a
number of alternate expansion plans are first evaluated . The
Plans which do not satisfy the desired relizbility level are

elther modified or rejected .

In thiis chapter , a basic concept of reliability and its
usefulness in expansion planning is presented . This chapter

also presents the different reliability indices .
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2.2 POWER SYSTEM RELIABILITY

A stzndard definitioa of relisbility is [ 26 1

Reliabilivy is the probability of a device or systen
perlorming its purpose adecuately for the period of
time intended under the operating conditions encount-

ered .,
This definition can be brcken into four basic concepts :

i) Frobability
ii) Adequate perfcrumance
1ii)  Time

iv) Operating conditions .

Frobability :

It is the relative freguency with which an event occurs
in a series of many trials or obsgervaticns uniler constunt

¢onditions .

Probability is a key word in the definition of religbi-
1ity since uncervainty is a megjor element in the planning of
gnr electric vower system . The most aprarent svurce of uncer-
talnty in the generating system , for instance, is the random

fzailures of the generating units .
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Adequate performance :

3

Regarding the generation system , the concept of adéquate
performnence or the generaticn system adequacy relates to the
amount of capaclity needed to meet tne demand under the random
failures - of the generating units . Regarding transmission
system , the term adequate performance relates to the ability
of the system to withstand line overloads , to malntain adequ-

ate voltage levels within the systen stability limits .

Time :

For a powver system an important asgect is continuity of
service ; that 1s ', how well the customers are served year
after year . 1t is desired that the supply of electric power
be contimuous during the period for which the utility is

responsible .

Operating Conditions :

Tire operaﬁing conditions are also important in deterni-
ning the reliesbility of a power system , For the transmission
system , for example , component fallures may increase consi-
derably in adverse weather periods . The maintenance worlk

influences enormously the cperating conditions .
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Now the reliability of an electric power system can be
defined as the probability to provide the customers with
continmious servicg of satisfactory quality . The quality
. constraint refers to the requirement that the frequency and
voltage of the power supply remain within prescribed toleran-

ces .

In ordéfyto obtain quantitative assessment of religbili-
ty 1t is necessary to define suitable reliability criteria or
indices . The determination of reliability criteria for the
generation system is highly dependent upon the generation mix,
unit size , load characteristics and system interconnections .
The consideration of these aspects tosether with other less
tangible elements in the planning , design and operation.ofra
power system is usually desigrated 'generation capacity reli-
ability evaluation ' .

2.3 RELIABILITY METHODS IN GENERALTION FPLANNING
AND. RELIABILITY INDICES ' F

The following deterministic approaches are used in

generation expansion planning :

i) Percentage reserve
ii) Loss of Largest unit
iii) Combination of these two

iv) Probapility methods
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However , these approaches can not account for the probabi-
listic nature of customer's demard as well as syStem behaviour
including the random failure of system components. In probabili-

stic methods although time 1s not exposed , the stochastic nature

"of the system is properly taken care of and these methods are

widely used now for the reliability evaluation of generation
expansion plan . In order to determine the reliability of a power
system a numper of reliability indices have been defined . Some

of the frequently used indices are :

1) Loss of Load Probability (ZOLP).
ii) Loss of Energy Frobability (LOEP),
iii) Frequency and Duration (FAD) ,

iv) Monte Carlo Simulation ( MCs),
Loss of Lozd Probability (LOLP)

The LOLP is the probability that the available generation
capacity of a power system will be insufficient to meet the
dally peak load . Thus

IOLP = Frob, { A< L } (2. )

where AC and{f% are the available capacity andvfgggand ?E%é@ec--di
tively . The basic methods to evaluate LOLF can consider forced )
and scheduled outage of generating units as well as loéd foreca-
st uncertainty and also the assistance from interconnected systems.
The reliability index LOLFP does not give an indication of the ma-
gnitude or durafion of generation shortfall . This only provides

the probability of occurance of the loss of load . The evaluation

technigues in this method will be discussed in lagter chapters in

+
P
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Loss of Energy Frobability (LOEP)

The LOEP is defined as the ratio of the expected amount
of unserved energy during some long period of time to the
totel energy reguired auring the salle period‘. The index LOXF
therefore, reflects the freguency , magnitude and duration of
the capacity oubtage . Clearly , as the'capaciFy reserve margin

increases the LOEP decreases .

The standard ICEP approach utilizes the daily peak load
variation curve or the individuzl daily pezk loads to calcu-
late tie expected number of days in the period that the daily
peak load exceeds the availadle installed capacity. The index
can also De calculatéd Using the load duration curve or the
individual hourly values . The area under the load duration
curve represents the energy utilized during the specified
period and can be used to calculate an expected energy not
supplied dué to insufficient installed capgcity . The results
of this approach can also Dbe eXxpressed in terms of the proba-
ble ratio between the load energy curtailed due to deficiencies
in the generating capacity available and the total load energy
required to serve the reqﬁirements of the system . For a given

load duration curve this ratic ic indevendent of the time period .
: i€

B

considered , which is usually a wmonth or =z year . The ratio is

generally an extrenely small figure less than one and can be

n.")"

Ay
-
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defined as the 'EZnergy index of unreliability' . It 1s more
usuzl , however, %o subtract this guantity from unity and

thus obtain the probable ratio between the lozd energy that
Wili be supﬁlied and the totél load energy required by the

system . This 1g known as the 'energy index of reliabllity!' .

The probabilities of having varying amounts of capacity
unavailable are combined with the system load as shown in
figure 2.1 . Any outage of generating capacity exceeding the

reserve will result in a curtailment of system load energy [ 271

Let C.. = magnitude of capacity outage
P, = probability of capacity outage equal to Ok
i, = energy curtailed by a capacity outage

equal to Ok

InStalled capacity

Capacity outage O,

Fercentase of time load 100
exceeded i1ndicated value .
Fig. 2.1 : Energy curtailment due to s given capacity ocutage

condition .
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The probahle energy curtailed is . EkI}: . The sum of

these product is the total expected energy curteilment or loss

of energy expectation (LOEE) . Thus ,

n " ( 2.2 )
By Py

ICEE =
_ k =1

This can be normalized by utilizing the total energy under
the load duration curve designated as E and thereby giving rise
to the index loss of energy probability (LOEP) . Thus ,

I0EP = i By Ty ( 2.3 )

= "

It is impoftant to appreciate , however , that future
electric pbwer systems may be energy limited rather than power
or capacity limited and therefore future indices may be energy

based rather than focused on power or cagpacity.

Frequency and Duration (FAD)

This reliability index gives the average number of times
and the average length of time during which available generatibﬁ
is inadequate to meet the load. This requires consideration of
the daily load cycle and data on th2 frequency and duration of
unit outages. One problem with FAD technigue is that it réquires

more detailed data than is usually available. In addition to .

. " . 3 ) .
failure ragtes of vsrious components, repalr times also be avall-
— A

able.

¢
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Honte Carlo Simulation (HCS)

In this method , the life of a component Or a system is
simulated on the computer and the simulation'process is observed
for some times to ascertain the reliability indices. Thus the
simulation is treated as a series of real experiments. During
its course, events are made %o occur at times determined by
random processes obéyiﬁg predetermined prdbébility distributions.
¥CS technique is computationally expensive., However, it may
produce a solution in cases where more traditional aralytical
techniques fail. This may happen when the failure and repalr
processes have hon exponential distribution. MCS technigue is
best suited to problems in which reliability is significantly

affected by system operating policies. ‘ ’e

In the application of all these methods to evaluate any
of the reliability indices, the following three steps are

followed :
i) Development of a generation model
ii) Development of a load model

ijii) Combination of the above two models (Convolution) to

define the appropriate indices of reliability.
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2.4 VALUE OF ELECTRIC IFOWER SYSTEM RELIABILITY

All consumers of electricity do not require same level
of reliability regarding the services to them. It is found, that
SOme CONSUmeTs are Very sensitive to the service of the utility
and require the most reliable service while others do not. There-
foreyit is not possible to make a general approach to determine
the valuation of reliability. However, it is usually determined

in terms of the incurred losses resulting from an interruption

of service .

From the customers polnt of view the value of reliability
is dependent upon expecived service and upon the customer's ;.
_prediction of hisg losses incurred by an interruption of service.
.gain from utilities point of view the determinetion of the value
“of reliability due fto an interruption of service may be appro-
sChed by assigning a cost to the loss of revemnue due to unserved
demand . The parameters that have evolved as measures of The
cost of interruptions zTe the cost per iwhr of unserved [SEal<hagonrs
and the cost per kw of losd . Therefore , the utility should
n0t spend less on reliabiiity than the value of loss ard at
the same time it snould not spend more . This concepnt may de

illustrated by figure 2.2 .
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Cost

0 100

Reliability

Tig. 2.2. : Reliability Vs. Cost

urve A Trepresents tite utilities cost widci

H
=
tx,
'_I
3]
[\
Mo
(¢]

incresses exponentialiy as The relisbliity increases . Curfe 3
represents the consumer's costs of non-supply and i% iz clearly
zero with perfect reliability . Curve C is tite sum of the tvio.
it the point I, the costs are minimized for the specilied

reliabilityI261 .
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2.5 ZRELIABITITY ASSESSMENT OF GENERATION
ZXPANSION PLANNING

’

"A power company must teke care of how much generatihg
capacity is required to meet the demand as economically as.
possible with a reasonatle assurance of contimuity and quality
of service . A key factor in the overall scheme iz the provi-
sion for adequate ‘generation reserve capacity . It is a common
practice among utilities to install generating capacity in
excess of forecasted peak demand . Generating reserve capaCity
also called reserve maﬁgin is necessary to sustain the reguired
levels of reliability » For airsher levels of rebiability the

following points must ve corsidered :

1) Froper maintenance of %the equipments
ii) Sufficient margin above the peak demand
111 Impacts of planned znd forced outages of generator

L P

2r1d the transmigsion lines .

Tke wnole span of a power system is mainly devided into
two sectors : the plamning phase and the operating phase .
Therefore , it is customary to divide reliazbility assessment
into two categories : stabtic relisbility and spinning religbi-
11ty essessment . Static religbility assessment applies to
'lanning while spinning reliability assessment applies o the

operating mode . In a static mode , the basic recuirament is
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the planning of adecuate generation to meet the forecasted
demand . In an operabting mode the basic reguirement is the
ability to operate the system as economically as possible with

adeguate operating reserves . These reserve nay come fron

i) the rapid start units
ii) the ossistance from intercomnected systems

iii) +tae interruptible loads

iv) the reduction of voltage , etc.

2.6 FACTORS AFFECTING GENBRATING SYSTEM RELIABILIVY

The major [actors influencing reserve capacity aud thus

cencrating system religbility are

i) Uni®t size and number of units

Capacity reserve reouirement increases as the average unitg

size increases but decreases as the murzer of units increases.

Cavaclbty reserve reguirement increases as the system

logd factor increasses .

iii) Delsyed Capacity additioans
Capaclity reserve reguirement increases as delays in

Dlanned capacivy addition increases .
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iv) "Schnedulad and forced outages

Capacity reserve requirement is seriously affected Dby
forced outages of generating units . It is also affected by the

scheduled outages .

v) Interconnections with neighbouring systems

Capacity reserve requirement dicreases with the

addition of interconnections .

vi) Uncertainty in future load growth & peak demand

g o

Capaclty reserve requlrement increases as the degree
of uncertsinty in future loazd zrowth and peak load demand

increases .
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CHAFTER b

PROBABILISTIC MODEL OF GENERATING UNIT AND LOAD

%.1 INTRODUCTION

In genefation ekpansion planning process daifferent alfer~
native plans are subject to detailed reliability analysis bo
ensure that all satisfy the desired level of religbility . Aé
it 1ls discussed eszrlier , in order to quantify the reliebility
“level ; the evaluztion of reliability index is essential. All

religbility evaluation techuiques reguire the following two

basic probabilistic models :

1) @generation model and

ii) Load model

In this chapter , generation znd load models suitable for
. /

various probabilistic simulation technigues are presented ,

9.2 PROBASILISTIC CENERATING UNLT MODEL

of units , all with %Thelr own peculiarities , are randomly ;
forced off-line due to tecuanical problems during a normal neriod
of operation . To Gtake into sccount The random outages of a

peneratlng unit , 1% 1s essentially required to determine the

probabilivy density funcition that describes the s:robebilitby
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that a urit will be forced off-line or will be available

during its normal ‘veriod of omperation .

* .

On the basis of historical data that the availability of
the generating capacity of a given unit may be graphically
represented as shown in figure 3.1 . It conveys the idea that
rendom failure znd repir‘ofva‘unit can be defined as a two-
state stochastic process , where a stochastic process is defined
25 a process that developé in time in 4 manner controlled by

probabilisgtic laws .

Up time
Up state 7
(state 1) my m2
Failure § Repair | ¥ A
Down state | _ 1 "2
(state 2) N

—_—— e
Time

Fig. 5.1 : Run-fail-repair-run cycle for a

generating unit .
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In the run-fall-repair-run cycle 1t assumes that the
system alternates between an operating state or up state ( a
state corresponding to maximum available capacity)’followed by
'a failed state or down state ( a state corresponding.to no avai-

lable capacity) , in which repair is effected . For the 1i-th

cycle , let
ms = Up time
Ty = Down time

The random history of a generating unilt may be represented

in terms of an average (mean) 'up time' and an average 'down

Em.
i
i
%r.

i

i

where W is the total number of run-fail-repair-run cycles .Thus

time' as follows

iz

mean up time =

=
I

nean down time=

H
0
=l

the nuwmber of failures per unit time called the failure rate;l
and the mumber of repalrs carrled out per unit time called the

repalr rate }L can be expressed as

E .

Unit failure rate

A
A

2

]
]

Hia

Unit repair rate



o8

Wifh these two parameters the random failure and repair of a
generating unit méyibe défined by a state-space dlagram ( two

state) as in figure %.c2.

DOWN

STATE

Fig. 3.2 : Generating unit state-space diagram

Now, a question may arise ,'what is the long-term average
(sfeaiy—state} probability of finding the unit in the up or
down state' . The answer to this gquestion lies in the definitio-

{8 67 following two important quantities

i) Unit availability : the long-term prcbability that
the generating capacity of a unit will be available .
This state is called the up state and the probability

of this state 1s usually dencted by the variable p

ii) Unis unsvailability : the long-term probability that
the generating capacity of a unit will be unavailable
or forced off-line and this is the dowa state. The nro-
banility of vhe down state rate 1s de..oted vy the

Vil l_;O 1 & v .
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IATHEMATI( ‘{?EDLSCRLPLLON OF GENERATING URIT
STATE-SPACE DIAGRAM .

. Q@Ej:jbtain aﬁ expréssion.fof the long-term availability
of the géﬁerating cgpacity of a mnit, 1t is first necessarj to
recognize the stochaétic procéss Ebnsideréd , as very special‘
one called alzeroforder N discreté state , continuous transition
Mafkov process . Such a stochastic process has the following

properties [ 28 1 :

i) Mutuzlly exclusive and discrete stete i.e., the
generating unit cen be elther in the up or the dowm

state only , not both gimultaneously .

ii) Collectively exhaustive states i.e., since it is
esswied that only possible stabtes for a genersting
unit are the up and the down states , these states

dafine all the possible stabtes we ever expect to find

a unlt in . ~
iii) Chanyes of states can occur at any time .
iv) The probablility of departure from a state depernds

only on the current state and is independent of time. .

<
s
]

The probavility of more than one change of state

ring a small time interval At is negligible .

p.)
o
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Low let ,

. (t) = Frovability of finding a geherating unit in
- state 1 (where 1 = 1 1s the up sbtate and i = 2

the down state ) at time t .

A P (t+ AG) = Frobability of finding a unit in the up state

et time ( t +AL ) .

robability of being
in state 1 at time *
and not leaving that
state during time
interval At

Probability of being:
in state 2 at time &
and not moving to
state 1 during time
interval At

|

1
IR M SRR

P I SRR I
+
T I e e e D

(3. 1)

fdote that in Iigure %.2 ,

:X i1g %The twransivion rate from state 1 to state 2 .
e 1 o o a T e e Dy o
st LS,'TT—_D he aversipe Time a generating unit svays in the
ug state .
AlsC nove thet ,
/A iz the trausition rave frowm state 2 to state 1 .
anrd

thare- 1 .

Iore |, fL

'_J

S tie aversagse time a generating unit stays ian the

1. [ v e
che down sTave .



be discrived by an exponentizl distribution -

1

It is assumed that the probability of a unit failure can

- At

By (8 e

ation (

R
-

= Probability of uni{ Dbeing
evailable during time inbervel
At
a
X‘ﬁt =  Irobubilidy of vransfering from
rd
1 56 state & in time interval

I >

can De

- A A

rrobability of unit being

avallable upto time

expanded as-

€

terms -

(Neglecting nighe

+
W

W

LY

A
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of unit being unavailable (

interval AG
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T LrangieDr

1 1n time int
Jow equation (2.1 ) Deacomes
Eq( T + AL, = P,-IUJ (11— x4 &%) + P,
—
! - Y : 4 T =
J.00 + A ) = 2.8 (1 —/MA G, + P,
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(o) = —-AP;, '+ MP

dt

dP, (%) = OAR,; - MP
AS we.are interested.

state) probubilities of being in eith

P, (%)

snd Po(%)
[

-

Pq(t) + Pa(t) 1

mpdatlons (3.0 znd (3.

N

P (0 r

1 [ ! ~
E '.3 (‘L\E - : Pfl (t)
L__ 3.2 U/__I |

Lolving

M
£1() = s [ Bq(ode (o) | 28
2a(t )= o [21(0)+8(0)
Pq(O} 21l P(0) e o
conl Blie P1(0) + Py {0) = 1

o

must satisfy

-
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only in the loag~term (steady~-
er state 1 or state 2 ,
( 2.1G )
Yy Can ve writvea in wotrim
r i |
t ,K ;X :
i -
]
1 ' ¥
e -\ 1 ! . -
P (8 v ! (51D
[l t
3 : I --/.,L :
t II !
. ta 4

:} Te ().+/&)t

gcuation (2.11) we et [ 31 3

~(+ M)
K

[P(o) P(o)]

HOES NOJINERE

(3.13%)



Now let us assume that at © = o the generating unit

is in the up state i.e. , at astate 1 . ' .
S FH(O)_ = 1 and lPﬁ(o) =0

which results

o D Pkt

P.{t = — _
A T R Ty
A ?\e%)\ﬂ{)t

Py At H

- D . P e PO, 4
in jeogration expansic:n vlannin: long-term (

(Z.4)
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Unit unevailability is very often termed forced outase

rate (FOR) wiich is un lrportant varcneter in reliabilivy

analysis aea is siven by ,

forced outage hours

“0H = o — .
” Forced oUtafe NOUrS + Service Lousrs
. FOR
or , O4 = = - - (3.18)

In case of psrtial outapges, the forced outage hours ars
an oppronriate ariount of Girle callad equivalent

e mours ., auvbreviabted as 'ESQX' . Ihig duras

H

ion isg
obtalned by multiplying the actual partiszl outs. o hours by the
corresponding fractional outags capacity . The =FCH _ives rise

to anotioer outase rate called 'eguive lent forced outae I

avoreviated EFCR zrd iz expressed as

srom = L%+ BROA | (5.19)

wleare thie zervice n,uﬂs (oH) i=nclude the actual particl oubage
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3,2.2 PROBABILITY DENSITY FUNCTIONS OF AVAILASLE AND FORCZED
QUTACE CAPACITY OF A GENERATING UNIT B

Let us consider a genersting unit whose capacity is C MW,
aveilability p  and unavailability or forced outage rate, FOR=q.
The probability density functions (FD¥) of. available and forced .

cutzge capacity for a binary state unit is shown in figure 3.3.

f
A Xa) - glxg) q

0 T Xpa:=C MW 0 Xg = C MW

available Japacity Forced cutage Calalliuy

Fig., 5.5 1+ PD¥Fs of available zand forced oubvage capacity .

PDF of available capscity means thet the procability of
-etting C MW available is p and that of O MW availsble oxr

vrobability of gelting no outiut is ¢q .

o

y

[
af e
b

b
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Amain PDE of forced outage capacity means that probabllity

of not getting C MY output is g and that of O MW outage or

-probability of getting C MW output is p .

Tne PDF of forced outage capacity may be conveniently

cipressed by vhie relation .

LX) = pglx )+ g §(X, ~C) , (5.20)
yiliere
fo = FDF of forced outage capaclty

g(.) = Tmpulse functicn called Biracdelts funciion.

The fmpulse furcition is usually defired as
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3.3 LOAD MODELS | .

To eﬁaluate the feliability index of a generating sjste@
it is necessary to model the load properly . The load data
required to develop a probabilistic load model is readily
avallable , since contvinuous recofdiggs of syséém démand and
energy are usuallj made on a routine basis by electric
utilities « If a recording of ing&antaneoﬁs demands are ﬁio—
tted for a certain period of time y a curve is oontained known
as 'Chronological Load Curve' (CLC). Frow this curve another
curve called the 'Load Duration Curwve' (LDC) is obtained by
determining what perdentage of time the demand exceeds a
particular level. The CLC and LDC are schemgtically shown in

figure 3.4 and figure 3.5 respectively .

= z

—~ Z

— —l

- _Uq

< \ <

2 £

E [+ 7]

w ()

aQ

Time (Hours) % of Time
Fig. 3.4 : Chrouological Fig. 3.5 ; Load duration
load curve curve
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The area under the load curve is The energy consumed .

The area under the curve also defines the energy to be produced

by the base-load units , veaking units ang midrange units

5.5.1 1.0AD PROBABILITY DISTRIBUTION

it is convenient to interchange the axis parameters of

the load duration curve and normalize Time ucing the load

[

s PTO
srobsbility distribution as shown in figure 3.6,In-this case . the
y-aXxls slows the orobebility that the load exceeds the correspon-
ding . x—axis megawatt value . This curve is also called inverted
load duration curve . This load distribution is wsually denoted
by F, (L) , where k indicates the time period for viich the

distritution is applicable .

1.0

FidL)

Demand , L (MW)
Z. 2.6 : Load probability distrivutlion

3
@ - B>

‘ > 1) = rrobability thet the load is

i
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3,3%.2 HOURLY LOAD

A

This load model is derived from the chronclogical load
curve by dividing the time axis into a pumber of small intervals:

as shown in figure 3.7 .

Lo -
: . o
% /Aég N\‘—{P/4 —7
—
'g ~A 14 A A A3 ' Ay ~A
S N\
to 1 ty t3 t1 tr thd tn pige

Fig. 3.7 ¢ Chronological load curve whose btine aris

is divided into n sumell intervals .

The energy demand during the period bebween + end
£ i T'\_./l

t,. 1s denoted by 4, under the chronological load curve which

can e exoressed as

f
M
=
S~

L
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Average lozd in the interval y tL. = ¢

T r--1 can be -

obtained by dividing A, by the length of the interVai. Thus,

L,(avg) )

= — _ - (3.22) -
_ b = b : ' oo

In this way the average load for azll other time intervels.

can be determined . Now if thq average load for each interval

is assumed to remain cons;éht@iﬁﬁ}tne corresponding interval

then figure 3.8 shows the approximated average load curve of

the chronological load shown in figure 3.7 .

Fig. 3.8

rr
1r

z \
= \
—l
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Load curve assuming constant load for each  small

interval .
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Note +that in this process the energy demand Ifor each
interval must remain unchanged . If the time interval in figure
5.8 1s onre hour then the load distribution curve is called

hourly load curve . ' -

W
IS
3
=5
=
53]
)
H
H
-7
5

eft
(g
lqo

. - P
Frobabllistic models for heth generating units and 16adS=w.ls

q

hazve been discussed separately . liow , these two mddels will be
combingd to define the erffective load of the systez . The random-
ness 1n the availsbility of generation capacity is taken Linto
consideration by defining a fictiti&ﬁ% load, called egquivalent
lozcd (Le) eor vhe effective load . Higure 3.9 depicts the relati-
onship between the system load sand generating units , where actual
units have been replaced by flCtlul%Jﬁ pverfectly relicovle units

and fictitiolUs random lood ; whose probability density functions

are the outape capacity density functions of the units [ 28 1.

Capacity C3
{100 % relaiable)

Capacity Cy (E)
(100 %, reliable)

Random system load, L
€2

Fige 2.9 : Fictitious generating units and system load

nodel .
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If Loj represents the random outage load corresponding

 to the ith . unif , the effective load (Le) can be defined by

n .
Le = L+ ) 1o - (3.23)
.='1 . - ' . .

where , n is the total number o% genérating units . When Loy =
. ¢ , the net demand injected into the system for the i-th unit
is zero , Jjust as it would e 1f the actual unit of capacity Ci-
were forced off-line . The-installed capacity of +the system is

gilven by

) |
R | ( 3.24 )

i=1
The outages of the generating units may be assumed indep-

endent of the system load . Therefore, the distribution of Hhe
aguivalent load can be Obtained after convolution of two distri-
butions :'fLO and fL representing the YDFs of the outage capacity

and the system load , respectively . For discrete case the FUFs

fL & f.  are given DLy

L0

£ (1) - ZPLi 1 -14) . (3.25)

Ip,(lo) = ZE:PLOJ ( 1o - 105 ) (3.26)
J

The PLF of equivalent load fLe is given by

b

Le(le) = fL(l) * fLo ( lo)

=EL- PLO' g (le'— (1i - + le)) (%.27)
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-where * indicates the convolution and PL & Pio are the

probabilities of load and outages of machine respectively .

The reliability index, LOLF has already been defined in-—

terms of system load (L) and available capacity (AC) as
. o :

-

 LOLP = Prob. {AC <L}

TOLP can also be defined in terms of equivaient load(Le)

and installedfdapacitj as

I0LP =- Prob. { Le> IO} ( 3.28)



43

CHAPTER &4

METHODOLOGLES -

4.1 1NTRODUCGTION

- Frobabilistic simulation method finds its wide use throu-

e

ghout the power indusfryﬁas s useful tool in generation ex-gansion‘rf‘.5
" -planning . The method provides the e;pécted energy generation ,
religbility index and prodﬁction cost by taking into coﬁsideration
the random outages of generaﬁion'and demand . Since the introduc-
tion of this method , a number of different techniques have been
developed with an ultimate target to improve its computational
efficiency and flexibility . The probabilistic btechniques that
have been developed can be divided into two-categoriés ,exact
andlapproximate « The exact technique includes the 'Baleriaux-
Booth' technique more commonly known as the 'recursive metﬁod'

and the 'segmentation method' ., On the other hand the approximate
technique includes the 'cumulant_method! also known as 'method of

moments' . Thus , there are three methods to evaluate the relia-

bility index ,

i) Recursive method
ii) Segmentation method

iii) Cumulant method

In this chapter , a brief description of all these methods

. 3
will be presented to-gether with simple numerical exanmples for %
clarificstion .

R



4.2 RECURSIVE METEOD

This method depends on the construction of the load duration
curve kLDG)'showing the mmber of hours that any given load level
is exceeded . The concept of equivalent load duration curve (ELDG)
is introduced to take into accéunt the random Qutages of units ;
This method sfarts with the probability distributions of load F(L)
and the generation system F(Lqi) . The probability distribution of
equivalent load F(Le) is obtzined by convolving F(L) and the PDF
of outages of generating units . Usually generating units are
convolved with lozad in economic merit order . That is the unit
with the lowest incremental cost is convolved first , the next
one with'thé'secoﬁd lowest incremental costwnd 0 0n. The figure
4.1 shows the eguivalent load duration curve Fr(Le), when the

r th anit in the merit order is convolved with the load .

1.0 FfiLe)
F(Le) R '
{L
PL ' MW
Peak load ————HC14C2A lo—C r—
L1 +C2 ¢+ ~~----- s Cp —— Crap—

Fig. 4.1 : Probability distribution of load and equivalent

load nanely (L) and F(Le).
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In thé figure , YL represents the peak load and Cq ,'02....
C. etc. represent the_.capacity of generating units al;eady
convolved in . The expected energy generation by the Qﬁ;ﬂ)ffh
unit is denoted by Ep o and is represented by tie area it
occupies under the Fr(Le) and the area is shown by be the hatched

line . E_ , is expressed as

T+
BI‘+'1 = T prﬂ
where , T = Time veriod considered
Dp,q = avallability of capacity Cinpq OF the
(r+1)~th- unit = 1 = rORr+1
Fr(Le) = Cunuiative probabllity function after convolving
r-th. unitg
r T+’
Ry 4,2)
¥, =) C. and ok, = c. (4.
RN = * 2 =1 *

Q
f

Capacity of i-th unit
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The firal equivalent load probability distribution F'(Le)
after convolving all the n units , is saown in figure 4.2

1

10

1.0

/

F

|

——

t -
o

gt

1st unit
2nd unit
3rd unit

¥(Le)

(n-1)th uni

IC IC+PL MW

R s e e =Cart~f=-Cn~

Fig. 4.2: zculvalent load probability distribution , 7 (Le)

In fipure 4.2 ,ICATEPZEEEALE; installed capecity and is given
by
n
TICT = Z cy | (4.3)
1=

The reliability index I0LY 1s simply the cumulative proba-
~bility at the point of final =LDU correspording to installed

capacity of the (euneraving systen .
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4.2,71 CAPACITY CUTAGE PROBABILITY TAPLELS

In recursive approach , some time cgpaclty outage tables are
used especiglly if only peck load is used for the load nmodel . A
capacity outage probability table_expresses the probability that

-

various smounts of generating capacity vill be unavailcble . 4s

£

the name suggests , it is a simple array of capacify levels an
the associzted probabilities of’ existence . In other words , it
is a tabuler wepresentation of stale probsbilities ususlly given

in terms of exact and cumulative probabilities . IFf all the units

in the sysvem are identical , the capacity outege prcbability
table can be easily obtained using Binominal distribution which ig
—ex“Wa Pﬂ@ below .[ 32 7.

4,2.1.1 BINCMIAL LiSTRIZUIIUN MEIHAGD [FCR CAPACILY OUTAGE TAZLE

Yrin reliability studies , a generating unit is

-~

7 & two stade model . The fallure probability of a

unit is iven by uvnuveils=vility or tie forced oubase rave, FOR
ad evailgblility by p , wnere p =1-FOR . If a systei las n

ldenticel uniis ond g upivts fail tuzn the different Foiled sveites

- R . -~ y . A + Ao o Ao
are \..e_r..i..';‘.:G. Ly & = u", l, di, o % e+ eail Y clle tOLlu.l mrcer or stanes
el { ne’i) U oLutale srevanlilyy of g units out of mounits

¥ = C_ (1 = sy s ( EOR}'S ("'5'-$}
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'Using Eq-- (4w4? tirte state probablilitiss czn be easily found

and the Outage'table can be prepared . An additional colurin
giving-cumulative probabilities is often added to the btuble.

“he cumulative probability is the probability of finding a
quantity of cupaclty on outage equal to or greater Than the indi-
cated cmount . Iﬂbwhét fcllows %he metiod 18 examplified for

calarifilcation . .

- TR . g = - Py . "_-__-.,: P = IS
wxaiple — 1 1 4 penerating sysbten has turee uvuits of 10 MW

Soluvion i iere n o= %, BOR = 0.02
R n. RN s N
r =0 (1 - )y © (#0h )
= [&]
hea L= 0y E = 23,01 ~0.02 )70 (0.02)°=0.541152
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e+ ot ey o = o -

Table L. 1 CUgpocisy cubepe wrobablility table-

[ 3 T ; 7 1
shuaber oy Capacity | Capaclity | Exacth P Sumulative. '
Units out ! out(i’w) | available(sw) ! Frobability | frobability |

1 1 f

0 1 > ! '

[ t _ ] 1 _ '1

C : 0 X AC v OLea1ue 1, 70000 '

- 1 1 ' ]
] - 1 { o - : . !

q ' 10 ' 20 v DLO5YE24 3 0.050500 '

1 [}

: ! , . D !

P : 20 ! 10 y DL.00175 L 0.001048 "
P | 5 o ! o ;

o i 50 ' 0 v 0.O000CE 7 D, 0I0LLE :

1 t

' : | ' )

1 | 1 1 1

It is sxiremely unlikxely th ell The winits in a oraciical
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4.2.1.2 GENERALISED METHOD FCR OAPACITY OUTAGE TABLE

Winen a gysvem has units of different sizes or different forced

outage rates, the use of binomisl approach to develope capacity out-
age table does not work . The procedure is to first brevpare a sepa-

rate table for cach cabezory of idenbical units . Fromthesge separate

tables®d combined table is.;repﬁﬁﬁdn;.ln preparing the combined
table cwvery capao$ty'cutage_statg_is‘,'againA, assuned independent.
Phie probability of the simultanéousiﬁ éccurance of two or wmore in-
dependent -events is the product of the probgbilities of the respec—
tive events . Wne probsbilities of all possibie states wust sad to
unity. Thus the units can be combined using basic probability con-
cepts and this approach can be extended to a simple powerful recur-
sive teclinique in which units are added sequentizlly to produce a

final model . The concepts can be illustrated by a simple numerical

eXanple .

A

Exanple - 2 : A generating system consists of two 5 MW units
sid one 10 MW unit with forced outage rates of

C.02 ., Frepare a capacity outasge table .
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S5olution -

Two 1ldenticel units of 5 i each with f0rR = 0.02 will be

-combined first %o prepasre one capacity outase table as follows

O ifw out, Prob = S, (1 - 0.02) (0,02)° = 0.9604

€ o | -

[ — 2. 2-1 A

5 i out, Frob = C, (1 - 0.02) - (0.02) = 0.G3%2
10 b5 out, Frob = “C. (1 - 0.02)°72 (0.02)° = U.0004

Thus ror Gwo identical unit following table can be

.

Table 4.2 : Capeclty outaze veble for Zx% MY Units

| - T X |
i Capescity | sdiact :
voouv (L) | rrobablility !
' 7 -1
I ! '
! - I - ) t
' 0 ! O . 5S04 '
t |
: ‘ '
i S H 0.03%2 E
1
1 ' ] )
10 L 0.0004 !
! [ ] ]
1 t 1
J ! N !
} : 1. 00G0 !
t L 1

he 10 MW unit can be added %o this table by consideriig that
1t cun exist in too states . It can be in service with probability
1 - 0,02 = 0,98 as shown in Table 4.% or it can be out of service

with probability 0.02 as sitown in fable 4,4

=
£
:(:)J
[
H
Q
et
o
.
P
ot
u
[

. . - I e L T P I
Thig ppprozch cun DE TLuRUCh -
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~

Table 4.% : 10 i% vnit in service

Capacity

‘ I
1 ]
l 1 1+ 1
5 out (ma) Probability i
, 0+0C= 0w (0.9508) (0.98) = 0.941192 5
P>+ 0= 5VW T(0.0392) (0.98). = 0.038416 v
'10 + & = 10 Ww (0.0004) (0.98) = 0.0005%92 '
: ———— !
: 0.980000 ;
i ]

Tatle 4.4 : 10 Unit out of Service

CGapacivy

1 ]
| 1
5 out (i) LProbability s
1 1
1 ¢
7 0 + 110 = 10 My (0.9604) (0.02) = 0.019208 H
! L
5 4 10 = 15 My (C.03%92) (0.02) = 0.000784 :
1 - , . |
110 + 10 = 20 MW (0,0004) (0.02) = ©0.000008 !
T : . ) —————— - i
i | 0.020000 E
1 ~L

Tables 4.3 and 4.4 can now be coubined and re—-ordered resul -
ting Table 4.5

Table 4.5 : Final capszcity outage table

1.000000C

} 1
! Capacity out of Individual Cumulative :
' service (i) FProbability Frovability \
f : 1

T . ]
] 0 0.941192 1.,000000 !
t I
! 5 0.058416 0.058808 !
1 1
! 10 0.019500 0.0203%%2 !
! 1
' 15 0.0200784 0.000792 A
: 20 0000008 0.000008 '
.' i
H |
i 3
1 !
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The probzbility value in Table 4.5 is the probability of

exactly the indicated amount of capacity being out of service .

_An additionsl colunn ig added to give the cumulative probanility.

This values decrease as the capaclty on outage increase « A

‘recursive alzorithm commonly used to obtain the cunulative

probability is ,

&,

nevs

where,

old

Pold

new

old

0

(0

(

(«

(

~r

HT

L

)

C)

-

1 if XLC

“

Frobapility of a capacity outare of X MW or
greater before a unit of capacity C ¥w 1is

added

Propbsbility of a capscity outage of X Iy or
agreater after a unit of capacity C 17 1s

added .
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4,2,2 ~EVALUATIOH OF LOSS OF LOAD ROBABILITY (ILCLP)

In this section , LOLP of the system described in example-—
2 of section #,2.1.2 will be determingd correspording to a celRtaln

peak load . The random variable for total forced outage capacity

is given by

wiere i, , 12 ’ KB etc. denote the capacity of luadividual
units . Since trhe random variables iq N KE and 13 _are indepen-—

dent (generating units are asswied %o fuil independently), the LUF
of XT is obtained by a process of conwvolution . The result of
convolution has been given in Table 4.5 and the ¥DF of forced

outage capacity for the system‘is shown in figure 4.3 and the

cumulative probability distribution (CDF) is depicted in figure

44,
10
. L]
o 3 -
S o 2
o p= o ®
P(XT1) © 3 S
S S
0941192 § S
[}
0 5 10 15 20 X7 MW

Big, &4.% : FDF of Forced outage capacity for the system

of example 2 (impulses not to scale) .



FiXr) ' o 25
1500 -

1

1 0058805

0-020392

0000792

1 0-000008

I i

0 5T 10 5 20 X7 MW

5

Fig.. 4.4 : CDF of Forced outage capaclity for the system of

example 2 (not to scale ) .

How LOLP corresponding to a certain pezk load is obtained

by adding the PDF values of the impulses beyond that load or LOLF

is the CDF value of the segment within which the peak load lies

Thus for example , if peak load is 14 Ly then

LOLY = 0,000784 + 0,00000&65 = 0,0007%2
(From ficure 4.3 )
LOL? = ©.000792

(From figure 4.4 )
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For'a practical system , LOLF is eveluated for each hourly
loed , all LOLPs are summed up and the average LOLF is obiained

by dividing the sum by the tetal number of hours . Thus ,

L(;LD = IJOIJP/l‘i' LOI.APE + s easea -+ IJOIJPD
Total mmber of hours

(4.7)

where , 'L0L13,1= LULF corresponding the load of 4st Lour

b ——— e

LOLZE2 = LOLFP corresponding to the lcad of 2»d hour i

LOLr = LOLP corresponding to the load of nth bour

i
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4.5 SEGMENTATION METEOD

<

 The segﬁentation method starts with the formation of
segments of egual size by.dividiﬁg the demand axis . The size
of eééh segrent dépeﬁds on the largest common factor of the
generating unit capacities . To each segment a probability value
is atbtached which %%ﬁggga; to the sum of probébilibieé (zeroeth I}
'momengﬁ)_of the iOadiiipulses lying in the range of the particu- iJ
lar segnent‘. Cne segnent beyond the installed.capacity (IC) is
considered . It should be noted that the LOLP ig obtained when
. the eqguivalent loed is larier than the installed-capacity .
Therefdre', the provability (zerceth moment) attached to the
last segment irn the final distribution is the LOLP . Since the
probability of occurrence of zny load lower than the bpase load
isrzero , the formation of segments starts from the base load.
Clearly it shows that the.numerous number oflimpulses ngve been

reduced to a few numper of gegments .

In order to account for the random outages of units it is
necessary to get a new -distribution of segments incorporating the
outages of all univs . Considering the k-th segment znd assuming a

cenerating unit of cavacity C MW and FCR = q , to be convolved ,
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the probability of the k-th segment , after the convolution

may be expressed as T 3% 1

o~
Pk

—
=2

here

k)

k

i'ne

n A | 5
Fp (1 =90 « B g (4.8 )

= Probability of the K-th segment after the

- convolution

= rrobability of the k-1ih segment after the

snifts

= Probsbility of the k-th seginent before

convoluilng the unit

procedure to ove rollowed in coanvelving a generating

unit may be descrived as follows

i)

ii)

1ii)

Eultiply the original distribution of segments by the

availability of the units , (1 - q ) .

Shift the original distribution by the unit capacity

and multiply by the ¥CR of the unit , gq .

Ny

Add the valugs of the corresponding segnents , obtained

in (i) and (i1) above .

e
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It.shduld be noved touct the probabllity value ofrthe
ast semsent iz “he sum of the probabilities of all the cegmen
exceeding the lastalled capuacity ..AlSO., The segments Belows
tiie slready ccmmlvied capacilty can be deleted, since the prova
bility values of these sepgments will not furthier contribute tb

the value of the last segaent . Therefore , as the convolubion

process proceeds , The numober of sepments decrease. In whot
- P o ' .
follows , an exalnle 1lg nresented 0 claorify the wethod .

Fipure 4.5 revresents the lozd and Table 4,6 reprecents

15
*J
l._J
1]
5
1_)
)
;
I._l
i
l& 4
E
Q)]
¥
W
1]
=}
ct
m
cr
[roel
e
4}
]
[
Q

jl
toa
[
},._J
@]
5]
s
-

30F ' .
MW ’0"\\ —

20

/ . I, [73/)

10 —=x

Hours

Guoronolo lcal and D) s oi lood

Y]
s

R e e TS
povriy ilood nroilille

Fire 4.5 1 Hourly load representvation

.
‘

ts

el
LI

Fobem . DoTved line represenis tue Curonolio lcrl losd



ot}
ct
B
—

The bhourly loed of r£i pu%e 4, 5 (a) 1s semplzd

interval of ons hour .and by a551mn. ng to .€ach sampled hourly

load an squal probability s i.e.,,1/4 in this case , the POT of
load shown in figure 4,5 (b) is obtained . )

Table 4.6 ¢ Genmerating system description

~ T Y = T 1

i No. of | Jepacity ) FOR | Installe ?

y Units ) (MW) o Y Capacity (MW)%

i e b _ b 1 1

1 [ T 1 -1

! i o ! R 3 1

Lo r20 C 0100 :

B : { : 40 :

. R

roe | o ; Uyl I i

| ! 1 1 i

J €1 1 LI L

T0g wliSnt COuwen Dioter ©f bhie genmerabing unii ca.ocltion

AT P i B AT T oy s -1 Y et ~T e - T = 3 T
of wWeble L4631z M0 LW and ..once the sepment size can ve clos:h we

De 10 MW L Sl il 2is un o 40 MW is divided iante 40 4 10=4
sepments eacnt of 10 MY size ., Une zddivicnsl sa_ousnt is cowsilarid
at the end 'iiici ig ghown in figure 4.6 (&) . The wropibilivy volve
0L Ceg. seghent corresponding to the respective dmgulse of Fi uzs
45 (o), lyin: in ©he range of the perticuler sepment is eilso sioi
i firure 4.642) . lote That the nulbers chown in the boxes or
fijure 4.6 suould be dividad oy 4 $0 48t the sctusl vilue of UF .
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h 0 10 20 30 . 40 50
s T T T =1 =1 : '
11 L V2 ! : Yx (1 - 0.1)
1 L 1 i ] i | :
! - I T | B 1
?—~—-20hw o1 o1 P2 ix 0.1
' I 1 1 I
[} -l L] "- L) 1]
t k N ] ] ] i -
. i T T T Y
O ~! 0.9 ! 0.9 ! 1.9 ! 0.3 !x 0.2
: 1 ! ' 1 1
1 1 | T LI 1 L)
i f R T T =1
1 1 ! ! 1 1
g#—-;n T I 1 ] 1‘ Li
| 0.5761 0.864 | 1.54 10.708 ! 0,312 !
[} L L 1 ]

-

igs. 4.5 : Schematic of convolution procedurs

(41l numbers in the boxes to be

divided by 4 ) .

(a)

(b)

(e)

(d

(e)

(£

(&)



The dififewrsnt steps of cozvolution of load and the gencrating
urits are depicted in figure 4.6 . o convolve the first 20 Mi uni
the cewnents of fiure 4.6(a) are shifted towards right in figure

i i

.W," 7
4.6 (b) by the uvniit cavatity , i.e.,E@ (MW . The original distri-

\

bution in fi.ure 4.6-(a) iz multiplied by the availabdility of the

unit i.e., C.9 and the shifted {distFibutitn Br fIFIrs 4:6(b

- AT T -1—»-____‘_"‘___,,4.;—-.‘-—- Ly T——

mulbiplied by the sUxt of the uvnit which ig 0.1 . The disiritbution

after convoludtion is obiained by adding the robebility wvalues of
tile correspounding sewacabs of fimure 4.e(a) and figure 4.6 (o).

1this is siwovn in figure 4.6 (¢) « The swie procedure ig folloved

1or btile rest OI thoe unlts .

sote thot The segients velow the convolved capecity nay

}J

uar

£

be deleted L. blie convolution wprocess since the Dro0asllicy

_wents do 0ot contribute further in the evalua~

L

&

vezlues of fhese s
tion of ICLP . Also , the vrobability wvalues are shiftcd towords
the last secment snd a nunter of them may be accumulanted in this

.
L

speclal seument . Thus , the last

)
S
[
[}
ek,
i
@

surl of lzst w12nts 0L Tisure 4.6(e

-

cegrient of figure 4.

Yow the LOLT is siunl: the vrobability value of the lzst

segaent of figure 4.6(g) , since LOLP is obtained when +the

HE) -

equivalent logd is larger Ghan thae installed cazuacity . Thus

LOL? = =25 = 0,078
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STEpPS OF SEGMENTATION METHOD

4e%41 COMPUTATIONAL

e (L 1 :
(Bhe| different compuztlonal stens to evaluate LULEX .

1

¥

seguentation method are as follows

otep - 1

-

Irom

Cotain hourly load for whe period umder study,
the chronological lozd (this mey Le predicted deamend
in case of rlauoning ) .

Samnle

i

thre hourly load at =very hour or any otvher

sultzble interval by assigning equel rrehability o

Lt
}...,

25011

3 . _
sanple and obtain

o

disgtrivucion of lp=d .

B
Eha

-

0

sonvolve tUlle femerating unigs ome U cne 1ia

Zecause merit oraer leoading i1s not rewuired for i

LCLP 1s obtaiped from the final distriwution of

sCrments .



4.4 - CUEULART LBTHOD

The cumulant method also knowﬁ as the method of moment
is an gpproximate technique which approximates the disérete
distribution of load through Gramchaflier series - expansion
as a contimous function . Ip this method , convolution of
unit outages with theAdistribution-of load is performed

through a very fast algoriiim.

The repeated convoluitlon of any n density functions can
‘be expressed by the Gram Charlier's expansion seriss in terms

oif tire normalized standard variable z as [ 20 ]

| G, 5(3) (4 ¢, 8 (z) G, (2 (2)
f(z) = N(z) = 5] + 7 - B
(6, + 1062) ¥&)(a) (65 + 35 &6, 77 (2)
BT 71
(Gg+ 56 G465 + 35 5) NFB)(Z) | (4. 9.)

N(2) =4/;:'§ exp (- 572 ) __ (4.10)
at | |
N(z) = N(z) 5 = 1,2,35000un (4.11)
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The normal FDF and its derivatives msy be obtained

using the following recursive relations

@ (o)
. (z) = - @1) W(z) - IZN (z) | - (4.12)
T = B, 4y Syenennne
wE

~and

Y2y = -z (T

2 (z) = @21 wz)

Using these recursive relations Eg (4.9) caﬁ be expressed
in terms of N(z) and powers of z , the normalized variable ,
normalized cepacity in MW in %his case . The co—efficienﬁé
Gﬂ; GQ , G5 ,;...;.,.....etc. are expansion factors expressed
in terms?;umulants and the cuwmulants are the functions of

moments .. The . n-th moment m, ~of any FDF p(x) ig given by

oc

m, = .an p(x) ax | : | (4.12)
-G .

This method is gereral in ngture and can be used for the
convolution of any number of FDFs . Any FDF obeys the law that

the area under it always equal to unity i.e.
o

SP(X)d}E:’I.

o
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I£ case.ofta two-state representation of the machine . say
the i-thv; machine in g system , the FPDE consists of just two
impulses , oné.of magnitude p; at O M¥ and other of magnitude
q; (FOR) at C; MW and thatp; + gy = 1 . The moments (about the

origin) of such FDFs are given by

]
.Y
-
AM]
-
A
-
L]
[ ]
»
.
L]
-
oW

: n .
mn(12 = Ci q; » 1 (414 )

For any i-th macnine the moments upto order about the

origin may be calculated using the following relations .

mi(3) = G5 ay

ﬁe(i) = Cf 94

my (1) = oF g

m, (1) = Cl-lp Qs - ﬁ‘,_ (4.15)
: m5(i) = C? Q3

mg(1) = cf g

zy(1) = Cz a3

@

ma(i) = C; g4

H



aboit the

My (1)
Mo (1)
M (4)
M, (1)

M5(i)
g (3)

Mo(i)

Mg(1)

n

For the i-th

m(3)

mg(i) -

m7(i)

(1) - mf(i)

- 67

machine the centrzl moments ( moments

mean ) are calculated using the following relations

-3 m, (1) my(i) + 2 mﬁ (1)~

mz (1)
m, (1)
m,(1)
mg (1)
mz(1)
m (1)
i, (1)

ma(i)

m8(i)~ 8 m7(i)

- Semg(1)

mq (1)
m, (1)
m3 (i)

mﬁ(i)

n? (1)
ng (1)
m?(i)
w7 (1)
m, (1)

n2(4)

( 4.16)
v 6nf (Dmy(1)3my (L)
+ 10m5 (1) m§ (1)
+ 4m2 (i)
+ 15m, (i) me (i)
4 1
15m, (1) (LY Sy
i 2t “%“r:ﬁ?fih*“““¢~ﬁﬁfﬁ

+ 21m5(i) m1 (1)

35my (1) my (1)

¥

¢oemf(i)
+ 28 m (i) mf(ij

70 m, (1) mﬁ(i)

—semy(i) m(1) + 28my(1) m§ (1)-7 nS(i}
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For the i1-th machine the cumulagts are calculated using
the following relations . '

i, (1)

Kp(1) =
. o 2
Ka(l) = I}’xa(l) = Vi‘
£3(1) = g(2)
K,(1) = a,(1) -3 H5(1) .
Kg() = Hg(1) - 10m,(1) iy(d)
Kg(1) = Bg(1) - 15, (), (11015 (1)+3005(1) (%.17)
+ 290 Mj(i) S (i)
Kg(i) = 1g(1)-28 ug(1) m,(1) -~ 56 (1) Mz(i)

_ 55mi(i) + 420 1, (1) Mﬁ(i)+560 Mg(i) (1)
-~ 6%0 Mg(i)

Load moments of order n gbout erigin may be obtained

from the LDC using the following relation ;

PL .
1 ol
S j x f(x) & _ (#.93)
o .
where A = Aresn undér the LDC

FL Peak Load .
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In case of hourly load the moments of order @n.about

origin may be calculated from the following relation

mn@) - % Z (LT n=1, 2, eieeve8 (4,19

The centrazl moments of load may be obtained from the

relation given in (4.16) . Then the cumulants may also be
obtained;using the_same-relation-as-those used for machine
Tthe equatidns (A7)

.
P e NIE TN

@

From tne properties of staltistical cumulants one knoﬁs
that random variable (of equivalent load) which is the sum of
independenet random variables generating machine outages and
hourly load , is characterized by cumulants which are the sumof
machine cumulants and load cumulants . Therefore , the process
of convolution ig performed by the sumﬁation of cumulants only.
In a system of r units , the cumulants of equiValent load mazy

be expressed as

I

. :
B (BL) = K (L) + 5 K(d) (4.20)

1="]

i=1,2,3, & 8 & 6o s a9

where ,
KK(ELr) = k-th cumulant of equivalent load when r units
have been convolved .
Kk(L) = k-th cumulant of the hourly load .

Kk(i) » k—-th cumulant of the i-th generating unit .
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Note that the first cumulant of equivalent load is
the mean (L) and the second cumulant is the square of stand-
ard deviation (V2) of the distribution .

The expansion factors Gq, G2, G5 essese 2tc., of the

Gram .Charlier series are calculated by

(1+2)/2
1 =71y 25 3, e soe ‘e

The values up to equation (4#.1%) are considered to be
fundamental parameters and are stored . Convolution of addi-
tional machines will involve only recalculation of equations

(4.20) and (4.21) .

Having obtained the G -~ coefficients as outlined so far,
the Gram - Charlier series describing the convolution of IDC
With the machine outages is obtained . The area under the ecai-
valent load curve between some limits sazy 24& Z, and this area
is given 0y oa B

 as= S £(z)dz - S £(z) dz (4.22)

R 4o

where ,
f(z) = Equivalent load distribution
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Z. = BStandardized random varigbles (RVs)
= (X; - M) /vy - (4.23)

in which X; 1s any capacity (lW) , and Mjand V; are the mean

and standard deviation of the equivalent load distribution .
The integral in equation (%#.22) is calculated as follows :

o
I = S f{z) dz = S‘ HN(z) dz + F(Z*D . {4,24)

I

ve Tt
(2)

; (3) - . ().
G, N (2y) G, §77(2y) Gy B (2y)

51 4} 51

Where, N (2Z;) exp ( - Z§/2)

F(Zi)

n
i
+

_ (o 069 Ny (6o 35 646 1O a))
6 1 7 1

35 G2 (D)o Ny —
(Gg+56 G G+ 35 G5) W r’LZiQQ:;;
8 1 T

Equation .(4.22) consists of areas under the normal proba-
bility density function and factor F(Zi) which can be readily
obtained ., By building s normal table of areas in the progranm,
a numerical integration is avoided . The area under the normal

curve can be found from the following polynomiszl approximgtion

(4.25)
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for Z > O . Suppose the area Q (2) shown in figure 4.7 1is

=
required .

N(2) Q

Z
Fig. 4.7 : Area under normal density function .
The area Q(&) is given by & 29 #
Q (z) = Y-[‘Ddt + b2t2+ batjlf__bq_.tlu b5t5] + (@) (4.26)

ﬁhere,

| %3 = 1(B) =— ' §2>

i = N(2) = —-exp (- %
A2TT
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t = 1/(1 + T2 )
r = 0,2%26419 j
b, = 0.31938153 _ ‘ |
' ' \
b, = -0.3565635782
by = 1.781477937
b, = -1.821255978
by = 1.3%30274429 e
and the error 1s ,]e(Z)] <7.5 x 10 and therefore , cgn

be neglected . The axpression for area under normal density‘_-
function is ,

'\%(Z'i) = N(2Z;) [b,]t + b2t2+ b3t5+ b4t4+ b5f5]. (4.27)

Equation (4.27 ) is sufficiently acfurate for all practical

. N . e Cym e e e
purpoges . The expression is only valid for-positivers

values
of{_z__lh}. Since normal curve is syametrical , the values of

w(—%) can be found from
2 (-2) =g (&) : ' ( 4.28)
The reliability index , LOLP of the system is the wvalue
of the ordinate of the final ELDC (which is obtained after

convolution of 2ll machines in the system ) at the installed

capacity . An example is presented below to clarify the method .
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Figure 4.7 below represents the load  and FDF of load

and Table 4.7 represents the generating system .

0+
,"\‘ -
! VR
! Ve
20 = l’ N “_/
! .
/
/
10 ==
/
A
1 [ i
0 i 2 3 4 -
Hours

M 1/4 2@

1 I

a) Chronological and hourly b)

load profile .

Pige %7 i Hourly load representation

Table 4.7: Generating System

10 15 . 20 25

FDF of load

description

' 1 [] 1 1)
{ Jo. of | Capacity ! FOR i Installed H
) Units : ( Mw) ! ! Capacity(iiv) |
: : : : !
T ] ] 1 1]
F ] 1 ] ]
' t 1 : ' 1
11 ! 20 ' 0.10 : :
1 1 ] ] 1
: : : L 40 :
1 1 t ] ]
t 1 1 ] T
V- 1 ' ' [
vt 2 : 10 t 0,20 !
' ' 1 1 f
] i t ' 1
i ! L 1 1
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Solution

Calculation of moments of the generating Units about the

_ Qrigin':

1) For 20 i Unit with FOR = 0.710

m, (1) = (2057 (0.10) = 2

m,(1) = (20)% (0.10) = 40

n5(1) = (203> (0.10) = 800

m, (1) = (20)* (0.10) = 16000
ne(1) = (20)? (0.10) = 5.2‘x 107
ne(1) = (20)° (0.10) = 6.4 x 10°

2) For 10 My Unit with ¥OR = 0.20

n,(2) = (40)jmco,go) = 2
_7m2(2) = (10)¢ (0.20) = 20
ngy(2) = (10)% (0.20) = 200
m,(2) = (10)* (0.20) = 2000
ns(2) = (10)2 (0.20) = 2 x 10%
n (2) = (10)° (0.20) = 2x 105
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Calculation of mo-ments of the generating units about the mean :

1)

2)

For 20 ¥ Unit

‘Mq(ﬂj = 2

(1) = 40 - 2)% = 35

15(1) = 800-5(40)(2) » 2(2)2 = 576

0, (1) = 16000-4(800) (2) +6(2) 2(40) -3(2)*= 10512

(1) =3, 23102 5(16000) (2) +10(800) (2)510 (40 ) (2) 7 +4(2) °=188928

5. 4%10°-6(3.2x107)(2) + 15(16000) (2)°

=
(9]
~
.Y
~
]

- 20(800)(2)5 + 15(40) @)% - 5(2)6

3401280

Tor 10 LW Unit

M1(2) = 2 |

,(2) = 20 - 2)° = 16

Hy(2) = 200~ 3(20)(2) + 2 (2)? = 9

1,(2) = 2000- 4(200)(2) + 6(2)2(20) - 3(2)* = 832

Mg (2) = 20000-5(2000)(2) + 10(200) (2)2 - 10(20) (2) 2+4(2)?
- 6528

H(2) = 2x 107~ 6(20000)(2) + 15(2000) (2)°

~ 20(200) (2)7 + 15(20) (2)* - 5(2)°
= 52480
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Calculation of cumulants of generating Units :

1)

2)

K (1)

For 20 Ly Unit

K2(1)

K, (1)

K, (1)

z5§1)

I\

Kg ()

2
26

576
10512 - 3 (36)° = 6624
188928 ~ 10(%6)(576) = - 18432

58012680~ 15(36) (10512) - 10(576)%+ 30(36)2
— 419%280

For 10 Ly Unit

K,(2) =

£,(2)

]

35(?)

K, (2)

Kg(2)

K (2)

2

16

Yo

2

832 - 5 (16)°= 64

6528 ~ 10(16)(96) = ~ 8832

52480 - 15(16)(832) - 10(96)° + 30(16)”

- 116480
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Celculation of total cumulants of generating units of same

size
1)  For 1x20 I Unit
K, = 1(2) = 2
K(1,2) = A(36) = 36
K(1,3) = 1 (576) = 576 | -
K(1,4) = 1 (6624) = 6624 |
K(1,5) = 1 (=18432) = - 18432
K(1,6) = 1 (~#193280) = - 4193280
2) For 2x10 Ly Unit
K(2,1) = 2(2) = 4
X(2,2) = 2 (16) = 32
K(2,3) = 2 (96) = 192
RK(2,4) = 2 (64) = 128
K(2,5) = 2 (-8832) = -17664

X(2,6) =

2 (“116480)= - 232960



Calculation of

total cumulan%s of

79

generating units :

K,(e) . = E(,1) +K(2,71) = 244 = 6

£,(8) = X(1,2) + K(2,2) = 36 + 32 = G8

Kz(8) = K(1,3) +&(2,3) = 576 + 192 .= 768

K, (8) = E(1,4) + K(2,4) = 6628+ 128 = 5756

Kg(g) = E(1,5) +K(2,5) = (-18432) + (-17664) =-36096

Ke(8) = E(1,6) + K(2,6) = (~-4193280) +(~252960)= -4426240
Calculation of moments of hourly load about the origin :

a(1) = x (10 +20 +25 425) = 20

n, (L) = g (107 4+ 207 4 257 4 252 ) = 437,50

n (1) = 3 (107 + 207 4 257 4 257) = 10062.50

3,(1) = g (10% + 20% 4« 25" 4 25%) = 237812.50

ng(1) = 2 (107 4 207 4 257 4 259) = 5707812.50

me(1) = g7 (10° 4 20° 4 25° 4 25%) = 138z20392.50 .
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-Calculation-of central moments of hourly load :

i,(1) = 437,50 - (20)° = 37.50

Mz(1) = 10062.50 = 3(437.50) (20) + 2(20)3= -187.50
1,(1) = 237812.50 - 4 (10062.50)(20) + 6(20)2(437.50)
- 3(20)" |
- 2812.50

H5(1) = 5707812.50 - 5(237812.50) (20) +10(10062. 50) (20) 2
~ 10(437.50) (20)7+ 4 (20)°.
=. - 22457.50
133320312.50 - 6(5707812.50) (20)
« 15 (237812.50 (20)° ~ 20(10062.50) (20)°
15 (437.50) (20)* - 5 (20)©
= 257812.50

lig(1)

Calculation of cumulants of hourly load :

K (1) = 20
K,(1) = 37.50
"““7&3(1) = - 187.50
K,(1) = 2812.50 - 3 (37.50)=-1406.25
Kb(l) = =23437.50 - 10(57.50)(-187.50)

- 10( ~187.50)2 + 30(37.50)>
- 93750.00



- Calculation of
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cunulant of ecquivalent load or systenm cumulent :

It

K, (L)

K (L)

Ka(EL)

K4(EL)

it

1{5(EL)

K (EL)

Kq(l) + Kq(g)
K,(1) + K (8)
K5(l) + K
34(1) + K4(g)

4{5(1) + K5(g)

'G' Co=cfficients :

G5

K1) + Kg(8)

I

f

\

8)

it

]

20 + 6 = 26

57 .50 +.68 = 105.50

- 106.25 + 6756 ;

46875.00 - 36096

- 187.50 & 758 = 580,50

5349.75

m
LU

10779.00

~93750,00 - 4426240% - 4519990.00

Calculation of

ez
l+2 (.EIJ) / he (.L'.nlt) K 1 = 1, &, j, sssvree
3/2 - 5/2
E,(EL)/ K, (EL) = 580.50/(105.50)|= 0.5557023
2 2 _
B (EL)/ES(EL) = 5349.75/(105.50) 7=0,4806496
| 5/2 5/2 ‘
Kg(SL)/E, (4L) = 10779.00/(105.50)= 0.094286
e | ,
(EL)/K (EL) = -451999C.00/(105.50)2 -3,849285
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Calculation of LOLP

Installed Capacity , @%g = 40 L

g,

l .

(z,)

N(Zi)

als;)

]

| 4
(X, -W)/V = (X; - Kq(EQ§%/ K ,(EL)

(40 - 26) / 105.50

1.3630187
H(Z;) (g + 5%k Dot bt s b5t5 )
1 (1. 3630187)° :
exp ( - - = 0.1 2

A 1 ) .
TwZ; - 7+ (0.256519) (1. 3630187y - 0-780033

0.1575758 | (0.31958153) (0.760033) + (-0.356565782) x
(0.760033)° « ( 1.781477937) ( 0.7600%% )2

¢ (- 1821255978 ) ( 0.760033 )*

v ( 1.330274429 ) ( 0.760055)5_]

0.086458
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Calculation of derlvatlves :

70 () = 2, W(a) = ~(1.3630187) (0.1575758)
o= ~0.,2147787 .
N(g)(zi) = (@5 -1) N(z3) =[( 1.3630187) - 1 i](0-1575758)
= 0.1351917 n

N(5)(Zi) = o H(ﬂ)(zi) - 25 59 ())
= -2 (0.2147787) ~ (1.3630187) (0.1351717)
= 0.613%799

@) = -5 0Pz _<“z N5’tz e o
=. = % (0.1351717) = (1. 565018?) (-0 612799)

= 0.4371104
L A TR WP CO T

= ~4 (-0.615799) - (1.3630187) (0.431104 )
= 1.867592
(3)

(: 4 .
Gqﬂ(a)(zi) G (5y) c%grﬂ )(zi)

3] - T A o

—-—

F(z;)

(Gu+ 10 63 &2 (z,)
51

_ (0-555?025)5(?.155171?) _ g9-4806496)4(;0.615799)

(0.094286) (0.431104)
+ 5 x ;

_ (=3.849285 4 10 (o.5g5¥025)2 (1. 867592)

]

0.0272406
“i’.(zi) + F(zi)

LOLF

0.1136787
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4,4,1 COMPUPATIONAL STEPS FOR CURULANT METHOD

.The different computational steps to evaluate LOLP by. .

the cumulant method are stated below :

Step -~ 1

3 Obtain hourly load y for the period ﬁnder study, from
the chronological lcad (this may be predicted demand
in case of planning ) . = .
Step - 2 : Sample the hourly lcad at every hour or any other
suitable interval by assigning equal probability to
each sample and obtalin the distribution of load .
Step - 3 : Determins the (Homents: about the origin for each
machine .
3tep —~ 4 : Determine the centrzl moments (moments about the
mean ) for each machine .
Step -~ 5 ¢+ Obtaln the cumulants for each machine o
Step - 6 : Obtain the total cumulents of generating system by
- summing the individual generating unit cumulants .
Step - 7 + Now , determine the moments about the origin , mo-

ments about the mean (Central moments ) and cumulants

of the hourly loads .
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Step -~ 8 :+ Determine the system cumulants by summing the total
cumulants of generating units and corresponding

cumulants of load .

Step - 9

Obtain the Gramﬁgharlier coefficients and the

derivatives of normal PDF .
Step =10 i Calculate the standardized random variable Zi .

Step - 11: Determine the area under the normal ZDEF and the

factor F(Zi) .

LOLP is obtained from the sum of the area under the noraml

PDF and the function F(Zi) .
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CH APTER 5

NULERICAL EVALUATION

5.1 INTRUDUCTIO :

The different methodologles of evaluatiné the.reliébility :
.«0f power system have been discussed in the previous chapter.In
this chapter’ , the methodologies are applied“fb evaluate the
reliagbility indices of IEEE relizbility test system as well as
Pangladesh Power bSystem . The methods are éompared in terms of

e

i) accuracy of the results
1i) computational efficiency and

iii) computer storage requirements .

In this chapter the observations regarding the sensitivity of
the recursive method to step size , the seguentation method to
segment size and the cumulant method to the nuwber of terms in

the Gream—charlier series , are also persented .

The sensitivenéss of esch method to the variation of peak
load of the above two systems are discussed in this chapter. The
sensitivity of each imethod in terms of accuxacy'of resuit due wo
types 6f precission in the computation are furnished in this
cangpter . A briesf description of IEEE Religbility Test System

and Bangladesh Fower System are also presented in this chapter .

e
e
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5.2 IEEE RELIABILITY TEST SYslE. (IEEE-RTS) [25]

In order to provide "a basis for comparision of results
obtained from different methods , IZEE desired to have a
reference or test system which'incorpbrates the baéic data
needed in reliability evaluation . 'Phe test system has load{
generation system and transmission network model . The load
nodel pro%idés hoarly loads for one year on per uni% basis
expressed in chronological fashion . Theé zenerating sysbem
contains 32 units of varions capacity from 12 to 400 iii. «he
transmission system contains 24 load/generation bus connedted
by 78 lines or aubtotransformers at two stages, 138 and 250 KV.
‘The transmission s&stem includes cables, lines on a common
right of way and lies on a common tower . The transmission
system data includes line length , impedznce rating and
reliability data . 4 brief description of the IEEE relilability

test system 1s given below

5.2.1 LOAD MODEL [ 25 1

The anmual peak load for the test system is 2850 M#.Table
5.1 gives data on weekly peak loads in percentage of the annual
peak load . The annual peak load occurs in the 51 st week . The
data in Table 5.1 shows a typicai pattern , with two seasonal
Deaks . The second peak is in the 23 rd week (90%) .If the 1s%
week is taken as Jamuary , Table 5.1 describes a winter peaking
system . If 1st week is taken as a summer month , a sumuar

peaking system can De described .
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: Weekly peak load in percent of annual peak

" Table 5.1

Pegk load

o -

Week

Pesgk load

Weak

o e e o e g e e e e S g g gy T A g T g S B g W T B e g, G BT T Lt e v W M ek M R e g e e e g e T e TS v e e g g G A e e g e
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i B g T MR P B e R e m TR b T e e pm M e W e S e g T g P e e e e T e e e e e T A g S e e e e BR T M e e e e



89

" Table 5.2 gives a daily peak load cycle , -in percentage
of the weekly peak . The same'weekly peak load cycle is
assﬁmed to apply for all seasons . Tne data in Tables 5.1 and
5.2 , together with the annual peak load define a daily‘peak
load model of 52x7 = 364 days ., with Nonday as the first day

of the year .

Table 5.2 : Daily peak load in percent of weekly veak :

- s o

| [] 1
) I
! Day ' Peak load !
] H J
] ' 1
! i . '
' Monday ! 9% '
] 1 ]
: Tuesday : 100 :
' Wednesday ! 98 :
] ] ]
t Thursday ' 96 !
1 t ]
' ¥riday ! 9y '
1 ] 1
! Saturday ! 77 !
1 f }
' sunday ' 75
] ]
! J
1

Table 5.3 gives week daj and weekend hourly load models for
each of the three seasbns « A suggested inferval of weeks is
given for each season . The first two columns of this table ref-
lect a winter season (evening peak) , while the next two columns
reflect a summer season{afternoor peak) . The interval of weeks

shown for each season in Table 5.3 represents application to a



winter peaking system . If Table 5.1 is started with a summer {m

. them the intervals for application of each coliumn of the hourly load

' model in Table 5.3 should ‘be modified accordingly .

Table 5.% : Hourly Peak Load in percent of daily peak :

Pt W B W= e

Ul o)
A NN
@ I
=
52
r
CRl]
Ml =
jo
1 O
I,
8 &
H
[4h]
52 5

52
wknd

7

Winter weeks
1 =8 & 44 -

o - ]

e e e e e e s

e e e A dm L em mm e e me M M e o mr me ma em W fe S G w e e AR B s Am W me wmr e ae

4
70
66
65
6t
62
62
66
871
86
91
93
93
92
9
M
92
Pas
95
95
100
93
88
80
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66655&78999990/9%90099896
- <
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O < QN O <« Al
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| A S AN T I R D R R R Y R NN SRR NN U IR R DU DN R N R
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Wknd = Weekend

Wkdy = Weekday ,
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" Combination of Tables 5.1, 5.2 and 5.3 with the anmial peak
loadfdefines an hourly load model of %64 x 24 = &/%6 hours. .

Hourly load for any hour of the weekday may be expressed as ,
HL = WEFK X DFK x PEWD x AYK { 5.1 )

Similarly hourly load forx ahy hour of the wegkend day may

be ekpressed as ,
- . ( 5-2 )
L o= @EKFK x DFK x FKWN x AFK

where ,

Al = Hourly load
WKFK= ieekly peak load in percentage of annual peak
UFK = Daily peak load in percentage of weekly peak

riyiD= Hourly pealk load in percentage of daily peak Ior

week day

FKiiii= Hourly peak load in percentage of daily peak for

weekend day

APK = Anmal peak load
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5,2.2 GEMERATING SYSTEM [ 25 1

Table,5.4 gives a list of the generating unit ratings
and religbility data . In addition to forced outage rate , the
paramaters needed in frequency and duration calculatlons are
also glven- (MTTF and MTTR ) . Thls table gives data on full

outages only .

Tzble 5.4 : Generating unit reliability data :

r . T T T i [ a3 -
' Unit size , Number pop ¢ BITE , HITR ‘;‘;i‘:du:é € maln-
! LW , of Units, , , bhrs , bhrs , anc i
. iiks/ year
] i ] 1 1 . ¥
AP ' 5 ' Q.02 ' 2040 ' €0 ! 2 '
' i . t ] ]
¢ /20 , 4 ' 0.10 . 450 , S0 2 \
%07 3 ' 0,01 ' 1980 ' 20 2 :
e , 4, 0.02 , 1960 , 40 5 '
. Y100 ' 3 ' 0,04 ' 1200 ' 50 ! 3 ‘
1 t 1 i [] 1
' b’]z55 i 4 . 1 0004 [ 960 ) LI-O 1 ' 4 !
]
. :ﬁ97 v ___3_ ' 0,05 ' 95 ' 50 4 ?
. 1 . 1 1 1 . \
r Y250 , ' 0.08 , 1150 , 100 5 ,
b 400 ' , 0.42 ' 1100 * 150 ! 6 -
] 1 ¥ 1 ]

ETTF = Llean time to failure

E
H
H
=
]

liean time to repair

WETR
MTTE+LLTR | (5.3)
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De5 BANGLADZSH POWER SYSTHEK (BES) [ 30 1

| The electric power system of Bangladesh may be divided
into two zones : the East zone and the West zons ,-sepapated
- by the rivers Padma , Jamuna and lieghna . There are a mumber
of power stations in the East and in the %est anes + The
generatidn cost in the East zone is cheaper than that in the
West zone . In order to transmit cheaper resources from East
zone to the west zbhe y an electrical intercoﬁnector from
Tongi grid sub=-station to Ishurdi grid sub-station has been
constructed and thereby forming an intergrated natural grid.
The Zast-West Intgrconnector (EWI) is a double circuit line
operating at 152 KV . The power transmission capacity of the
EWI is 180 MVA per circuit at 132 KV . The total installed
capeity of BPS is 1141 W out of which 725 W is located in

the East zZone .

Phere are a mumber of power stations in the East ahd
the West zones . The grographical locations of different power
stations of BES are shown in figure 5.1 . The simplified single
line disgram of the integrated power system of Bangladesh is
shown in figure 5.2. The large power stations are Karna.fuli”
Hydro-Electric station at{Kaptai y Ashuzanj steam and combined
cycle power plants , Ghorasal stesm power station, Siddhirganj

steam power station , Chittagong steam power station,Shahjibzzar
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Fig. 5.1: Geographical Locations of different Power stationsof BPS.
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gas turbine power station , Khulns steam and gas turbine power
plants and Bheramara gas turbine power plants . Besides these -

there are mumber of small diesel power stations .-

The power'stations in the two zones have different types
'cf'generating units such as hydro , gas turbine, diesel etc,
Some of the units are o0ld and their output are now lower than
the rated valuss . As a Tresult , the total generating capacity
of BPS is 1018 LW inétead of 1141 KW . The maximum generasting
dapability of the East zone is 672 LW and that of the West
zone is %46 W [ 50 1 , Liost of the thermal power stations in
the East zone use natural gas as fuel , wiile those in the West

zone generate electricity by burning costly liquid fuel .

5.%.1 BPS GENERATION DATA

Generation data of BP3 used 1n tanls research are given
in Tables 5.5 and 5.6,Capacities of some of the small units
shown in this table are rounded values . Tﬁis is done %o
decrease the computer time . In the Jest zone the small diesel
units with capacities less taan 5 Ui are aggregated to form

units of capacity 5 LW eacll .

The East zone has 2% genersting units with an ilnstalled
capacity of 675 kW . The generating units in this zone include
3 hydro units , 10 steam units and 10 gas turbine units . The

West zone has 17 generating units with an installed capacity of
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355-MW . The average incremental fuel costs of the generating
units in the ZTast zone ranges from 0.14 to 0.28 Tk/Kwh, while-
those of the generating units in thewWest zone ranges from 1,57

to 4 .17 Tk/EKwi.

Table 5.5 : BPFS Generation data for East Zone

Jas Trubine

L T T T . T L
, Hame of ! Type of | No.of | Capacity | .. | 4vorific.
i PO ' H . Ve ¢ FCR ' tuel cost
y Power Station { fuel ! Units | (L) : e
r 1 [ T T 1
N 1
' Karpnafull ! ' 1 ! 50 V0,07 0.0
Mydro o fydro ' . ' |
." , , .40, 0,01 . 0.0
| t [ 1 1 t
' ishugani stes 1 1 ' '
L ponsand steam | gas . 2 . 65 . 0.0 . 0.4
t ' ] 1 J 1
] 1 ] ] ]

' Ashugang Combined ! Gas 1 (GDY) 55 toQ0,19 Q.15
' Gycle - ! ' 1 (ST 30 'oGu19 ! 0.16
F 1 1 1 1 '
1 | 1 1 t
' Ghorasal Steam ‘ o ' ! 1
| o ass | Gas L2 . 55, 0,0 ', 0.16
1 1 ! 1 1 1
! ] [ t . [ ] ‘
' siddhirganj ' s ' 4 ' 50" ' Q.10 ' 0.15
| Steam Turbine ' o3 ! 10 '0.15 0 0.23
] 1 1 1 1 1 "
— i T i T 1

' Chittogong Stesm ' . ! ' ' !
| Deapiogong BteMl lgas . 1, 60, 0.10 ,  0.16
! 1 ' ] 1 1
r ' I T T 1
' Chittagong Gas ' ' ! ' '
Casbing L8 . Gas . 2 , 5 , 018, 0,28
1 1 1 ] ] ]
T 1 ] i T i
t -~ > - ] ] 1 ¥
, Shahdibazar ' Gas . 7 . 10 . 0.18 . 0.27
] [ t 1 1 ]
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Table 5.6 : 3P3 Generation data for West Zone

i : H L o T AVE.1NC. 1
Name of 1 Type of } No. of ; Capaclity FOR ' fuel cost

] [ I ] . 1 7T ‘ And S 1

| Power Station | fuel | Tpits | (1) ' Dk, /Kwh.
[] 1 1 t 1

| ! 1 110 ., 0.10 , 1.57 "

' fﬁ‘%‘?a Steam ' z0i1 L, 1, 60 , 0.10 , 1.79 !

1 Turbine ' , 2 \ 5 v 015, 3.32 ,

:__ l. 1 L 1 L Y
. ' ' 1 ' ' 1

' Khulnaz Gas ¢ ' . '

SKO 1 2 z2 v 0.18 ' 202

: Turbine (Barge) -, . . 2 ' : :

. 1 1 L] ¥ 1 .
' ¥ T 1 1 []

' Khulna Gas ' HSD , 1 . 10 v 0.8, 3.45 '

' Turbine , 1 . 10 , 018 4,17 ;

' i i L 1 L Y
. 1 ] 1 1 ]

' Barisal Gas ' | o 20 v0.1 ' 24071 '

' Turbine . 05D ! L : 2 1 D !
! L 1 1 ]

1 L
[ L) 1 ] i

t * : 1

Gemwess im0 5 0 . 0w ! s |

T ]
1 . ] 1 i

' 1 t 1 ] | L '

' Small Diesel Tyt 1 ' 5 1 0-12 ‘ 1-93 !

' Stations * ' LDO/ESD | 4 1§ L 0.2 . 2.00

l. ' ] 1 ! 5 ] Ol12 t 2.20 !

! ' v ' >, v 012, 2035 '

! ' ' 1 ! 5 y Q.12 , 2.49 !

1 [ ] 1 1
i 1 i

* These are small diesel pow2r stations located at Thakurgaon,
Bograr, Goalpara , Barisal , Rajshahl and Serajganj@.Several smalil
diesel units of these stations have been aggregated to form 5 units

of capacity 5 LW each .
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5.%,2 LOAD DATA OF BANGLADESH FOWER SYSTEM

In this research ,the hourly load data of August , 1985
and December , 1985 are used . The hourly loads of these two
months are given in Appeﬁdix - A . Thag peak ldad usually
occurs during 7:00 to 9:00 hours iﬁ the afternoon and. the
peak of iugust 1= 765,05 MW and that of December is 660.53MW.
The bese 1load is observed to occur around 4 a,m. and this load
is 287,09 MW in ﬁﬁgust . In Decemﬁer the base 1is c¢bserved to

occur at around 2 as.m. and this load is 306.3%2 MW .

5.4 CONPUTER PROGRAMS

For nmumerical evaluation computer programs are deveioped in
SOnTRAN 77 o Three different methodologies are used in this
thesis to meke a comparative study of the commonly used methcds
and for each of these method different program has been developed.
. During the process of developping each program , it is tested by
several small examples and simultaneously these examples are

worked out by hand with a view to check the results ,

The developed programs are general in nature and may be
used to evaluate any power system by appropriately changing the
dimensions of the variables . The computer programs are given

in Appendix - B,
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5.5 IUKERICAL RESULTS

In this resegrch ;  two power gsystems are evaluated . One
is the well known IEEE reliagbility test Sjstem (IEEE-RTS) [ 25 1
andrtherother is the Bangladesh Power System (BPS) ..In case of
IEEE-RTS, load data of the winter , summer and the whole year
are used separately . In case of BIS, load data of August,1985
and December , 1985 zre also used separétely . The relisbility
indices (LOULPs)arz evaluated by using previously mentioned
three different methods viz ; recursive , segmentation sad

curul ant metiod considering loads of different periods .

5901 COMPARATIVE STUDY OF DIFFERENT LETHODS

The reliability indices zres determined for IEEE - LTS _"
with 2184 hours winter load . The peak load Zor this peridd
is 2850 M¥ . LOLPs (in percent) obtained using the three
methods are presented in Table 5.7 . The computer memory and
the CFU time in IBM 4331 required for each method are compared
in this table . To compare the variation in the results of each
mnethod for single and doubleiiﬁ%éiﬁi@n the results obtainéd
using 9inglej§§ééiéidnﬁ.as well as double lpnédisiqn-arithmetic

are also presented in this table .
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Table 5.7 : LOLPs obtained using three different methods
with IEEE-RTS winter loads

1 I . ! S = :
‘ { SINGLEY PRECISION i DOUZLE {{ PRECISION:: '
- BETHODS E LOLE(%) | STORAGE | CFU E LOLP(%) TSTORAGE T CEU
' ; | (Bytes) i(Sec) } '; (Bytes) j(Sec) ,
— T [] []
1 1 1
1 = ]
'Recursive , 0.276158 , 75278 ' 87 | 0.27618% , 130776 . 111°
. ] 1 L ] ] ] :
f [ [ . 7 1 [ T .
i 1 1
'‘Segnentation , 0.275135, 48384 ' 19 | 0.275144, 76400 | 27"
! , , C , L
, I f , [} - - i .
] ] ]
Curmulant ~0.529782 , 35408 ' 18 , 0.281973 . 46536 . 21
T X 1 1
1 : :l ' : { i J

In tzble 5.7 , it is observed thet in either “precigion”

of calculation , Tthe recursive and the sagmentation methods
provide azlmost the same LOLP . The LOLP differs in or beyond
the 3rd plazce after the decimal point . However, in case of
cumrlant method the LOLP obtained using doubleﬁfﬁ§§§iﬁiﬁﬁgarif
thnetic is close to that obtained in recursive or segmentation
mefhod wnile the single ((pre¢isiolm arithmetic provides LOLPs
which varieg widely from the results of recursive or segmenta-
tion method . ITote that in the cumulant method negative LOLP
is obtained when singlei:§ﬁ§€§§}pn arithmetic is used , which

is absurd .
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Regarding thg stbrage réquirement , it is observed that
recursive method requires the largest memory locations while
the cumulant method requires the least. Obviously , doubls
ﬁﬁiggigEﬁﬁ;-arithmetic requires larger. memory sforage‘than the

single%éiEﬁEEiﬁEf&arithmetic -This is confirmed in Table 5.7 .

Regarding computét;onal-efficiéncy y it is clearly observed
from Table 5.7 that computationaily recursive method is the
least efficient while cumulant method 1s the most .rThis teble
shows that cumulant‘method is slightly faster than the segment-
ation method . Here the segmentation and cumulant methods are

sbout five times fastver than the commonly usead recursive method.

The LOLPs ure also evaluated uging the recursive , scgaen=—
tation and cumulant nethods for the summer load of IEEE-RTS .
In this case , agzin the 2184 hours load d;ta are used . The
peak load for this period is 2565 LW . The LOLP , computer

storaze =nd CFU time both for single and double [precision”:

arithmetic are presented in Table 5.8 .
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Table 5.8 : IOLPs obtained with IEEE-RTS sumnier lozds

1 I T -1
I LHODS ! SINGLE PEBCISION. S | "PRECISION 7 |
i ks THODS ' T STORAGE | CPU T o T STORAGE | CT0 1
' 1 G 1 £ ' 1 ¢/ ' 1 '
' ;I‘O-LP(/’) | (BYPES) i(Sec) iLOLP (,_’°)  (BYTEg) [(sec) ;.
1 ] : - ] 1

t t | v
1 Tt 1 H [ !
[ . 1 1
Recursive ' 0.095945 75228 1 87 0.095965 ' 130776 , 112 ¢
1 t - 1 L] ¥
: 1 ! T ] 1 : E
:l 1 :_ ] L] 1 ' :
t t | 1 ] 1
Segmontation ' 0,00586h, 48384 19 ' 0,095965' 75400 | 27 |
E I ' : .' f ' :
'f ] L L} I L : :
’F 1 : 1 1 [ . : :|
Swmul ant 1~0.514398 , 35408 ' 18 ' 0.152714'. 46536 . 21 !
T t t 1 T
! , : ! ; ! . !

1

In Table 5.8 , 1t is observed that storase requirements and
CPU times for ¢BPrespondingmethods are ssme as in Table 5.7 .This
i1s expected because of same number of load impulses and the same
generating system . However , the LOLP is leés , compared %o
Table 5.7 « This is due to the smaller pedk load & on the average,

lower load level .
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It is_also observed comparing Tables5.7 and 5.8 that the
LOLPs obtained using the recursiﬁe-and the segmentation
methods are more close to the LOLPs obtained when the summer
loads are used ., Note tThat in case ofrsummer loads , the
mumber of load impulses , encountered by the available
generation failing to meet the load is less . Therefore y . the
LOLP , which is produced as a result of the summation of the
probabilities of the load impulses causing loss of load ,

suffers less round of error in computation .

The LOLPs are also evaluated using the recursive ,
segmentation and cumulant methods with the one year load of
TEEE-RTS . In this case the hourly load impulses are 3736
and the peak load is 2850 I . The LOLFP , computer storage
. and CFU time both for single and double FPrécision)arithme-
tic , obtained using the so called three different methods

are presented in Table 5.9 .
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Table 5,9 ; LOLPs obtained using three different methods
with IEEE-RTS one year loads

b | SINGLECUEOISIOND | povas ZREGISION S |
- ' . ] ]

{ METHODS {ToLP(s%) | SEORAGE T CRU T r e T STORKGE T CFU )
: H i (Bytes) j(Sec) | 1 (Bytes);cmec%
! . . R ; o
1

{ Recursive ' 0.111759 ' 76008 , 321 , 0.111788 ' 131216 ' 392 |
I ! [} 1

i . . S . o
: ' ' T ' —
| ' | C - o
| Segnentation '0.111525 ' 48648 , 20 , 0.111528 ' 76816 ' 30 |
1 ! 1 H 1

| ' I B
1 1 L i L] )
E ' ! : : ! ! E
Cumil ant —1.047283 ' 61896 , 24 , 0.142510 ' Y9592 ' 3G ]
! ] 1 I

i ; ' ' ’ . ' ;
) ! 1 ] 1 ! ] 1

Comparing Tables 5.9 with Table 5.7 and Table 5.8 it is
observed that the storage requirements in case of recursive and
segmentation method are almost the same while that in case of

cumlant method increases by 75% for singha;p:egiéggﬁﬂarithmetic

and 11%% for double 16Dy , It is also observed that the

CPU time requirement in case of segmentation method remains
almost the same and in case of cumuilant method it increases

slightly , that is 3%3% for single (precisionJand 71% for double

T — . . - +
{¥precision arithretic . However in case of recursive method the
ts LS LOT

CPU time requirement increases more than 3.5 times when one Year

load deta is used .

“%
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45 1t is observed in Table 5.7 and Table 5.8, the LOLPs

- obtained using the recursive and the segmentstion method are
almost the same while the LOLPs obtained using cumulant.
method are still negative fbr single precission arithmétic .
Comparing Table 5.8 and Table 5.9 it is observed %hat in case
of double{precisionarithmetic the closeness in the LOLPs of
curmlant method with those of segmentation or recursive method,
ere more when one year load data are used . Similar obser%ati@n
1s made when Tables 5.7 and 5.8 are compared . It indicatés
-that the cumlant method will provide good result

in case of higher LOLPs , that is , if the results obtained by

sumning the wider azrea of the proiablility plane .

Tihe proposed technigues are then applied to evaluate the
LOLP of a small power system like Bangladesh Power System ,LOLP
is determined for the month of August y 1985 with 765 .05 My
peak load . The LOLPs along with conputer storage and CrU time

requirenent for three methods are presented in Table 5.10 .

Then the load data of December , 1985 with 660.534W peak
are used in the evaluation . The results obtained using the

three different methods are presented in Table 5.11 .
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Table 5.10 : LOLPs obtained using three different methods with
BPS load of august , 1985 .

SINGLE LPRECTSTION_ UOUBLE  FRECIS TON. .5

A S Am e e e o e

—_— .

T Y 1

1 1 1

1 1 i

Lkt HODS : — . : — . ]

: ‘a | oTORALGE ¢ CEU + »TORAGE ; CrU H

y POLECR) ¢ (Bytes) Ksec) | TOMPA) | (hytes) | (See) |

1  p— T 1

: - ' i : : i

Recursive , 0.071%15 * 39632 ' 22 , 0.071318, 59496 ' 25 :

. - ' i

' . . t 1 , i

| a— —1 [ ' L = i L

1 1 1 ! !

i ' — ' . : ! :

| Segmentation 377 IS 212 | 0.071319, 43344 ¢ 15 H

i I 1 1 f

; | . ! ' . :

— L. - | L 1 - ;

1 ] H 1 t

: . 1 1 ' . t :

i} Cumilant , 0.093713 v 33424 15 y 0076579, 43576 ' 17 H

i N ] 1 - : 1 :

: ' t t ' 1 1

1 t 1 1 1 i
1

Table 5.11 : LOLPs obtained using three differernt methods with
BPS load of December , 1985 .

1

1 { ‘ T AR il H - -*-'i—"'-:f e — :
; | SINGLEYERECISION - {  DOUBLEFPRECISIONTZZ = !
r  METHODS - ey } T - T T
| ; ®) ) (Bytes) !(sec) ! | (Bytes) { (Sec) |
1
i Recurisive ' 0.004679 ' 39632 | 21 ' 0.004679 ' 59496 , 16 :
¥
: i | ] L} : LB :
! T - . 1. - L i |
| Segmentatiod 0.00467Y | 51448 ‘12 | 0-004679 43344, 16 :
] 1
i = ' S 1 1 i
: [ ! r i !
: ' 1 ! ! 1 ' !
t I
| Cumulant  ©0.089593 ' 33424 ' 15, 0.004185 ¢ 43576 , 18 !
: ' ‘ { ! ) ! j
[l 1 : 1 |
[ 1 1 1 | i i

[ )
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. Comparing the. storage requirements. for about one third of
the load data of the IEEE~RTS used in Tables 5.7 and 5.8 it is
observed in.case of BPS that the computer memory requirement_has
decreased to half for the recursive method . However.,‘the
memory requirementé in other two methods dolnot change appre-
clably . Note that the installed capacity of BPS is one third
of that of IZEE-RTS . | |

From Tables 5;10 and 5.11 it is observed that the LOLPs
obtalned using cumulant method are close to those obtained
using recursive orlsegmentation nethod in case of double preci-

L T . . - - . T —— e — N -
Ohlon arithmetic . In case of 51ngleﬁﬁfé9¥sien¢“tne LOLY¥s of

curulant method vary from those of segmentation or recursive
method . However , in this case the negative LULFsS are not
obtained which was the case in IELE-RTS. Note that on the

average the units of BPS are of higher FOR .

It is also observed thaf for the same number of load data,
Table 5.10 provides higher LOLPs for each method . This is

because of higher peak load in the month of August .
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5.5.2 SENSITIVILY S5TUDY OF DIFFERENT METHODS

In this researcn , sensitivity of the differenﬁ metheods
used for the evaluation of the reiiability are investigated .
Sénsitivity of each methoed to the variation of peak load is
studied for the IEEE - RT5 with one year loﬁd . In this study,

peak load is voried from 1000 M§ to 2850 LW at a step of 200 Ly

LOLF for different peak’loads and corresponding CFU times zre
'presented in Teble 5.12 . Storége requirements dces not change
with the variation of peak load and hence not shown in this
table . The variation of LOLP and the variation of CPY tinme
with the veriation of peak load are also depicted in figure -

5.% ard 5.4 respectivel? .
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Sensivivity of LOLP to peak load

= e W m m e m Em o ay e o wm om T W o Ly = o mm e o o v e m m o m m o e o e

B IEEE ONE YEAR LOAD .
PEAK v RECURSIVE ' SEGUENTATION ! CUBULANT
an o e e 'oow,
I'.'E\l‘lr ! c/ t ' o, 1 C' 1 o, 1 f t
i OLP(%) (Sec) | LOLP(%) 1 (sec) | TOLF(%) b (Sec)
L . i ! 1 [
v ' ' ' ' !
1000, 0.4193E-11" 643 '0.4185E=11, 30 ' 0.1496E-14 , 36 '
1 1 [}
1 . . L ! [
1200 ' 0.2617E-09 , 614 0.2616E-09' 30 . 0.1104E-11"' 36 .
t 1 1
] 1 ¥ 1
t
1400, 0.10025-07 ' 576 '0.1002E-07 1 30 '-0,260GE-09 , 36 °
] 1 1 - 1 ¥
1 . B 1
I 1 ) 1 t
1600 ' 0,2598E-06 , 549 0.2598E~06, 31 ,~0.1354E-06"' 36 .
! ; 1
- 1 E 1] ] 1
1 : 1
1800 , 0.4759E-CS ' 523 '0.4744E-05' 29 '~0,9253E5-05, 36
' 1 1 ' !
t ] 1
] | ] ~
2000 ' 0.6243E-04 , 502 0.6224E-04 ' 29 ,~0.1696E-03' 36 |
1 ] ]
2200 , 0.5634E-0% ' 475 0.5832E-0% , 29 1-0.81828-0% ., 38 !
1 ] 1 1
] ¥ 1
2400 ' 0.3932E-02 , 455 ,0.3930E-02' 29 | 0.21363-02' 36 |
] L 1
i i 1 ]
2600 , 0.1963E~01' 415 0,1963E-01 ., 29 ' 0.2909E-01 36 °
] ] ] []
' ] i
1 ] ] L]
2800 ' 0.8177E-01, 403 0.817SE-01' 29 , 0.1103E-00 ' 36 |
1 t i
1 1 ' 1 1
2850 , 0.1118E-00 ' 388 0.11158-00 | 30 | 0.14258-00 . 36 *
1 ' : 1 ] ] :
1 ' L 1 1

)

“F
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It is observed in coiumns'2 and 4 of table 5.12 as well as
in figure 5.% that LOLP increases rapidly with the increase of
peak load for Both in'Case of recursive and segmentation method.
Note that these two methods® provide elmost the same LOLPs.However,
"in case of the cumulant method the LOLng show some pecullarltles.
For the lower peak load the LOLP decreases , more specifically it
.provides negative values . But for the higher peaﬁiload the'LOLQE)l

are close to those obtained using recursive or segmentation method.

Regarding the CPU time , it 1s observed in Table 5.12 as well
as in fipgure 5.4 that in case of recursive method CFU time is very

high for lower peak loads and 1t decreases with.qzhe'incrééﬁe*oin_ﬁ

peakﬂloadssen the~other-hand; ir~case ot segmentatlen or. qumuldnt
'u—z.-—.,._a-_.— —

cfpethqd+bPU;t1me remains almost the same for all peak loads.

In this thesis , sensitivity of the recursive and thatﬁxﬁi%gg_

mentation method , respectively , to the step and segment size

are investigated . In this case , winter loads of IEEE RTS is

used . Thé LOLPs , storage requirements and CFU tlmes are prese-
nted for each method for different step or segniment size in

Table 5.13 . The veriations of LOLPs , CFU time and menory requ-
irements with step size in case of recursive method and segment
size 1n case of segﬂenuatlon method are depicted in figures 5.5,

5.6 and 5.7 respectively .



Table'5.15 :

sensitivity of LOLP to step/segment size

M4

'Q.1417

22%68

- e e T m um e m e am e W o o oap M m o W o om ve ™ L W o o e W o el e

' STEP ! TEEE WINTER 104D (13 WEEKS ) |
, OR ¢ RECURSIVE i SEGHENTATION r
]
lSEG_ : T i 1 T 1 1
,WENT 4 161p | STORAGE ! ot 1 STORAGE ! '
SIS L% (byves) | OFU(8e0) L BOLR(R) ) Gopegy | CRU(Sec
L | 1 " P 1 1
x 1 i ! ' L} ]
' i ! f ' ! '
. 01 . 0.2762 '130776 ' 106 , 0.2751° ' 76400 * 23
) . 1 ' 1 1
\ 02 ,0.,2733 ' 76312 ' 59 L 0.2757 ' 49184 183
] 1 ] 1
! 1
1 03 ,0.2667 ' 58136 ' 43 L 0.2667 ' 40112 ¢ A5
' ' ! ' \ t 1
| O4. , 0,2715 ' 49080 ' 38 L 0.2738 ' 35565 ' 14
H ' 1 t , H t
¢ 05 ,0.2736 ' 43508 ' 30 L 0,2725 ' 32832 ' 13
t 1 1 t
t
|10, 0.2650 ' 32712 ' 20, 0.2772 ' 27344 ' 11
i t ] ]
' 20, 0.2408 ' 27272 1 15 ' 0.2496 ' 24552 ' 10
' i 1 ' 1
' 30 L 0.2024 ' 25440 ' 13 L 0.2262 ' 23640 t 10
t H - L] ]
' 40 , 0.1802 ' 24512 ' 12 L 0.191% ' 23192 ' 10
f ' 1 ) o 1 t
' 50 ,0.2168 ' 24000 ' 12 | 0.2315 ' 22920 ' 10
] ] ] !
' 60 . 0.1123 ' 23680 ' 12 | 0.1679 ' 22728 ' 10
! ] | ' 1 !
‘90 ,0.1211 ' 23456 ' 11 ,0,1672 ' 22600 | 10
. 1 ] ]
' 80 |, 0.1567 ' 2329% ' 11 ' 0.2243 ' 22504 . 10
1 . 3 ] 1 .
' 90 | 0.,0901 ' 23136 ' 11 . 0.1752 ' 22424 ' 10
[] . ] K ] [] 1
(100 123040 ' 14 L 0.1492 t 10
] ] ] 1
: t t : ] ;
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In Table 5.1% , it is observed that with the increase of
step or segment size the value 6f IOLP deviates irregularly -
from its true value . Note that in this case the true value

of LOLP is obtained at 1 W step or segment size . -

.Regarding storage requirement it is observed frbm ﬁhé table
and from figure 5.6 tnat the difference of memory reguirement is
tremendously high when the step size or sigment size is varied
in the low2r range of steps or segments . However y the difference

is almost negligible in higher range of steps or segments.

The vériation in CPU time with the variation of segment size
in case of segmentation method is nct vrominent . However y Gthe
salient variation is observed in case of the recursive method
with wariation of step size in the lower range of step size .

In the higher range , the CPU time is almost constant with the

variatior of steps .

The sensitivity of the curmlant method ég)the nuﬁber-o:
Gram - Gharlier‘coefficients (G) is also investigated in this
thesis . In Table 5.14 the IOLPs , CFU time and storage requirements .
with different number of G coefficients used in the Gram—Charlier
series are presented . The variation of LOLP with G coefficients
is depicted in figure 5.8,In this figure the LOILPs obtained

using recursive method is also presented for comparision . It is
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observed from Table 5.14 as well as from figurs 5.8 that LOLP
varies irregulafly to the increase of mumber of G coéfficiénts.
However , the LOLP aép:oaohes to the true vzlue when maximpm
number of terms are considered in the Gram-g%arlier expansidn
series ., |

Table : 5.714 : Sensitivity of LOLP to mumber of terms :

' N0.OF CRAN- IEEE WINTER LOAD(13 WEEKKS )

1

i
CHARLIZR CO= | T

!

!

t
1 !

5 =3 AT 3 ]
! ! 1 L (Sec) !
! ' ' |
r [] . T
o 1 ' i
:-O(Jlth cut '@ ) 0.31973 | 46872 ' 5 !
) co—efficient) ' ' . \
1 : ] H :
"1 ey ) ' 0.52725 46872 - R
: 1 I :
1 t
2 ( Gy Gy) ' 0.24954 | 45880 oz
1. ]
¥ 1 '
1 . ‘
3 ( GpeenenG) 1 0.23456 45880 ;21!
' : 1 1 I’
B ( Gyeenesy) '0.19162 | 46880 . , 22 !
e . : 3
5 ( GyaeessGo) o 0.14579 | 45880 -

1

t 1 '
1 1
& ( GyyenerCp) v o0.28197 | 46580 SR-%
: - D

] 1.

This table also shows . that storage reqUiremehts and CEU
time do not practically change with the incresse of number of

G coefficients . -

‘gn -
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CHAPTER 6

CONCLUS IOKS

6.1 CONCLUSIONS

The evaluagtion of reliabilit& ié one of the important as—r
pects of generation expansion planning ., On the basis of the
requirements, the plaﬁher develops a number of feasible expan-
sion alternative plans . It is a common practice”ﬁﬁﬁﬁﬁﬁﬁéfﬁéi '

u_\_\ T

system engineers to evaluate each plan on the basis of reliab-

11ity to ensure that the adopted plans satisfy desired level of
religbility . Several measures Lave been devised to evaluate
the reliability index of a given expansion plan . The simplest
and most common of all is the loss of load probability (LOLE) ,

The three probabilistic methods are commonly used by the utili-

tles to evaluate LOLPs . These are recursive , segment ation and

curilant methods .

In this thesis ’ the-three methods are applied to two diff-
erent power systems , one is small BP5 and the other is medium
size IBEE-RTS . The methods are compegred in terms of accuracy
and computational efficiency i.e, CiU time requirement as well
as memory reqﬁirement. The senisitivity of each method to. the

following features are investigated .

i) (Precéisionuarithmetic in computation

ii) Peak load variation .
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The sensitivity of the recursive and the segmentation
methods to the variation of step‘size in case of recursive
method and segment size in case of segmentatlon method are also
investigated . The sensitivity of the cumlant methods to the
number of terms in the Gram-Gsharlier series is also studied

in this research .

Cn the basis of the results and observations described in
details in the previous chapter , following conclusions may be

mgde

1) For probabilistic simulation , the seguentation method
seens to be more flexible and computationally more
efficient ghafy the conventicnal recursive method in the

evaluation of LOLP .,

2) Cumlant method is also computationally more efficient
than the recursive method but the accuracy of the result
is highly system dependent . If fast calculétion is
desired , cumilant method may be used for large and
small system . However , the results obtained using
whis method may be questionable . The results obtained
by cumulant method also depends on the type of

LpreclslonﬁTused in calculation . It is observed that

cumulant method provides good result only if douole

e ——— -

precision:y arithwetic is used .
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3) The segmentation method provides accurate results as compared
to the cumulant method and simulteneously, is computationally
very efficient?. This method may be applied to evaluate LOLP
of any size of system . For recursive and segmentation method,
it is not essential to use dou@le precision grithmetic .

4) Considering all, the segmentation method is optimum in terms of

accuracy as well as computational requirements .
. \

Characteristics of the different probabilistic methods are
tabulated below for ready reference

Table 5,1 : Characteristic of the relisbility evaluation

- AP P ko e e e A e D D A o wlmb A w mf A  a mh rh ) e

technigues
T . 1 . L]
ITIHS OF ! RECURSIVE | SEGMENTATION ! CUMULANT '
CE4RACTERISTICS ' METEOD | METHOD { JBTHCD '
i (]
: 1 1 1
- 3 3 I '
1. Computational ' Very Poor ' Fast-very , Very fast
.. '
efficiency. ' ' fast(System ' (System dep-
| ] [ ] ]
! , dependent) , endent) '
1
1 1 I
1
2, Computational . ' : '
1 1
accuracy oa ' Accurate , Accurate ' Systen :
LOLP ' ' ; dependent '
: ] ] ]
' 1 ] . 1
I " 1 1
3, Computer memory , Tepv 1 | Small . Small :
requirement 1 VELY Large
1Y . ‘ ' (Systen ' (Systen '
[ f . 1
' , dependent) , dependent)
!
o1 ] 1]
i | 1 I J

B p—
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6.2 RECOLMENDATION FOR FURTHER RESEARCH

The following recommendations may be made in this thesis :

i) In this research , the sensitivity of: cumulant method
- to the number of terms of Gram=Charlier series has been
investigated varying onlyfﬁpto six so called 'G' co-eff-
icients . The sensitivity may be investigated varying
more number of terms in the series ., The recursive
approach to calculgte cumilants recently developed by

Juran [ 34 1 may be used in this case .

ii) Sensitivity of each method to the variation of peak load
of IEEE-RTS has been investigated in this thesis,
Comprehensive investigation may be made using different
types of load with different seasonal pezk load and with

different load factor .

1ii) Sersitivity of each method may also be investigated to
different types of generation system like hydro units

dominated system , thermal unit dominated system etc.

iv) Each method may be compared using more practical
system as well as using a numbter of alternative plans

of each system .
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DPS OF  AUGUST, 1985,

el
S

T Y T U QRS T W

~ TADLE A.1 : HOURLY DEMAND
TIME: 4,00 2:00 3:00 k.00 5.:00 G:00 7:00 8:00 9:00 10:00 11:00 12,00
Beme 433, Via53 408D 392,92 apo.ne §3%.61 503.01 875.85 S67.31 428.g0 571050 LRD.r
PeBle 512.37 452.09 444,94 40045 A%0L e 531,45 104,73 122.15 667.85 6£77.53 555,472 462,55
BeMe sis4.10 402.E88  393.DT7  3871.43 *In.P o 3TE.B1 4D4.02 532.5& 407.687 398.12 426.2) 415.18
Pem, 365.38 3238.6¢4 324.%98 352,81 300,48, 452.29 645.R4 673.07 643,84 £00.%59 521 .35 4453.52
Q.M. 405.51 379,31 370.15 344,53 354,13 392.89 4€7.02 4317.18 505.61 503.55 553,18 554.04
Peme 516.35 47B.81  47€.17 497.14 517.06 576.79 T126.41 734,28 723.15 T23.15 571.44 494,18
e.ms 551.70 537016 43)i.8% 40B.67 410.45  429.3% F33.3}  5in.03 544,95 549.%4 577.13 562.0]
Pemas 525.40 485,62 479,25 486,74 519.83 555,49 472,70 729.5n T15.21 652.37 570.22 483,69
feMe 4530351 4£32.14 420.45 405.64 410.71! 439.97 51,48 579.48 54&.B7 554.08 555172 556.00
P.ms 515.97 4B3.82 475.50 d4og.zj 519.05 568.89 7120.29 765.05 T38.41 654.54 573.30 514.06
BeMe 450.08 422.79 410.52 319.5¢ 400.29  432.56 498.74 518.39 528.39 537.99 567.57 557.82

. PeMe 525.60 502.26 459%.31 475.47 534.59 564.73 736.06 7%6.5] 706.00 595.02 529.49 515,92
feMa 435.395 414.2] 39].28 385.57 400.75 419.23 488.74 49g.86 523.55 540.38B 558.31 554.3¢
Pem. 515,668 481.97 547.14 480.75 S12.83 600.37 EIB-E] 712.50 &55.65 416.73 546.8) 431.31
BefMe 431.17 410.5C 383.49 394.23 395,735 435.96 504.05 510.30 557.43 554,27 581.B2 561.21
Pee 516.2% 452.35 486-69 492.37 5371.14 567.50 726.8] 733.98 £99.93 647.77 53@.34 480.813
QeMs 425,52 406,71 402.24 394.22 374.1§ 389.82 440.79 44%.90  421.20 423.73 “30.89 428.15
P.me 382.312° 364.88 363.42 392.24 416-84 485,74 640.42 Ga7.84 641.20 SB86.06 52B.50 4B4.18
Qem, 431.26 40B.42 399.13 3B83.52 479.20 425.80 510.35 533.852 543.34 542.81 584.7% 571.72
Pefm. 531.B1 479.9B 503.73 496.77 540,21 T63.67 735.312 726.65 687,75 650.34 571.6B 495.24
Aem, 451-07 426.05 41B8.78 415.13 422.16 438B.47 509.56 520.78 537.39 568.80 566.90 574,68
Pem. 520.60 456.88 &717-94 488.63 525.49 479.50 7127.15 720.50 T17.38 653.05 587.28 511.95
Belle 461.66 442.62 430.73 417.34 425.65 463.92 3528.94 550.49 578.53 574.03 £58.97 578.54
PemM. 543.13 S06.44 498.07 485.07 480.61 589.45 716,47 753.84 706.47 £39.68 560.31 516.91
Q.Mms 434.41 414.29 402,03 403.14 406.30 439.39  466.53 - 513.38 545,53 571.28 S7g.86 578.53
Pem. 544.88B 515.33 507,174 511.44 555.76 E00.4] T13.61 T19.15 §79.53 676-1§ 587-82 518.88
Q.M+ 461.46 439.05 637,75 414.23 413.7 441.28 510.34 533.82 528.45 564.25 573.52 559,38
Pem. 525.?9 489.07 492.01 493.31 535,47 547.06 €79.50 706.9] 689.39 &£65.48 575,20 511.39}
B.m. 456-85 442.84 429.66 415.88 426,76 452.T7T 529.68 533.04 3§9.31 S517.52 593.66 590.33
Pem. 542:55 491.56 491.98 490.47 527.88 5e3.33 ‘722.66 703.00 T10.04 6e0.75 572.91 521.47
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TABLE A1 (CONTU,)

TIME: 1,00

RrS -

Dem. 475,99
pem. 377,89
.M, 440.6%
Pem, 5325.38
a,m, 392,84
Pell. 53] .19
Bemy 478.52
Pem. 548,33
a,m. 44€, 45
Pems 540.47
a.m,. 419.0¢6
pP.m, 558,39
a.m, 456.71
Pele 560.49

a.m, 44?.75

P.m. 405.00

a.m. 463.4¢
Pem, 532,24
a,m, 451.14
p.m, 484 .92
Gafzy 412.34
Pem. 421.97
A,m, .‘10(].31

pem.?294.66

a,m, 356. 88

pPem.348.84
a.m, 381.78
Pem, 391.94
a.m.373.%5
Pem.340.81
a.m.373,.37

P., 453-96

2400 3:100 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12100
456.35  i4.84 449,24 4D6 .87 BQ9.$8 S41.20 L4B.27  406.58 410.77 407,062 415,34
354,66 35y, 57 2T5.83  422.98 489.24 £27.55 523.09 614.87 601,30 517.70 473.4¢
$22.69 417,56 481.73 400.37 432,39 547,91 T2g.13 550437 564.47 5:7.20 Sog.gr
4%¢-15 503,25 5312.7¢ 553, 13g 601.65 €17.8B2 627.72 622,09 626.99 L64.39  516,u¢
372.92  381.50 333,77 365.72  390.70 532.54 544.95 554-98 568.99 58&.04 547.%-
467.95  LET.17 48s. gp 525-93 DER.E5  £55.46 460 .64 679.30 646.42 569.23 458.1;
45Z.19  4pu_ 4z 420.18 437.77 450,46 326.48 557,00 B60.62 574.14 581.94 576.86
SBE.2%  429.57 492.97 222.35 596.08 €75.%5B £59.40 652.88 6£41.62 568.36 4B85.53
930.56 503.87 sog.gc 47.38  442.0% 51%.25 53g.52 545.79 553,07 586-44 571.46
279.83 969.94 595.18 533,20 SE9-4F  642.05 $562.93 sogq,pc 546.27 496.69 498.35
42611 4315.7¢ Lie.a3 17Tk 4B5.5% 527,45 543,42 556.58 555.50 557.24 55g.pp
493.08  480.03 503,07 B28.37 586.65% 575.37 ¢0y.p3 678.52 633.04 553,89 478.4H
432.13  422.00 411.02 414.37 441.56 432,65 441.37 550.83 55B.20 599.83 5%3.5p
5i4.33 5pB.52 5p5,95 546.91 600.61 731.50 728.99 103.27 661.34 558.72 49s.46
429.77 413.73 408.76 42D.89 38g.13p 459.45 4g9,4p 4€9.65 472.70 474.18 450.80
380465 394.65 425.37 485.37 570.22 £96.47 703.65 637.47 602.76 548.82 489.47
439.95 422.54 410.02 4o08.78 428.15 490.00 z24,37 534.39 547.87 578.10 561.9s
4BY.90  467.20 47$.60 Sur.csg SYE.6E  606.06 T00.54 e97.4p 628.97 52B.69 460.5)
431.56 40B.05 396.26 197,05 407.75 461.33 494.39 51g.49 520.56 544.46 529,92
437.42  440.00 446.12 476.30 573.03 6€85.-02 €75.11 635.64 393.63 518.61 453.72¢
382.54  37E.67 361.36 364.62 366.42 404.02 4714.77 412.69 403.97 433,15 437.47
3é§.:s 373.93 375.66 412.15 468.2) 5BL.B7 5a7.sg SB4.60 377.70 499.57 444.c9
360.32 '359.93 350.77 35g.45 365.80 371.41 333.65 3p3.5¢ 296.21 287.09 287.30
293.73  317.25° 333.89 352.g4 415.49 579.02 5g6.89 601..00 531,25 554,50 395.93
345.08 336.5;3 332.24 226.81 321.95 348,84 365.35 344,95 338.07 342.08 357.84
324.0%9 315.09 317.5p 344.22 415.56 6oB.go 5§5.41 553.44 520.19 445,88 416.80
34T .38 346.24 333.96 390.56 337.g5 352.72 375,30° 367.80 7?73.03 379.40 396.67
341.12 323.61 323.66 13§7.7g 423.20 642,26 6£04.42 572.1) 526.90 447.96 393.9
357.70 347.39 34p.09 399.39  347.27 362.24 2372.85 362.29 370.89% 387.33 366.53
307.47 293.98 311.55 363,77 472.10 656.05 &57.38 603.16 545.77 468.83 406. 64
365.09 339.562 335.86 342.p0s5 356.18 407.50 435.1z 438.87 458.04 478.p7 483,2)
425,94 7 405.97 411,24 446.55 514.82° 701.2 706-94 631.83 575.52 485.84 403.72
- ——— -

—————

e e i, o
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TABLE A.2 : HOURLY DEMAND (MW) OF BPS OF DECEMBER, 1985. . o

TIME: 1:00 2:00 3:00 4:;00 5:00 6:00 7:00  8:00 9:00 10:00 11:00 12:00
B.m, 417.79 3%1.30 3B0.10 374.57 400.61 442.11 4B4.37 500.4B 485.38 4B89.60 510.g0 503.52
Pem. A489.70  446.49 439.13 460.63 530.72 553.05 606.B1 641.50 &32.80 605-02 531,30 435,52
a.m. 175.08  364.96 354.73 24B.64 354.74 129360 458,95 452,99  431.23 428,04 443.29 454.%9
Pem, 420.39 365.84 590.53 A19-40  493.11 (54.20 60.53 628.16 643.1] 518.70 433.96 387.45
Bem, 238.36 225.56 316.20 316.55 331.93 375.62 464.71 465.43  469.56 469.09 483.16 476.33
pem. 437.4% 399.34 395.82 440.33  525.29 634.06 £41.45 642.44 600,56 %40.71 445.10 3%0.09
Bum. 364.51 352.20 340.44 340.90 3I56.85 422.95 557.47 503.14 475.51 503.84 506.16 526.70
Pefie  430.14 432.46 422.82 474.92 534.89 £23.82 £34.R0 627.77 618.66 552.92 46:.50 416.80
Baem. 387.38 377.5r 3¥2.72 375,27 387.72 441.13 523.30 514.89 498.16 492.84 5315.54 505,55
Pems 454,95 418.40 42B8.50 464.38 531,65 625.72 645.%54 £37.08 609.02 557.8% 470.75 416.64
B.m, 381-64 366.97 257.50 355.90 360.32 415.00 425.2 432,29 40B.67 374.40 391.51 379.1®
Pem. 347.85 317.55 329.13 350.3¢ 415.00 63].14 £25.75 601.10 565.55 496.57 422.63 368.13
a.m. 353.52 337.30 330.10 337.00 349.18 412.56 494.15 501.02 478.46 496.49 519,63 51]1.50
Pem. 485.37 419.45 436.00 474.08 543.19 61%7.46 602.59 595.39 579.50 540.01 484.40 41B.64
dem. 3B5.98  3656.14 359.73  $%5,6% 374.67 415.53 477.62 481-62 4TB.69 487.47 500.56 489.39
PeUe 468.36 422.22 425.43  490.51 590.14 587.24 594-26 592.0]1 594.34 540,07 476.40 422.57
6.m. 371-65 380.46 365.45 358.96 371.50 436.19 492.8% 496.05  492.12 442.08 463.87 470.47
P.m. 482.8L 42618 43E.33 478.61 540.79 567.77 516.16 60D.25 572.94 S522.63 470.89 359.18
e.m. 359.16 355.93 360.50 359.67 380.29 436.59 489.35 504.90 502.91 501.63 493.95 501.38
Pefs 472,32 425.25 431.76 455.22 516.37 593.37 595.28 602.97 596.59 555.97 461.92 419.60
Beme 354,20 367.32 360.57 363.27 374.38 431-69 4€B.26 476.90 472.05 469.25 485.37 4B85.97
Pems 461.68 433.91 431.85 494.27 571.03 579.01 599.&3 607.24 570.8B 528.73 471.98 416.13
8.m, 383,33 360.86 371.06 366.21 374.90 432.96 473.6¢ 4B5.13 474.63 476.78B 46B.01 471.15
Pem. 446.01 428.02 423.91 464.32 538.98 583.39 589-45 524,85 524.41 533.86 467.93 424.96
a.m. ’ 39¢.5) 3B4.55 363,98 362.58 372,16 385.17 415.34 411.80 409.13 390.25 401.30 400.0]
Peme 344.40 324.92 326.]7 372.08 486.3i0 50B.3E 507.3¢ 489.14 7500.34 473.12 443.01 399.00
a.m. 379,29 372.36 3560.46 356.ie ITE.Z7  416.19 430.43 483.07T 485.29 g86.85 506.95 1513.95
Pems  473.87 437.72 421.4% 474.26 555.3B g)7.62 610.73 §33.75 596.07 543.77 4%0.20 410.19
agm, 394.60 377.75 373.89 368.8! 3B4.29 420-29 503.75 513.59 4%0.21 495.03 490.20 507.66
Pems 4B2.B5 432.97 466,12 455.76, 595484 - 600.54 - 621.26 587.64 5B85.9T 471.07 408.10

42B. 44
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TIME: 1:00  2:00 3:00 400 5100 6:00 7100 g:00 9:00 10100  11:00  12:00

a.m. 382.95 363.27 25B8.4¢ 353.76 3466.82 381.1° 421.32 516.76 393.19 37€.20 2386.46 392.2%
p.m. 2365.90 315.5F 3206.32 234.90¢ 40¢.2] 572.4% 606.20 593.51 555-99, 511.51 435.53 375.72
a.m. 342.98 333.0F 325.14 374.22 243.96 407.48B 4719.B4 514.85 509.35 500.90 510.81 510.96
p.m. 461.66 427.46 439.64 493.06 564.98 5%0.46 594.10 582.50 561.64 537.68 492.92 418.28
a.m. 790.95 375.13 36B.32 365.47 374.51 420.85 491.84 495.00 503.45 493.92 514.71 S518.85
p.m. 482.35 424.95 426.81- ~4B4.01 S581.11 S96-64 £03.36 597.97 597.00 S548.55 454.56 399.77
a.m. 3B6.10 374.40 361.43 364.737 384.70 4314-26 491 .16 691.76 §74.81 486.33 491.53 495.90
p.ms 4716.00 414-30 423.864 471.78 546.15 £81.29 ©5B6.94 597.36 591.21 534.32 459.50 422.54
a.m, 2385.31 36B.41 367.08 2355.40 3260.59 253.21 432.93 436.27 232.15 3B7.00 402.90 375.61
p.m. 334.96 308.14 330.2i 3275.8F 460.34 553.60 570.92 564.00 54B.25 491.52 4132.55 432.55
a.m. 4Z26-88 347.56 345.86 148.86 367-43 408.93 4937.62 498.0] 495,745 §79.75 491.05 495-.20
p.m. 476.84 429.80 416.95 46T.05 555.50 &12.25 617.1% 614.03 603.93 549.54 489.77 444.08
a.m. 409.36 400.87 397.37 364.50 3BZ-90 434.50 500.82 504.88 495,58 491.60 534.08 513.20
pem. 4B1.16 405.53 421.03 490.65 547.30 S5B9.29 597.44 630-28 £02.27 542.16 465.62 406.12
a.m. 381.79 370.69 357.63 356.73 372.69 4£12.80 S502.17 517.37 506.13 §10.35 510.27 519.10
p.m. 4B1.02 424.67 420.60 475.15 546.78 604.59 618.16 616.10 604.72 555.63 47TT1.65 414.56
a.m. 290.10 375.27 365.50 362.10 286.10 42B.75 s07.70 520.80 B51Z.8% 507.25 529.25 521.96
p.m. 4B7.04 424.64 429.01 472.25 569.05 531.2) 534.30 561.85 595.65 566.80 '4B6.T] 421.22
a.m. 3B6.F1 269.96 357.49 368.32 375.28 410.5) 49%.35 511.80 498.11 495.13 512.16 510.50
p.m. 461.37 404.77 423.57 483.57 483.33 60B.03 524.65 621.58 579.45 547.63 463.21 392.15
a.m. 387.75 368.20 358.57 363.65 375.32 385.02 389.38 509.62 469.42 494.95 417.44 519.00
pem. 4B4.05 431.04 428.45 475.33 549.90 575.81 617.48 614.18 S9).68 556.02 4B85.7% 408.79
a.m. 384.97 315.78 371.88 357.90 363.26 3T4.1% 423.12 4640.41 412.75 4064.17 404.62 401.02
p.m. 356.13 316.67 321.01 374.30 475.22 617.¢2 627.07 &03.6T 550.37 500.54 449.59 398.50
a.m. 355.70 336,07 324.20 320.70 331.33 360.08 436.48 4£59.92 469.73 413.96 487-17 4BE.0Q6
pem. 435.20 413.63 60B.18 . 437.58 529.90 &19.80 615.40 603.25 574.99 518.95 433.51 1B86.01
a.m, 362.20 346.50 342.90 340.54 349.80 3B0.B8 468.25 493.80 488.30 4B87.73 494.11 493.22
Peme 457.47 ‘.08.-6-1 403.36 442.37 51B.26 637.50 625.67 616.66 587.55 541.50 441.60 400.69
a.m. 366.09 354.69 346.04 343,64 360.54 400.14 6T4.34% 505:32 491.34 484.24 498.85 502.95
p.m. 482.2% 417.94 415.50 465.5] 529.67 610.70 597.66 593.52 579.05 530.94 445.77 393.8%
a.m, 369.44 1354.36 34T-T2 343,77 356.37 237.71 469;28 497.49 502,31 493.08 506.36 596.50
psms 4B82.91 454.82 §14.86 451.%7 536.32 621.53 631.57 620.62 -600.50 545.90 452.99 409.07
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APPENDIX - B
COMPUTER PROGRAMS

1. RECURSIVE METHOD
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