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ABSTRACT

The reliability assessment of composite generation and transmission systems now-a-days has

drawn prime interest in the area of power system plamung. designing and evaluation of

reliability. As the demand of the modem society is to have electrical energy as economically as

possible with a specified degree of reliability, therefore, there is a significant need to assess the
reliability of the composite systems. To evaluate the specified reliability of the composite
systems it is necessary to include all the operational factors. Power system reliability

assessment can be divided into two basic aspects: adequacy and security. Most of the

probabilistic techniques presently available for reliability evaluation are in the domain of
adequacy assessment. There are two basic techniques available in the literature for reliability

evaluation of composite systems: the analytical approach and simulation approach. Analytical

approach represents the system by analytical models and evaluate the indices from these models
using mathematical solutions. Monte Carlo simulation methods, however, estimate the indices

by a simulating the actual process and random behaviour of tile system. When complex
operating conditions are involved and! or the number of severe events is relatively large, Monte

Carlo methods are often preferable. Power system reliability evaluation by simulation can be

applied in two ways: non-sequential or randomly and sequential or chronological order.

The available technique for composite generation and transmission system nonnally consider

only simultaneous independent outages because usually the conunon.mode failure rate is small

i.e. typical values only of the order of 10% of independent failure rates. But such failures might

have severe consequence on the system performance. Many utilities are, tllereforc now using
common-mode representations for composite system adequacy analysis. AltllOugh the state
space transition diagram for conunon-mode outages are well established. But they can only be

utilized in random or non-sequential simulation not in sequential simulation. In case of

conunon.mode outage. several departure transition may occur from each state, then it is

difficult to predict the next transition. To overcome this difficulty a new approach has been

developed in this research. This new algorithm is accommodated in the sequential simulation

procedmes to evaluate power system with common-mode failures.

Several conunon-mode outage groups are considered and thdr effect on reliability indices are

shown in tlJis thesis. So the inadequacies associated with common-mode outages in a

composite power system are higWighted more accurately in this thesis. Therefore. the results of

such a study arc of great importance to the system planner and operator during the design and

operation phases of a power system for more exhaustive analysis. In this research IEEE-IUS is

evaluated using sequential Monte Carlo simulation technique for numerical evaluation.
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CIIAPTER-l

INTRODUCTION TO POWER SYSTE:\l RE

1.1 I~TRUDUCTION
The primary objective of the teclmiques and criteria used for planning, designing and

operating power systems is to supply electrical energy to the customers as economically
as possible and with an acceptable degree of reliability and quality, Reliability

assessments are therefore an integra! part of power system studies in order to assist
decisions regarding how much should be expanded on the system in order to impro\'e

or maintain the quality. adequacy and reliability of the system, With the over growing

technological ad\'ancement and tremendous industrial automation dlulng the past few

decades. electricity has become an integral part and vital lifeline of present-day society.

Even a most casual look at the modern civilization shows the important and crucial part

played by eJecllicity. The failw'e of elecoicity can often cause effects that range from
inconvenience and irritation to a severe impact on society and on its environment.

Almost every function of present day halts when the supply of electricity halts. A high

degree of reliability of electricity is of utmost concern to the electricity supply

industries. For tlus reason. reliability is. and always has been. one of the major factors

in the plaillung. design. operation and maintenance of the elecllic power systems.

There arc many variations on the definition of reliability. but a widely accepted fonn [I]
is:

"Reliability is the probability of a device perfonning its purpose adequately for the
period of time intended under the operating conditions cncountered".

The concept of power system reliability. however is extremely broad. and covers all

aspects of the ability of the system to satisfy the consumer requirements. Hence the

term reliability can not be associated with a single specific definition such as tllat often

used in the mission oriented sense, It is therefore necessary to recogluze its eXll'eme
generality and use it to indicate. in a general rather than specific scnse. the ovcrall ability
of the system to perform its function.

The teml reliability has many interpretations. A simple classification of power system

reliability has two basic aspects [2]. adequacy and seclUity. and these terms are now

accepted in the industry. Adequacy relates to the existence of sufficient generating

capacity within the system to provide sufficient energy and the associated tJ~\llsn1ission



and distribution facilities requireJ to transp0l1 the energy to the ctL~tomers. Security

relates to the ahility of the system to respond to dynamic lI;II1Sientdisturbances arising
within the system. It is important to appreciate that most of the probabilistic techniques

presently available for reliability evaluation are in the domain of adequacy assessment.

A power system consists of three functional zones: Generation. Transmission and

Distribution. The functional zones can be combined for the purpose of reliability

evaluation as illustrated in the hierarchical le"cls shown in Fig. 1.1. The composite
system or bulk power system is defined as hierarchical level.II i.e. consisting of

inlcgratcd generation and transmission facilities [3J.

GeDera!i0ll. Facilities

r" __ • ••• - - - - - _•• - _. _•••••• - _.' -- - - - _.- -"1

•..~~~ __ Hiera.rchiea1~l I
: HLI

r •••• _ •••.•• - ---_ ••• --- --_ ••• - ••• _ ••••• _ ••• -._ ••••• - ----_ •• ---,

, '
I • _. __•• __ •• -_ ••• -- ".-- --_ •• --_ •• - .- ••• _-_ •• --_ •• ------ I

,,,,,,,,, , ..-. ------,----" ._-_ ...-- ------ _.-_ .."'---,

.4....., , .
Hiemmrica1 Level IT
HLIT

Diitribution Facilitiee :+-- Hiernrcltical Lewl III
~........... HL III

1"Il(. 1.1: Hierarchical Levels.

Composite system reliability perfonnance is measured in terms of the amount of

unreliability created by events in the bulk power system. Unreliability denotes the

inability to prol'ide the required e!l'Chicity to all ultimate clL~tomerssupplied by the bulk

power systeIll [3]. It inl'o!l'cs the system failure el'ents which consists of loss of load

and ,ystem collapse aJising from wide spread outages or islanding.

1.2 HISTORICAL BACKGKOUND

Design. planning and operating criteria and tecimiqucs have been developed ol'er many

years ill an aUempt to resolve alld satisfy thc ,lilenuna creat"d by the economic.

reliability. and operational constrainl~. The cliteri" and techniques first used in practical
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applications were all detenninistically based. These include percentage reserves in

gcncration capacity planning or N.l contingency criteria in transmission plarming. The
basic weakness of deterministic criteria is that they do not and cannot account for the

probabilistic or stochastic nature of system behaviours. of customer demands or of

component failures.

The need for probabili,1ic evaluation of system behaviow' has been recognized since at

least the 1930's [4,5]. and first significant conttibutiom; in this area appeared in 1947

[6-9]. Although some utilities are still using deterministic criteria [10]. probabilistic

evaluation teclUliques are now-a.days wtiversaUy accepted and arc becoming more
widely used. One of the most significant development in this area was the application of

recursiveteclllliques published in a series of five papers by Ringlee. Wood, et.•11 [Il-
lS]. These papers present reliability calculation methods for the generation systelll that
incorporates thc frequency and duration of unit outages. Another ncw method was the

cllllllliant method to obtain the capacity outage probability by using Fouticr Iransfol1ns

and (,ram-charlier expansion was introduced by N. S. Ran and K. F Schenk [16] in

1979. Another important technique was proposed by K. F. Schenk [17]. The method

consists of obtaining the frequency distribution of equivalent load by convolving the
generating units in a merit order of loading. The convolution process is achieved by

appropriately shifting and combining the statistical momenl~ of hourly loads and

machine outages. Quantitative reliability evaluation using probability methods began

with the evaluation of system adequacy at hierarchical level I.

Considerable effort has been expended during the last two decades in devcloping

techniques and criteria for composite gcncration and transmission system assessment.

The tenn composite refers to the consideration of both generation and transmission
system contingencies, including the modelling of the operating policies necessary in

order to dispatch generating units, assessment of power flows on transmission system
components, alleviate network violations and load shedding if required. 111canalytical

approach which have been applied to evaluate the composite system-adequacy is called

the conlingency enumeration approach.

The contingency enumeration technique represcnts thc system by simplified
mathematical models and evaluates the rcliability indices using analytical solutions.

Billinton [18] illustrated the initial approach of the techniquc by applyiug a conditional

probability approach in the dctermination of reliability index at any point in a composite

systcm. I3illinton and I3havaraju [19] in 1970 proposed the lL';e of thc service quality

3



standard as the reliability criterion rather than simple continuity between sources and

load points of a composite system. They also present hypothetical system studies in
which the reliability indices of each system load point are ohtained. The utilization of

the indices in system planning is illustrated in Reference 20. The proposed procedure
used ac load f10w solutions of the network to examine possible voltage and overload

prohlems. Additional examples of altemative contingency enumeration approaches arc

presented in [21- 24]. Reference 25 published in 1978 discusses the two aspects of

reliability namely adequacy and seclll1ty. 111ispaper presents a c1a~~ification and listing

of indices in use. The fundamental definition of each index is given. Reference 26-27

present an overview of the major concepts dehated by expel1s in the field of fiLiI

adequacy assessment. These papers review the goals. the time frame and methods of

leliability evaluation as well as the conflicting opinions sometimes occurring between
American and European utility planners. Reference 2H describes the requirements for
composite system reliahility e,'aiuation am! concentrates Oil the philosophy and purpose

rather than onmodeUing details. l3illinton and Medicherla [29]. desu1be a technique for

evaluating the reliability of a composite generation and transmission system. The

approach creates a set of bushar indices to assess the perfonnance of the system after
alleviating ,my overloads. The techniques mentioned above ,u'e based on anal)1ical

approaches in which models of the system are analyzcd using mathematical equations

and direct numerical solutions. It is worth mentioning that the application of

contingency enumeration in I ILl! asscssment appears to have been started in North
Amclica.

..\n alfemativc approach is simulation, generally known as J'vlontc Carlo simulation. The

Hame and the systematic development of Monte Carlo mcthods dates from about 1944.

There are however a number of isolated and undenloped instances on much earlier
occasions [30-31]. In the beginning of the century the Monte Carlo method was used to

examine the Boltzmann equation. In 1905 the famous statistici,Ul studcnt used the

l\[onte Carlo method for estimating the correlation coefficient in his t-dishibution. The
tenll ";'donte Carlo" was introduced by Von Ne).llllann andJJlam during World War II

[32]. as a code word for the secret work at Los Almos: it was suggested by the casinos

at the city of Monte Carlo in MonacQ. The rcal usc of }donte Carlo methods as a
research tool stems from work on the atomic bomb during the Sccond World War.
Applicatious of Monte Carlo techniyues can be fOLUldiu many fields such as complex

mathematical calculations, stochastic process simulation. medical statistics. Enginel,;ng

system analysis. and reliability cvah~ltion. In tlus rescarch Monte Carlo methods have

been applied for composite powcr system reliability evaluation. Application of this
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technique in power system reliability evaluation wcre initiated in Europe in the early
1970's 133-38J. Simulation techniljue is marc popular in Europe and South Amclica.
Due 10 the recent development of computing power simulation techniques arc gammg

popularity in North America as well.

~lonte Carlo simulation methods, estimate the indices by simulating the actual process

and random behaviour of the system. The method therefore treats the problem as a
series of real expeliments. :>'Ian)' papers published on !donte Cailo simulation
tcchniques. Thc first significant papcrs of simulation approach was found in \391. This

paper presented a ncw model for forced outagcs for use in general system simulation

program. Ivlonte Carlo mclhods were applied 10 the model to simulate random

occurrence of force outages, random variations in daily peak ioad and others. This

work has a significance of calculating the dispersion of actual pelf onnance a[{oul the

al'erage performance or about the effecL<;of en'or in estimation of outage rates. In a

more recent paper [40] it was proposed that load and generation should not be treated

independently hut should he considered in a correlated manner. It was found that

simulation was appealing for this application. Other pioneers of simulation include

ENEL (Italy) and f'DF (France) papers from these organizations, including [41, 42J

and others appear in many OGRE publications and various European conference

pnlcccdings.

One of the most recent publication by Billinton and Ghajar [431 illustrated an ol'emll

approach in generating system adequacy evaluation using ilIonte Carlo simuIJtion

technique and this is widely used now-a-days. This paper is based on random

simulation. Another paper [44J depicted a iI.lonle Carlo simulation method used for

generating capacity adequacy assessment. Monte Cllio simulation can be dit'ided into
two categories: non-sequential (random) and sequential. The application of l'v!lmteCarlo

simulation in HLII assessment appears to have been initiated in Europe and particularly

in Italy, although extensive work has also been done in France [451 and more recently

in Brazil [46].

Reference 47 shows the usc of a direct simulation methods for considering a v'ast

number of random contingencies. Both random and sequential iIIonte Carlo approaches

have also been applied in 1975 [48J. Salvaden and Billinton [49] illustrated comparison

of two conceptually different techniques for composite generation and transmission

systcm cvaluation. These comparison between simuh.tion ami contingency elllunemtion

technique indicates the conceptual differences in modelling aud problem perception and

5



allows a bener understanding of the merits and demerits of each approach. Reference 50
presents a recent application of the Monte Carlo simulation to the lEEE-RTS [51].

Reference 52 describes some of the basic modelling concepts based on hybrid approach
of the Monte Carlo simulation and enumeratiun technique.

A new computational 1001 has been described in Reference 53 and ~ where the
reliability el.aluation methodology is based on !\[onte Carlo s:unpliug with a variance

reduction scheme. Thi~ latter technique allows the incorporation of analy1ical methods.
/llost of these papers have described the application of random and sequential
simulation to the generation S\'stem only [48]. Uhcda and Allan [55] summarized the
basic characteristics of sequential simulation and applied fur the reliability evaluation of
composite systems.

But, all the analysis carried out so far in simulation domain have considered only
simulations independent outages. Because uS\J.J.]Jythe common-cause or common-mode
hilure rate is small compared to independent faillUe rates. But such failures might have
severe consequences on the sy~tem perfonnance. Many utilities are therefore now using
cOnllllon-mode representation for composite system adequacy analysis.

In reference .56gives the definition of cummon-mode outage. According to this papers a
wmmon-mode forced outage is an event ha,ing a ~ingle external cause with multiple
failure effects. where the effects are not consequcnces of each other. This paper also
sholl"S from 31.ailable common-mode cbta collection that the common-mode outage-
e\'ent~ ('(luld be significant in transmi~~ion reliability calculations. Billinton. Medicherla
and Sachdev [57] illustrates effects of the common-mode failure rate and repair rate on
reliability indices. This papers also analyzed se\.eral possible common-mode outage
models and described its impacts on indhidual load point and overall system reliability
indices. Reference 58 present the transmission system models which include both
common-mode failures and adverse weather conditions. Both of these factors have been
considered as sePar.lte phenomenon in pre\'iously developed models. The models
illustrated in [58] are used to examine the sensitivity of selected reliability indices to
individual parameter variation in the composite model. The techniques mentioned above
are all based on analytical technique.

Sequential Monte Carlo simulation techniques are well established for evaluating

rdiability of a composite system which containing only two state components. But if

common-mode failure events exists in the composite system, then additional evaluation

6



techniques are required. Due to the advantage of sequential Monte Carlo simulation, it is
Ilecessary to accommodate common-mode failures in sequential simulation technique. A

new tcchniquc has been dc\'eloped in this research for doing this additional cvaluation
and this new technique is easily accommodatcd into a sequential simulation algorithm.
This new technique for common-mode failures can be applied to any composite system
reliability evaluation using sequential Monte Carlo simulation technique. The system
inadequacies associated with common-mode failures can be represented more accurately

by this new technique. Therefore the results of such a study can be of gre.lt importance
to the system planner and operators during design and operation phases of a power
system. In this thesis IEEE-RTS [51] is used for numerical e\'a1uatioll.

1.3 THESIS ORGANIZATION
This thesis consists of six chapters. As an introduction, chapter I draws an overview of
power system reliability and the historical background of the reliability assessment of
power systems. This chapter also points out the background of the sequential
simulation. Chapter 2 describes elements of the Monte Carlo method. This description
based on the mathematical fundamentals of Monte Carlo simulation places emphasis on
the application aspects of Monte Carlo methods in system reliability evaluation. Chapter
3 deals with the composite system modei i.e. description of generation system.
transmission system and load models that are used in this research. Chapter 4 brings

out the new approach which is used to evaluate the IEEE-RTS reliability indices. This
chapter also describes the simulation procedure and the functional block diagram

depicting the procedure. Using this new approach in sequential simulation methodology

and taking data from lEEE-RTS different reliability indices for different single and
multiple common-cause outage have been estimated and the numerical results are shown
in chapter 5. In chapter 6 discussions and conclusions are presented on the basis of the
results of chapter 5. Recommendations for further research are also provided in
chapter 6.

7



CHAPTER-2

ELEMENTS OF MONTE CARLO SIMULATION

2.1 INTRODUCTION

This ch:lpter describes the basic elements of 1\lonte Carlo Simulation. In general,
random number/variate generation and variance reduction techniques are the most basic
and important aspects of the Monte Carlo simulation method. In this chapter Monte
Carlo Methods are also discussed from a reliability point of \iew. This chapter provides
the theoretical fWldamentais required to apply Monte Carlo Methods in reliabiliry
assessment.

2.2 FEATURES OF MONTE CARLO METHODS IN RELIABILITY
EVALUATION

A fundamental parameter in reliability evaluation is the mathematical expectation of a
~ven reliability index. Salient features of the Monte Carlo method for reliability
e\.a!uation therefore can be discussed from an e:"pectation point of \iew.

Let Q be the unavailability (failure probability) of a system and xi be a zero-one

indicator variable which states th:lt

.\j = 0 if the system is in the up-state
xi = 1 if the system is in the down-state

The estimate of the system unavailability is given by

where N is the number of system state samples.
The unbiased sample variance is

I .~
V(x) = -. -2: (Xi - Q)"

N - 1 ,_I

\\ nen the sample size is large enough, equation (2.2) can be approximated by

(2. I)

(2.2)

(2.3)



Because xi is a zero-one variable, it follows that

N

= :LXi
,-I

(2.4)

Substituting equations (2.1) and (2.4) into equation (2.3) yields

IN IN IN'
Vex)= -LX; --)'2xiQ+ - LQ

N ,-1 Nf:1 N ,-I
- -2 -2

= Q-2Q +Q_ -,
~Q-Q (2.5)

Equation 2.1 gives only an estimate of the system unavailability. The \illcertainty

around the estimate can be measured by the variance of the expectation estimate.

- I
V(Q) = - Vex)

N
I (- -')= N Q-Q (2.6)

The accuracy level of Monte Carlo Simulation can be expressed by the coefficient of

variation, which is defind as

Substitution of equation (2.6) into equation (2.7) gives

Equation (2.8) can be rewritten as

I-Q
N=--=a'Q

This equation indicates two important points:

9
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I. For a desired accuracy level (1, the required number of sampks N depends on

thc system lmavailability but is indepcndcnt of thc sizc of thc systcm. Montc

Carlo mcthods 'U"C thcrcforc suitcd to lar;:c-scalc systcm reliability c"aluation.

2. The unit unavailability (faillu"c probability) In practical systcm rcliability

cvaluation is usually much smallcr than 1.0. Thercforc.

(2.10)

This means that the numbcr of samples I\' is appro,imately invcrsely prop0l1ionai to thc

unavailability of thc system. In othcr wonl';, in thc case of a very rcliable system, a

largc number of samples is required to satisfy the given accuracy Icve!.

2.3 COI\'VERGEl\CE CHARACTERISTICS OF MOl\TE CARLO METHODS
I a) Convergence pl'oeess:

~ Ionte Carlo Simulatioll creates a fiuctuatiug comcrgcncc proccss as showll in Fig. 2.1

.mel thcre is no guarantce that a fcw morc samplcs will dcfinitcly lcad to a small CITOr. It

is truc, howcvcr, that thc crror bound or thc confldcncc range licCl'cases as thc number

of samplcs increases.

estimate value

BCCUl'8.t.e vnlue

rrumber of samples

Fi gll re, 2, I: Can vcrge n ce process in Mon tee arlo si mlll ati on.
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(b) Convergence Accuracy:
The variance of the expectation estimate is given by the following equation:

- 1V(Q)= -Vex)
N

where is unavailability of a system

x is the state variable

and N is the number of state samples

'111estandard deviation of the estimate can be obtained as follows:

(2.11)

(2.12)

Tbis indicates that the measures can be utilized to reduce the standard deviation in a

Monte Carlo Simulation: increasing the number of samples decreases the sample
variance. Variance reduction techniques can be used to improve the effectiveness of

Monte Carlo Simulation. The variance C3lU1otbe reduced to be zero therefore it is

always necessary to utilize the reasonable and sufficiently large number of samples.

(c) Convergence Criteria:
The coefficient of variation shown in equation 2.7 is often used as the convergence

criteria in Monte Carlo Simulation. In power system reliability evaluation. different

reliability indices have different convergence speeds. It has been found that the
coefficient of variation of the EENS index has the lowest rate of convergence [59]. This

coefficient of variation should therefore be used as tile convergence criterion in order to

guarantee reasonable accuracy in a multi. index study.

2.4 RANDOM NUMBERS GENERATION
A random number can be generated either by using a physical or by a mathematical

method. The mathematical method is most common as it can guarantee reproducibility
and can be easily performed on a digital computer. A random number generated by a

mathematical method is not really random and therefore is referred to a pseudorandom

number [59].
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The basic requirements of the generator arc that the random numbers should possess the

following characteristics-

i. Unifomlity: The random numbers should be unifonnly dislIibuted between (0. I).

i.e. thc number can take any value between zero and unity with equal likelihood.

ii. Independence: There should be minimal correlation bctween random numbers.

iii. Long-Period: TIlCrepeat period should be sufficiently long.

There is a wide range of random number generation methods. Two cOlllmonly used

methuds arc:

a. Multiplicative CongruentiaJ Generdtor Method.

b. Mixed Congruential Generator Method.

2.4.1 Multiplicative Congruential Generatol-:
The multiplicative congnlential generator method was presented in 19-19 by D.H.

Lehmer [60] and is based on a fundamental congruence relationship from which a new
number Xi+ I in a sequence is calculated from the previous value .'i usmg the

e.'presslOn.

x,,, = Axi(modB) (2.13)

\Vllere A is a multiplier and B is the modulus: A and B have to be non-negative

integers. The module notation (mod B) means that

where kj = [Ax/B] denotes the hugest positive intiger in A:'ij/B. After deducing the

sequence of random numbers. Xi. a uniformly distlibuted random 11lnubcr Ui in the
r.lnge (0. 1) is found from the relation:

u = Xi
, B (2.15)

The process is st.1rted by choosing a valne :'io known as the seed. The sequcnce is then

produced automatically. However. the scquence will repeat itself after a number of

steps which can be shown to be equal to a value not greater than B.

12



2.4.2 Mix~d Congru~ntial Generator:
In 196 I, M. Greenberger generalh-.cd the multiplicative congrucntial generator to the
mi;1;edcongruential generator, which is based on the following congruential relationship

[61]:

Xi, I = (Ax; + C) (mod B) (2.16)

It is seen that, in addition to parameters A and B, a new parameter C is added into the

multiplicative congruential generation. The quantity C is called the increment and it also

to be a nonnegative integer.

The modulo notation (mod B) means that

Xj+ I = AXi + C - Bkj (2.17)

where K;= (Axj + C) IE denotes the largest positil'e integer in (Axj + C)/B. After

deducing the sequence of randon numbers, Xi a unifomJly distributed random nwnber

Vj in the range (0,1) is found from the relation:

(2.18)

..•.

This process is started by choosing a seed value (xo)' The sequence is then produced

automatically. Such a sequence will repeat itself in at most B steps and therefore it will

be peJiodic. If the peJiod of the sequence equals B. the random number generator is

considered to have a full peJiod.

Among these two methods, the multiplicative congruential generator is used in this

research to generate random numbers. The constants A & B arc chosen in this method

to give optimal statistical properties. The multiplier and the modulus values used in tllis

research are

A = 16807
B = 231 - I

13



After a sequence of random nwnbcrs has been created, they can be tested for

independence and randonUless using one of the standard statistical tests such as chi-

squared and kolmogorov-smimov goodness-of-fit tests [32].

2.5 RANDOMVARIATEGENERATION
A random variate refers to a random variable following a given distribution. The

random milllber generation methods given in the previous sections are essentially ones
which generate a random variable following a unifollll distribution between (0, 1).

Generators of random variates which follow other distributions are based on uniformly

disuibuted random number between (0, I).

The procedures for gener.lting ncnunifollnly distributed random variates ~'an be

generally categorized into three techniques [59];

a. Inverse transfollll method.

b. Composition method.

c. Acceptance-rejection method.

Abol'e these method, inverse transform method is most frequently used. The

exponential and normal disllibutiollS are the most important ones in reliability
e,.aluation. The exponential distribution is used in this research work. So techniques for

generating exponentially disuibuted random variates are discussed in tlus chapter.

14



2.5. I Exponentially Distributed Random Variates Generation (The in\'erse
u'allsform method):

An exponentially distributed random variate has the probability density function (PDF)

f(x); Ae-<>

Its cumulative probability distribution function is

, '"'F(x) ; I. )..e- dr
_ 1- e->.x

By the inverse transform method

U = F(x) = 1- e-i.x

So that

Since (1 - U) distributes unifonnly in the same way as U in the interval (0. 1)

(2.19)

(2.20)

(2.21 )

X ; - 2. InU (2.22)t...

where U is a unifonnly distributed randon number sequence and x follo\\'s an
exponential distribution i.e. x is exponentially distributed random variates.

2.6 VARIANCE REDUCTION TECHNIQUES

The efficiency of Monte Carlo method depends on the computing time multiplied by the
\'ariance of the estimate. WillIe evaluating reliability of power systems using Monte
Carlo methods, the computing time and the variance are directly affected by the selected
sampling techniques and system analysis requirements [59), Sampling techniques
include random number (or variate) generation methods. variance reduction techniques.

and different sampling approaches. The purpose of system analysis is to judge if a
system stale is good or bad.
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It has been already shown that the standard deviation of a estimate,

From this equation it is concluded that standard deviation in a Monte Carlo Simulation

can be reduced by increasing the number of samples and/or by decreasing the sample

variance.

So the application of variance reduction techniques is an important concept in Monte

Carlo Simulation. Five variance reduction techniques which arc useful in power system

reliability evaluation are control variates, importance sampling, stratified sampling,

antethetic variates, and dagger sampling. In order to reduce the computational afford,
the variance reduction technique can be used when the computing facilities is not

suffiLient and the system is very large. Although this technique is nOI used in this

research but it is a very important concept in Monte Carlo simulation.

2.7 SIMULATION APPROACH IN RELIABILITY EVALUATION
Simulation techniques, generally known as Monte Carlo simulation estimate the indices

by simulating the actual process and random behaviour of the system. The method

therefore treats the problem as a series of real experiments [lOJ. Power system

reliability evaluation by Monte Carlo Simulation can be applied in two ways [62, 63J;

sequential and non-sequential (or rmdom). Sequential approach simulates the basic

intervals of the simulated period in chronological order and non-sequential approach

simulates system life time at randomly chosen intervals of time.

Three sampling approach used in Monte Carlo simulation are state sampling approach,

state duration sampling approach and system state transition sampling approach. The

state sampling approach is based on sampling the probability of system state which

depends on the combination of all component states and each component state can be

detennined by sampling the probability that the component appears in thaI state. The

state duration sampling approach is based on sampling the probability distribution of the
component slate duration. In tills approach, chronological component state transition

processes for all components are fITStsimulated by sampling. The chronological system

state transition process is then created by combinatioa of the chronological component

state transition processes [59]. This approach uses the component state duration

'tistribution functions. System State Transition Sampling approach focuses on slate

16



transition of the whole system instead of component states or component state transition

processes.

If a system contains ill components the transition rate of each component is I.i (i = 1,2,
.... m) and corresponding state duration of each component is Ti. System state

transition depends randomly on the state duration of the component which depaItw'e

earlist from its present state i.e. the duration T of present system state S(k) is a random

variable which can be expressed by

T = Millj {Tj} (2.23)

Since state duration of e'ach component follows an exponential distribution, the random

variable T also follows an exponential distribution and the probability density function

(2.24)

If the system state S(k)starts at instant 0 and the system state change from S(k) to S(k) at

inslant to. This transition is caused by departure of the j-th component from its present
state.

The probability of this transition is the following conditional probability

Pj = P(Tj = tofT = to).

r

The system contains m components and possible reached states of the system is m. The

probability that the system reaches one of these possible states is expressed by the
following equation

(2.25)

-,'

Therefore, the next system state can be detenruned by the following simple sampling.
The probabilities of m possible reached states are successively placed in the interval [0,
1] as shown in Figure 2.2.
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Flgurc-2.2: Explanation of Syslcm Slatc Transition Sampling,

If U is the uniformly distributed random number between [0, I] and the value of U falls

inlo Ihe segmenl cOll'csponding to r~.this means Ihal thc transition of thc .i-th
component leads to the next system slatc. A long system slate transition scquence can

bc obtained by a mllilbcr of s,unplcs and thc rcti,lbi!ity of each systcm slale can bc

c\'alnatcd,

Thc new approach which is uscd in tltis rcsearch has somc similaritics with syslcm stalc

transition sampling approach. Systcm state transition sampling approach considers all

the components of the system al the same time, In this approach many transition may

occur at a time and random numbers are required to detellllinc the next transilion stale.

/Sut, the new approach considers all the componcnls indi\'iJually and the total number

of possible transilion for cach state together Ilith corrcct transition rate .lICddellnined.

The tnne to transition CIT!') are sampled for each pn"ihlc transition from the stale, The
smallest value of TIT is the state residence time of this state, Aftcr elapsing the TIT

lime, the component moves from this state to another state (which is dctel'lnined from

lhe smallest \'alue of TITs), Similarly for every state the smallest \'aiue of TIT is
detennined which also gives the ne~t state. If the state is known, then the individual

status of the lines are detenllined from that state. After the indi vidual component states

harc hcen detennined. these states arc combined to find the systcm perfollnance state.

This ne\\' approach is used in this research which is dcsclibed in detail in chaptcr 4,

2.8 E\' AU'A TING SYSTI~:\'! IU:LJ ABlLITi' BY :\IONTE CARLO

SI:\IULATION
In order to illustrate the utilization of Monic (';u-Io techniques in reliability e\'aluation, a

simple e"ample is given in this section,
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Two independent repairable components, A and B. operale in parallel and system
operation requires at least one component in service. The state durations of bolh A and
B follow E'l:ponential distributions. Their failure rates are denoted by AA and A8 and

repair rates by I-4A and 1-48 respectively. The reliability of lhe system without considering

repair can be obtained using lhe following analy1ical expression

(2.26)

where l' is the mission time.

[f repairs are taken into consideration. lhe problem is relatively complex to solve by an
analytical method. It can be solved easily by Monte Carlo Simulation. In this technique,
the reliability of the system can be estimated by obscT\ing the results of random
experiments. The first step is to simulate the transition processes of the two
components. If lhere is no overlapping repair in the time interval [0, Tj, the experiment
is said to be "success" (Fig. 2.2), otherwise, it is a "failure", By defining the following
indicator variables:

o if the i-th experiment is a "success"

1 if the i-th experiment is a "failure"

the reliability of the system for a mission time of T can be obtained by

';2:X;
R =1--'--'-

S N
where N is the number of experiments,
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Similarly, the availability of the system can be calculated using the following analytical

expression

(2,28)

The availability of the system using Monte Carlo simulation can be estimated by

observing the chronological system state transition process over a sufficiently long time
as shown in Fig, 23, The value of As can be calculated using

Tola! system up time
A ---~--~-
s - Total simulation time
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CHAPTER-3
GENERATION AND TRANSMISSION SYSTEM MODEL

3.1 INTNODLICTION
The basic objective of composite generation and transmission system adequacy

assessment (HL2) is to evaluate the ability of the system to satisfy the load and energy

requirements at the major load points. 1bis evaluation domain involves the joint

reliability problem of generating sources and transmission facilities.

Composite generation and transmission system modelling is essential for meaningful

reliability assessment of a power .system by Sequential Monte Carlo Simulation

technique. For meaningful assessment using Monte Carlo simulation technique it is

necessary to know the actual behaviour of each constituent components of the system,

i.e. generdting units and transmission lines. Because the actual behaviour of all it~

components i.e. generating units and transmission lines behaviour known is necessary
for Monte Carlo Simulation technique. 1bis is done by modelling each component of

the system, These models represent actual behaviour of each type of component the

system. Generating system model, transmission system model and the load model

which are used in this study are described in the following section of this chapter. There

are many possible indices which can be used to measure the inadequacy of composite

system. The widely used power system adequacy indices which is used in the research

are also discussed very brieny in this chapter.

3.2 GENERATION SYSTEM
The generating system is one of the major parts of a power system. In power system

reliability analysis all the components of thermal plants (boiler, turbine, alIernators etc.)

are generally grouped into generating tmit and represented by the availability model.

3,2.1 Availability Model:
The availability model of thermal generating units is concerned with forced outages and

reparis. 1bis assumes that [64]
(a) the time between forced outages and the outage duration are indepcnden\.

(b) a forced outage of any unit causes the loss of total capacity.
(c) the time to failure (TTF) is sampled from the corresponding underlying

distribution using the mean time to failure (!\~. A random value of TrF
sanlplcd every time the failed tmit is repaired and restored to service.



Base generation
Economic generation
Expensive generdtion
Peaking generation

(d) the outage duration is also assumed to be distributed obeying any underlying
probability distribution having the mean value given by the mean time to repair
(1I.fITR). A random value of 1TR is sampled every time a component fails.

(e) the repair is undertaken as soon as any. element fails. repair time is independent

of any other repairs or failures and repair is always successful and restores the
component to as-gOOd-as-ne\\'.

•~.2.2 Operating and Dispatch Policies
The operating policies detennine what thermal generation and units should be
committed. At liLlI. transmission system constraints are taken into account and
consequently redispatch and load shedding is needed if overloads appear in any line.
These algorithms are also part of the operating policies.

An operating policy can be based on either a pure safety policy where only system
reliability is interest or a mixed economy-safety policy when reliability as well as
running costs are considered [49]. The mixed economy-safety policy is applied as an
economic dispatch where the cost of generation is reduced.

3.2.2.1 Thermal Generation

The dispatch model used classifies the thermal generating units into four different types
[GS):

THA
THB
THe -
THD

Each thermal unit is type-specified and this specification remains fixed for the entire
simulation span. Within each type thermal units are dispatched according to their
incremental fuel cost or a predetermined merit order.

3.2.3 Production Cost
Thermal units are associated with incremental fuel costs and these vary over a wide
range depending on tbe type of the fueltlSCd. The incremental fuel cost associated with
a thennal unit usually represents the average beha\'iour of the corresponding heat rale
curve.
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In reliability assessment, it is the number of units, their capacities and their failure and
repair PDF which account for the system reliability rather than the order in which the
units are loaded. However, in cost analysis the loading order is also important. For the
<'eonomic operation of the system. the schedule for the commitment of the units in
order of their increasing average incremental cost called economic commitment schedule
or merit order of loading. is used. The most economically efficient generating unit is the

one with the lowest incremental cost among all the available units: and this generating
unit is loaded first. Next in line WIll be the generating unit with again the lowest
incrememal cost among the remaining available units. After each hour of simulation, the
total production cost during that hour is calculated using:

)'"

C(h) = 2: IFC; P; (h).-,
\\lJere

C(h) Generation cost during the h-th hour.
IFCi Incremental fuel cost of the i-th thennal unit.
Pith) Power output of the i-th unit during the h-th hour.
NT Total number of thermal units.

(3.1)

It is worth mentioning that in general the IFC of equation 3.1 is not a constant quantity
rather it is a function of the output power of the unit. If the functional relation is known.
then it can be accommodated easily during the simulation procedure. However this
average representation is often used in reliabilit~ e\'aiuation procedure to calculate the
system production cost.

3.3 TRANSMISSION SYSTEM

In a composite system. the transmission network plays a \'ery important role in
determining the adequacy of the system as a whole. The generation system generates
the power and this power is a\'ailable at the bus connected to the generating station.
Now the transmission network is needed to supply the electrical energy from the
generating station to the major load centres or buses. In order to maintain a good quality
of senice. these transmission links must be adequately reliable as well as capable of
carrying sufficient load. Major transmission components are the transmission lines and
transfornlers. All these transmission elements are not only subjected to stochastic failure
and repair processes but also they are limited in capacity, This latter constraint adds a

new scenario to the adequacy evaluation procedure which is related to the overload of
the transmission components,
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In order to find the amount of load flowing through a line it is necessary to use the load
flow algoritluns. Various .~lution.techniques, depending upon the adequacy criteria-- -
employed and the intent behind the studies, are available in order to analyze the

transmission network. These techniques arc complicated and rlXluire a good deal of

computational effort. In composite system evaluation, load flow and its corrective

measures account for the major share of the tota! simulation times.

If the continuity of supply i.e. overload of the !r.lllsmission component IS to be

considered only, then a linearized or a DC load now is sufficient. LineaI;zed load flow

is still favoured [66-68] in the simulation domain for composite system e,'aluation. In

this study a linearized load now technique is also used to perform the load now and
associated corrective measures. Also a new approach of linearized load flow "sequential

load flow" is accolIUl1odated in simulation procedure. If the quality of power supply

such as bus voltage level is an importnant adequacy criterion. then AC load flow

methods such as Gauss-Seidel. Newton-Raphson or fast decoupled load flow

techniques must be employed to assess the adequacy. 111e models used for the

transmission systems are described under this section.

3.3.1 Availability Model

For the independent forced outages and repairs. tnmsmissionlines and Inmsfonners are

represented by the same model. In the case of independent failures and repairs the

availability model assUllles that -

• the tillle between forced outages aud the outage duration are independent.

• a forced outage of any bnlllch causes the loss of total transmission capacity of

that branch.
•

•

•

the TfF is sampled from the underlying disIJibution of the branch using the
NfITF. A random ,'alue of TfF is sampled every time the failed bnmch is

repaired and restored to service .
the outage duration can have any Wlderlying distribution and the mean value of
the distribution is designated as the MTrR. A randon value of TIR is sampled

from the appropriate distribution evelY time a transmission branch fails.

the repair is lUldertaken as soon as any clement fails, repair time is independent

of any other repairs or failures aIld repair is always successful and restores the

branch to as-good-as-new.
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3.3.2 Building Impedance Matrix
The linearized load now algorithm uses the impedance mallix, Iherefore al the

beginning of the simulation procedure it is necessary to build the impedance matrix. The

prot-edure for building the impedance matrix is described in delail in Reference 69. A

very blief description is included in Ihis seclion. Assume Ihal there arc number of buses

in Ihe network and the n-th blL~be the reference bus. The actual building process is

canied out in the following four steps.

Step I: All the clements of impedance matrix arc initialized such tlmt

(3.2)

where i = I to n and j = I 10 n

Zij is the clement of the impedance matrix corresponding to the i-th row and j-th

colnmn.

Step 2: In this step only those branches having one end collilected to the reference bus

are inclnded. If the L-Ih line is connected between Ihe k-lh bus and n-th bus (reference

bus). then only one element of the matrix changes after inclusion of this line. The value

of this clement is given by.

(3.3)

where XL is the L-th branch impedance.

After inclusion of all the branches similar to the type of L-th branch. it means that in

addition to the reference bus some of lhe remaining buses are now included in the

matrix. After this step, lines are selected one after another from the remaining lines and

depending on the characteristics of a particular line. either step 3 or 4 is implemented. If

the selected branch connects two buses neither of which has yet been considered. then

this branch is temporarily ignored in the first iteration. These branches arc considered
and included in the matrix at the next or at a later iteration. At the first iteration, either

step 3 or 4 is implemented only for those branches which have al least one end (bus)

already included in the matrix. Step 3 or 4 is repcated iteratively until all branches arc

connected.
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Step 3: If the selected branch connects a new bus to the network then this step is
followed. This means that one end (bus) of the selected line is already on the network
whereas the other end (bus) is not. Assume that the M-th line being selected. If this line
is connected between the i-th and j-th buses where j-th bus is the new bus. then some of
the elements of the impedance matrix must be recalculated using:

z~ = z:'
Z~W _ Z"'d

/k - il-

Z••.•. Z old X.. = .. + ••JJ II ;n

where k = I to (n-I)

(3.4)

zne"" ZoJdare the elemen'" from the updated and from the old matrices respectively.
XI.{ is the impedance of the M-th branch.
All other elements of the impedance matrix remain unaltered.

Step 4: If the selected branch is between two already connected buses, then this step is
followed. Assume that the p-th line is now selected. If this line is connected between
the i-th and j-th buses, then:

(3.5)

where k=llo(n-I)

m = k to (n - I)
XP impedance of the p-th branch.

!l is important to note that Z is a symmetric matrix, therefore other elements of the
matrix can be found accordingly.

J.J.J Network Modification

During the course of the simulation. the network arrangement changes either due to a
transmission branch forced outage or a branch being restored to senice. As the state of
a component (line or transformer) changes. the network impedance matrix must be
modified according.!y. This modification can be realized by using equation 3.5 which is
more commonly known as the kron's reduction formula [69).
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3.3.3.1 Com ponent Restoration
When a transmission component is restored to scrvice the situation can be visualized as

a new branch being added between the two already existing buses. Therefore, the

situation is similar to that step 4 of section 3.3.2. AcconJingly equation 3.5 is used

where Xp is replaced by the impedance of the transmission component to be restored.

3.3.3.2 Component Disconnection
In this Ca'ie equation 3.5 is also used to modify the network impedance matrix. The
only difference is that now Xp is replaced by the negative value of the impedance of the
component to be disconnected. Accordingly the component goes out of the network. A

problem arises only when the denominator of equation 3.5 becomes zero. This implies

that discOlmection of a certain brnnch isolated a bus or a group of buses from the
system network. In that case, the impedance matrix is not modified. No more
transmission evaluation is carried out dwing that hour and the event is recorded as a

"system separation". Accordingly system separation counters are updated. Full

transmission evaluation is resumed only when system separation or ishmding
disappears. When failure of a branch creates an islanding situation. then the branch

number is kept in a separate list and the nctwork impeuance mao'ix rcmain unaltered. If

any already discOimected line is restored to sen ice. then those lines remaining in the

islanding list are again tricd to be disconnected from the network one by one. If

islanding stiU persists in the case of a particular line. then that linc remains in the list.
For any other line on the list if disconnection is possible without creating islanding,

then that particular line is disconnected and snbsequently the line numbcr is removed

from the islanding list. This process of checking the islanding list is carried out every

time a line is restored to service. During the course of the simulation if a line is repaired
while it is on the islanding list, then this line nwnber is only removed from the list and

there is no need to modify the impedance matrix for this restoration because the values

of the network matrix elements already contain tillS line.

3.3.4 Linearized Load Flow

As mentioned earlier, tile adequacy calculation of a composite systcm rcqnires a detailed

load flow analysis of the transmission network. In the sequential simulation, system

el'aluation is carried out chronologically hour by hour. As a system state can change at
any hour, a load flow has to be pelfolllled for every simulated hour of the operation of

the system. As said earlier. these load flow algorithms are quite time consuwing.

Therefore. modelling and prograinnling of these a1og1ithms must be carrie.! Ollt

carcfllUy so that computational efforts can he reduced. A careful study of the individual
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compon?nt behaviour of most composite systems can reveal that, from a forced outage

poiJlt of view, the transmission components are much more reliable than those of the

generating systems. Although over a longer period of time many things can change, in
the case of a transmission system, component states change very little from one time

step to the next. Therefore, by using the infonnation obtained from one time-step for

the next. the computational efforts can be greatly reduced [55]. If a change does occur

in the network in the next time-step. then little can be done to reduce the computational

effort at this point. However if au event of interest then occurs, the extra efforts fully

justified.

After a load flow is perfonued, the flow through the lines is calculated and remedial

actions are perfonued if a transmission constraint is violated. The physical

representation of DC load flow ouly takes into account active power flows, and voltage
problems are not considered. The concept that small changes take place from one time-

step to the next is applied using the approach described in section 3.3.4.2.

3.3.4.1 Distribution Factor
A linearized load flow is perfonued using the impedance matrix and the line flows

obtained by multiplying the distribution factor matrix [70) by the vector of load and

generation injections. Before going into the details of the load flow ,malysis. it is worth
appreciating briefly the calculation process of distJibution factors. If the i-th line is

connected between buses i and j. then the distJibution factor of the n-th bus to the i-th

line along the direction from the i-th bus to the j-th bus can be given by [70]:

(3.6)

where

Om DislIibution factor of the n-th bus to the I-th line.

Z,ri Impedance matrix element corresponcling to the n-th row and the i-th column.

Znj Impedance malJix clement correspoIJ(ling to the n-th row and the j-th colunrn.

Xl Impedance of the I-th line.
It is important to note that if the value of Dnl calculated using equation (3.6) is positive,

then it means that. for the positive injection (generation) at bus n. the flow through the
I-th line will be along the direction from the i-th bus to the .i-th bus. For a negative

injection (load) at bus n, the actual flow through the loth line will be along the direction

from the j-th bus to the i-th bus.
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3.3.4.2 Sequential Load Flow
After a load flow. the power flow through any line I for a gil'en hour his gil'en by:

F,(h)= 2: DilGi(h)- 2:D"L,(h)- 2:D"PL,(h)
, '

where
riCh) Power flow through line I for hour h

Gj(h) Generation at busbar ifor hour h
l:J(h) Load at hnshar j for hom h
PLk(h): Pump load at busbar k for hour h

(3.7)

Since only thennal generating tmit considered in this research, so ptunp load is omitted

from equation 3.7.

I-Ience the equation becomes,

F,(h)= 2:D"G,(h)- 2:D,iL,(h), ,
(3.8)

In equationG.lPthe negatil'e signs on the right hand side indicate that the flows through

the line due to the generation and load are in opposite directions. Also i.j encompasses
only those buses where generation and system load exist. Generation is allocated for

el'ery simulated hour according to the dcmand, al'ailable generating Wlils and a IIlclit

order list.

It is assumed that the demand changes proportionally with lime at all the load buses.

'ntis is reasonable for the huses in composite systems. Since these represent the bulk
supply points at which a wide range of indil'idual types of load are aggregated,
including a general mix of industrial, commercial, residential and agriet~tural. Therefore

the contribution of the loads to the flows can be expressed as:

2:D"Li(h)= k(h)2:D;,PK, = k(h)CL,, ,
where

(3.9)

PKJ
I\(h)

eLI

Peak load at busbar j
Load escalating factor for hour h

Peak load contribntion of loads to flow in line I.
Also, the contIibution of generation to the flows is:
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where CGI(h): contribution of generation to flow inlinc I for hour h.

Therefore, equation 3.R can he rcwl;lten as:

FI(h) = CGt(h) - k(h) c..Ll

(3.10)

(3. I I)

E,'cry time the network changes, i.c. a line enters a forced outage or is repaired, the

impedance matrix changes. the D's also change. and equation 3.8 must be fuIIy

recalculated. Little can be donc to save computational effort. However. if no network

changes occur, the flow through line I for hour (h+ 1) will be:

F\(ll+ 1) = CGt(h+ 1) - k(h+ 1) CLI (3.12 )

The calculation of the actual load conlIibution is greatly simplified, since CL! is already

known. Also, since generating units are dispatched according to merit order, only a few

units will vary their output from one simulated hour to the next. The calculation of

CGt(h+ 1) is simplified to:

CC,(h+l)= CC,(h)+ 2:Dm,[Cm(h+l)-Cm(h)]
m

(3.13)

Where m encompasses only those busbars where unit outputs have ch,mged. 1ne

computational effort is again considerably reduced.

The flow through line I for hour (h+ I) cau then be rewritten as:

(3.14)
m

Equation 3.14 reduces considerably [55) the number of calculations needed comp,u'eu

with a full load flow. nlis procedure of calculating the load flow is known as the

sequential load flow. This technique is applied in this research and can be applied to any

lineatized load flow representation.

3.3.4.3 Bus Ir:jections
If one or more overloaded branches exist in the transmission network, the resulting

system state is defined as a system overload. In order to alleviate these overloads it is

necessaIY to identify those buses contributing to the overloads. Each bus of the system

in a linearized representation contrihutes to the flow in a line prop0l1ionally to its
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distribution factor and its net power injection. Similarly, if a line is overloaded, each

bus contributes to that ovel10ad proportionally to its distribution factor and its net power

injection. Therefore, the unitary contribution to the system overload by bus n is:

3.15)

,/

•

where k = 0 if F, > 0 or = I if F) < 0
F, Power flow through line I

Om Distribution factor of bus n for line I
en Unitary contribution of bus n to global system overload.

: Encompasses only overloaded lines

If C is positive. positive injections at bus n create overloads iu the system aud vice

l'erS~I.However, if C is negative, positive injections reduce the overload of the system
and vice versa. Therefore, there I"ill he buses where a generation decrease wiU produce

the same effect. The reverse occurs in the case of loads. Therefore. the value of C C;U1

be used to select the most sensitive bmes for the generation redispatch or load shdding.

A line is considcred to be ol'crloaded when its power flow is larger than its capacity

limit. On the other hand, a C('flain ITh1rgin(tolerance) of overload ClUI be tolerated in

each line and this is specified as input.

3.3.5 Overload Relief Algorithms
During the simulation of each simulated hour of a composite system, a generation

dispatch is performed according to the demand. available generating units and finally a

merit order list. 'This dispatch is done before any restrictions from the transmission
system arc considered. Therefore, overloaded lines may appear when the load flow is

pClfol111ed.

The simulation algorithms of a composite system must include models for relieving

transmission overloads. The actual modelling procedure must be selected after thorough

analysis of the system needs and priorities. These vary widely from one system to an

other. Therefore, it is very difficult. if not impossible. to devise load shedding or
redispatch algorithms that will work for any power system. The decision as to which

philosophy of redispatch/shedding should be used must rest with the particular utility

pClfol1ning the analysis and this decision should be based on their accept cd measures.
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Generally these philosophies are based either on minimlUn change. minimum amount of

load she,l, minimum cost, propOiliona! or localized.

TIle methods implemented in this study are based on the sensitivity of global system

overload to busbar injections thus ensuring combination of the minimum change of

original generation dispatch and minimUlll amount of load being shed. These algorithms

are primaJily based on those described in Reference 55. The basic concepts of these
procedlIfe are given in the following sections. In the case of an overload, generation

redispatch is attempted first and it is carried out iteratively until it is infeasible to do so
or the overload is eliminated completely, whichever comes first. If overload still

persists. then load is shed at the most sensitive bus ensuring minimum shed uecessary

10 change overload status of only one line at a time. After each load shed cycle. if
overload continues, redispatch of generation is attempted again. These processes

redispatchlIoad shedding, are repeated until the overload has finally beeu eliminated.

3.3.5.1 Generation Redispatch
l11e overload may be reduced by modifying the original generation dispatch. It is not
always possible to reduce the overload of the system by redispatch, so it is important to

know whether a redispatch will reduce the overload or not. The first condition for a

redispatch is the existence of generation reserve. the second condition is that the

generation reserve must exist at the buses where an increase of generation will produce

a reduction of the system OI'erioad.

The method implemented consists of successi,'c1y selecting pairs of buses according to

their unitary contribution to the global system overload. The bus krc with the largest

positive injection. and the bus kin with the largest negati,'e conuibution and positive
generation reserve arc selected. If the difference between the contribution of bus kin <1/1<1

bus !-ro is positive. then it is not possible to reduce the system overload by me<l/tSof

generation redispatch. If the differeuce is negative. then an increase of generation at kin
and a reduction at k,. will reduce the system overload.

If a redispatch is beneficial. the amount of generation to be e:lchanged is calculated. The

ma:l:imum amount of generation exchanged between a pair of buses is given by the
minimum value among the generation at blL~Iii.• (for generation reduction). the reserve

available at bus kin (for generation increase) and the quantity that makes at least one line

change its overloaded status. i.e.
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(3.16)

where

GE amount of generation to be exchanged.

Gkre amount of generation at bus kre.

Gkin generation reserve available at bus kin.
d quantity that overcomes overload of a line.

All lines must be cheeked to select d and this should be the minimulll value found. After

this exchange all lines will change their flow by the ,unuw!t:

where

(3.17)

CHF]

I:\inl
[.\reI

Amount of change of flow through the i.th line.

Distribution factor of bus kin to line I.
Distribution factor of bus kre to line I.

"

lJIoO,.v
If equatiOI(?ltYcan sele~as the value of GE, then after modifying line flows by

equation~.l '!l this will ensure one line has changed its overloaded status. Otherwise, it
can not be guaranteed that after perfonrung one gmeration redispatch cycle at least one

line will change overload status.

Therefore. for every redispatch. the unitary contribution of buses must be calculated, a
pair of buses selected, the feasibility of the redispatch checked. the amount of

generation exchanged chosen and the nell' 110ll's through the lines computed. This
procedure continues until the system overload has been eliminated or the redispatch

becomes infeasible.

3.3.5.2 Load Shedding

Load shedding procedures can be applied also in a similar manner to the redispatch. The

kle bus will reduce its generation wlJile the kin bus (wlJich is now a load bus) will

reduce it~ load (from a bus injection point of view. a reduction of load is equivalent to

an increase of generation). The amount of load to be shed is chosen so that only one
line at a time changes its overload stanl~. ensnring minimum load shed. After each load

cycle. if there is generation reserve, generation redispatch is attempted again only if it is

feasible to do so. thus avoiding any unnecessary load cu11ailmcnt. Load shedding
• procedures are always possible and certainly eliminated the overload of the system.
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3.3.6 Cof>! of Generation Arter Redlspatch

Cost of generation is calculated in ~ectjon 3.23 before any transmission constraints arc

eOllliidered. After taking into account all transmission constraints. there can be line

overloads. Appropriate corrections arc then taken to alicviatc thcsc ()\'crloads usmg

redispatch or if necessary by shedding loads.

During the redispatch and shedding procedures only the bus generations are either
reduced or increased in order to eliminate the line ovelllows. lllese procedures

therefore can modify the original unit generation dispatch following the procedw'e

described in section 3.2.2.1. Therefore it is necessary to calculate the cost of generation

after accommodating transmission constraints. To obtain the invididual lUllt energy
production and hence the cost ()f generation, the modified bus generations are
reallocated to specific generating uuiK During each simulation this cost is calculated

usmg:

NT
CC( h) = \' IFC;PC,(h)

f-f
where

CC(h) generation cost after arronmlOdating transl1llssion constraints duting
the h- th hour.

Irq incremental fuel cost of the i-th thermal unit.

PC, (h) : power output of the i-th during the h-th hour after redispatch and
load shedding

l'.T : total number of themlal units.

(3.18)

.•

3 . .t LOAD l'vlODEL

Sequential simulation evaluates system perfollllance hour by hour chronologically. In

order to measure system adequacy during any hour it is necessalY to know the system

demand during that hour. Therefore in this research aJlload models arc represented by a

chronological homly load. Now a chronological homly load can be described in many

ways. e.g. determining load levels for each hour from a yearly chronological load

curve. I3ut, the most common form of representation is that described in the IEEE-Wi'S
[51) which is used in this research where weekly peaks are taken as a fraction of the

system peak. daily and hourly peaks are laken as a fraction of the weekly and daily

peaks respecti vely. A load model of this kind represents actual variations of the system

load over the year. Now the system inadequacies calculated on the basis of such a load
model are collllllonly known ;l~aIlnual inadequacies .
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Specified load levels used for any study represent the forecasted levels for the period

under consideration. Therefore, a degree of uncertainty can possibly remain within the
forecasted load levels. The aclual system load therefore may differ from the specified

level for number of reasons. The \I11certaintycan be realized in the fOl1nof a probability

distribution.

3.4.1 Loarl Forecast Uncertainty
It is extremely difficult to obtain sufficient histolica! data to detcnnine thc distribution

describing the load forecast uncertainty. Published data [7IJ. howevcr. has suggested

that the uncertainty can be reasonably described by a nonnal distribution. Uncertainty of

the load can be simulated by multiplying the specified load by an uncertainty factor. This

actnally represents the deviation from the specified load level. This unccltainty factor is
sampled from a nonnal distribution NO.Ii), with mean value of unity and standard

deviation specified as input data. As the standard deviation (unceI1ainty level) increases.

system unreliability also increases [71J. For a standard deviation equal to zero no
unceI1ainty is considered. In these research, the standard deviation for load forecast

unceI1a.imyis assuIlled to be zero. although the algOJitlu1tand program ur-cd is able to

accOlrunodate any non-zero value.

3.5 QUANTIT ATIVE ;\'IEASUREMENT OF INADEQUACIES

Quantitative reliability measures their ability to serve as an absolute basis for

detennining an adequate level of system reliability.

In simulation technique, inteffilptions are encountered due to the inability of the system

tu meet the demand 'nlcse inadequacies could be caused by either the generation
system, or the transmission system or combination of the both. POl' reinforcing the

system it is necessary to determine which is responsible for the load curtailment. To
obtain that infonnation, system inadequacies are stored separately depdning on their

sources of occurrence.

The evolution of supply deficiencies requires the collection of three basic quantities:

- energy not supplied per intetnlption, ENSPI

duration of intenuption. DOl

- number of intenuption. NOI

36



Now for each deficiency or load curtailment, contributions from generation and

transmission systems arc also recorded using similar variables but subscripted by G and

l' respectively. ENSPl stores energy not supplied due to an intemlption without

cunsidering its source of origin. thu.' it stores infomlation from the overall system point

of view. ENSPla and ENSPIT store energies not supplied dUling an inten'Uption due to

generation-only and transmission-only deficiencies respecti vely.

I\s menhoned above, deficiencies arc also grouped by simnlated years in order to obtain

annual reliability indices. To produce annual indices basic quantities arc stored such

th:Jt:
YN01

I'ENS ~ "'ENSPlj
, "--}-,rNOI,

Y[)Of, ~ 2 DOfj
}-I

where

(3,19)

YENSj

YDOli

YNOli

yearly energy not served during the i-th year

yearly duration of interruption during the i-th year

total number of interruptions during the j-th year

Equatiun (J.I ~ represents quantities that are used to produce global annual indices.
Similarly, quantities for generation-only and transmission-only annual indices can be

stored.

In composite system evaluation, it is necessary to establish how the individual load

points arc affected by the system deficiencies, Load busbars arc defined as load points

of the bulk power system. These load point deficiencies arc very important for the
system planner because the distribution systems, which include individual customers,

are affected by these deficiencies, Therefure, from an ultimate customer point of view,

load point inadequacies have direct consequences. To calculate load point indices the

following three quantities arc recorded:

BENSPI (bus energy not served per intemlption)

13001 (duration ofintemlptir.n at buses)
ENOl (number of intelruptions at buses)

Tu calculate annual load point indices, bus interruptions arc grouped by year and the
following infonnations arc stored:
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BYN01,~

fiYC'NS,' = 2: BENS/'I;
} -,

mWOII

IJYDOr, - 2: BDO!'j
)-1

(3.20)

where

BYENS,'

'IDOl'I
YNOli'

);early energy not served at the k-th bus dUling the i-th year

yearly duration of intCiruption at the k-th bus during the i-th year

total number of interruptions at the k-th bus during the i-th year

Equation 3.20 shows the global quantities. Similarly, quantities for generation-only and
tr.msmission-only annual indices can be stored.

Composite power system reliability indices are mainly grouptd into three categories:
a. annual based

b. inlcrruption based

c. load point based

Derending on the source of inadequacy all three categories can be divided into three
more groups:

1. global indices

II. generation-only indices
III. transmission-only indices

3.5.1 SystclII Annual Indices

The most commonly lL~edannual indices are:

-{,.

••••

1.

2.

3.
4.

s.

Loss of energy expectation (LOEE)

Loss of load expectation (LOU':)

Frequency of interruption (FOI)

Load curtailed per year (Ley)

Energv index of reliabilitv (EIR)-- .
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Actual calculation procedure of these annual indices for the case of global indices are

given below:

IN'!

IDEE= -2:YENS, ,MWhf yr
NY,_.

I N'-
LOLE = - )' YDOI, hr f yr

NY f=(

FO! __ 1_ ~ YNO! inti yr
NY ,-1 '

Ley = _1_ ~ rYENS, 1 MW f yr
NY f=( l'1'001; J

ElR = 1- _N_Y_.L_O_EE_'
TED

where
NY total number of simulation year

TED total energy demand of the system

(3.21 )

Genemtion-only and transmission-only annual indices can be calculated using very

similar equations.

3.5.1.1 System Separation Indices
When a busbar is isolated from the network due to the forced outages of one or more

branches, then no transmission evaluations are perfoffilCd. 111ese types of incidents are

recorded as system separation. Isolation of a part of a network is one of the m~ior
weakness of the transmission network design. 11lerefore reliability evaluation must
highlight this shortcoming. This is reflected by two system sepanltion indices. One

deals with how frequent these isolations are and the other deals with how long these

isolations continue. These indices are calculated from:

'SVSE total /lumber of bus isolations fF 1, = ------------,oCC yr
NY

EDSYSE = total duration of bus isolations, hI' I yr
NY .
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•.
3.5.2

where
FSYSE : frequency of system separation.
EDSYSE: expected duration of system separation .

Interruption Indices
Intcrruption indices give inadequacies ,t~sociated wilh individual load cUllailmcnL

Anuual indices give the average beha\'iolU" of the system over a year whereas

intemlption indices measnre system perfOimance on an intemlption basis. These
indices can be grouped as global, generation-only and transmission-only. Calculation of

global intenuption indices are only included here. lJttelTUption indices calculated in

these studies are:

I. Expected energy not served per interruption (EENSPI)

2. Expected intelruption duration (Eill)

3. Expected load curtailed per intelTUption(ELG)

These are calculated using

1 rNC!
EENSPI = -- 2:ENSPI ,!lIWh !int

TNOl ,-1 '

1 TNO

EID - TNOI ~ 001, ' hI' lint

ELCI = I ~arENSPI; 1 ,MW! int
TNOI ,.1 l DOli J

(3.23)

where
TNOi : total number of interuptions during the entire simulation span,
Generation-only and transmission-only interruption indices can be calculated using very

similar equations.

3.5.3 Load Point Indices
Annual and interruption indices of a composite system represents the inadequacies of

the system as a whole. These indices can not ref1ect the weakness of cellain sections of

the network. More specifically. these indices can not show the load clillailments

associated with the bus intemlptions. Sometimes it can happen that the overall system

perfonllance is well within the adequate level but some specific load points behave

40



inadequately. Therefore, somc fonns of requirements may be nccded to improve thc

iuadequacies associated with a palticular load point. A comprehensh'c picture of load

point inadequacies is represcnted by the load point indices.

These load point indices can be based either on an alIDual basis or on an interruption

basis. Each of these indices again can be classified into three categories; global,

gcneration-only and transmission-only depending on the sector responsiblc for the load

curtailment. Calculations of only global annual and global intemlption load point

indices are included here.

3.5.3.1 Global Annual Load Point Indices
The following annual load point indices are calcuhlted from:

1 NY

EENSB' = - 2: BYENS;' . MWh I yr
NY ,.1
1 NY

EDOTF! - - \' BYDOt, .hr I y,.
NY f:t
I Ny

EFOTB' = - \'. BYlITO!' . inti y,.
NY~ I

where

(3.24)

EENSl3k
EDOlBk

EFOrnk

expected energy not served at the k-th load hus

expected duration of intenuption at the k-th bus

expected frequency of intemlption at the k-th bus.

Generation-only and transmission-only annual load point indices can be calculated

using very similar equations.

3.5.3.2 Global Interruption Based Load Point Indices

Thc following intemlption based load point indices arc calculated:

TNo/at

EENSP/B' _ 1 )' BENS?/' ,MWh lint
TNOII/ f:t '

EIDF! _ 1
TNOlB'

TNOIBI

~ BDO!,' ,hr / int (3.25)

1 T,vnJB' ( HENSPT' \
ELC/JI - --- '\' 'I .MW lint

TNOIII f-t \ BDOT;' )

where
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EENSPIBk
EIDRk
ELCIBk
TNOIBk

expected energy not served per interruption at the k-th bus
expected interruption duration at the k-th bu~
expected load curtailed per interruption at the k-th bus
total number of inteITllptions at the k-th bus.

Generation-only and transmission-only inteITllplion based load point indices are
calculated using equation similar to 3.25.
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CHAPTER-4

NEW APPROACH

4.1 INTRODUCTION
This chapter describes a new approach for taking into account connnon-cause or

common-mode outage in sequential Monte Carlo simulation technique to evaluate

reliability indices of composite system allthough the state space transition diagram for

common-cause outages are well established they can only be utilized in random or non-

sequential simulation and not in sequential simulation. The available technique for

composite generation and transmission system normally consider only independent
outages because usually the common-mode failure rate is small compared to

independent failure rates. But such failures might have severe consequence on the
system performance. Many utilities are. therefore. now using common-mode

representation for composite system adequacy analysis. Therefore the new approach is

necessary to accommodate into a sequential simulation algorithm. As the new approach

is based on the system state transition sampling approach [59]. the latter is also

described in detail in the next section.

4.2 SYSTEM STATE TRANSITION SAMPLING APPROACH

Three basic sampling approaches are state sampling approach. state duration sampling
approach and system state transition sampling approach which is used for reliability

evaluation of a power system. These three sampling approach are discussed in chapter

2. As the new approach has some similarity with the system state transition sampling

approach [59]. this technique is elaborated here. Also. this has the following

advantages compared to the other two approaches described in chapter 2.

(a) This approach can be used to calculate the exact frequency index without the
need to sample the distribution function and storing chronological information

as in the slate duration sampling approach.

(b) This approach requires only a random number to produce a system state.

This approach focuses on state transition of the whole system instead of component

states or component state transition process.

Assume that a system contains m components and that the state duration of each
component follows an exponential distribution. The system can experience a system



state transition sequence {S(l) •...... S (n)} = G, where G is the system state space. If

the present system state is S(k) and the transition rate of each component relating to S(k)

is "-; (i = 1, .... , m). The state duration Ti of the i-th component corresponding to
system slate S(k). therefore, has the probability density function; fi(t) = Ai exp (-,,-;t).

Transition of the system state depends randomly on the slate duration of the component

which departs earliest from its present state. i.e., the duration T of the system state S(k)

is a random variable which can be expressed by the following expression [59]

T = min{Ti}, (4.1)

It can be proved that since the slate duration of each component Ti follows an
exponential distribution with parameter "-;, the random variable T also follows an

m

exponential distribution with parameter A - ~Ai i.e., T has the probability density

function

(4.2)

Assume that system state S(k) starts at instant 0 and the transition of the system state

from S(k) to S(k+ I) takes place at instant 10. The probability that this transition is caused

by departure of the j-th component from its present state is the following conditional

probability: Pj = P (Tj = toff = 10).

According to the defInition of conditional probability and equation (4.1), it follows that

= p(Tj = t. n T = to>1P(T = to>

= P[Tj = ton (T, '" to,i = l •... ,m)]1 p(T = 10)

M

= p(TJ = to)n. p(Ti "'to)1 p(T= to>
1!l,j~J
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Since T; (i = I, .... , m) and T follow exponential distliiJutions,
a

P(T 2; I ) = r. A e-r.'tll = e-r.'.
• 0 •. '",'

Substituting equations (4.4), (4.5) and (4.6) inlo cquation (4.3) yicl(L~

m

P=(P=IIT=I)=I. )'1.
) J () (l • ~ •,.(

(4.4)

(4.5)

(4.6)

(4.7)

State tfiUlsition of any component in the system may lead to system state transition.
Consequently, starting from state S(k), the system containing m components has m

possible reached states. The probability that the system reaches one of these possible

states is expressed by equation (2.26) and obviously [59]

(4.8)

Therefore, the next system state can be detennined by the following simple sampling.

The probabilities of m possible reached statcs arc successively placell in the interval
ro, I J as shown in Fig. 4.1.

U

I
j

I I I
0 p( P, PJ p•• l.0

Figure 4.1: Explanation of S)'Stem State TI"ansition Sam piing.

Gencrate a unifonnly distributed random numbcr lJ between rO,!]. If lJ falls into the

segment corresponding to PJ, this means that transition of the .i-th component lcads to

the ncxt sy~1em state. A lung system state transition sequcncc can bc obtained by a

number of samples and the reliability of each system state can be evaluated.
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4.3 THE SEPARATE COMMON-CAUSE OUTAGE MODEL
A common-mode or common-cause outage is an event having a single external cause
with multiple failure effects where the effects are not consequences of each other [57].
Economic and environmental constraints have led to the use of two or more
transmission lines on the same tower or on the same right of way [57]. O~ge of all
lines of these arrangements can occur due to single causes such as floods, crashing of
aircraft or collision of vehicle on the transmission tower or events initiating within the

tenninal facility. There are several possible common-cause outage models. These are
the basic common-cause outage model, the IEEE model, the modified IEEE model and
the separate common-cause repair process model [57]. The separate common-cause
model is used in this research and this is discussed in detail.

In modified IEEE model, considers two possible repair phenomena when the system is
in the down state due to a common-cause failure. These are the individual element and
the joint common-cause repairs activities. But most of the common-cause failures occur
due to terminal equipment failures and that both the lines are put into service
simultaneously even if the repair of one of the lines is completed early, it is nec~ to
further modify the modified IEEE model to eliminate the individual repair phenomena
when common-cause failures occur [57]. Such situations are suitably described by the
separate common-cause repair process model.

State # I

~l

State =2

Slate =4

Figure 4.2: The Separate Common-Cause Outage Model.
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Analytically the state probabilities of this model (Fig. 4.2) can be calculated from the

following expressions [44]:

.-
State probabilities of state I, PI = IIIft2ftc!D

State probabilities of state 2, P2 = A.lfL2ftc!D

State probabilities of state 3, P3 = fLIA2fLdD

State probabilities of state 4, P4 = AIA2!!c!D

State probabilities of state 5, P5 = fil !!2A.c!D

where D =!!c (AI + !!l) (A2 + !!2) + !!1!!2fLc

Aj = Failure rate of component 1, frequency/yr

fLl = Repair rate of component I, repair/yr

A2 = Failure rate of component 2, frequency/yr
fL2 = Repair rate of component 2, repair/yr

1'0 = Common-mode failure rate, frequency/yr

/-Ie = Common-mode repair rate, repair/yr

(4.9)

(4.10)

(4.11)

(4.12)
(4.13)

In sequential simulation techniques the time to failure (ITF) or time to repair (TIR) of a
component sampled using uniformly distributed random number. After elapsing the

TfFfTTR time, the component changes its state (up/down) from one state to another. In

this way the transition cycles for two state component and is repeated for entire period

of simulation. But if the composite system contains common-mode transmission line

failure several departure transition can emanate from the state. After fInishing the state

residence time in one state, it is difficult to predict the next transition. In order to

overcome this difficulty of knowing which transition occurs, a predetermined operating

cycle is considered in [44]. However, this may not reflect correctly the stochastic natnre

of state u'aIlSition of a component. In order to represent the actual transition process, a
new approach is developed to accommodate common-mode failures in sequential

simulation technique which is described in the section 4.4.

4.4 THE NEW APPROACH METHODOLOGY

The fIrst step in this algorithm is to deduce the component state space diagram. The total
number of possible transition are determined for each state together with the correct

transition for each. Given an initial state i, the times to transition (TIT) are sampled for
each possible transition from state i using me following equation:

r 1 1
TIT - -l-Jln(U)

'I TR. 'I
'I

47

(4.14)



where j encompasses all the states of the component that can be reached directly from
S13tei.

TRiJ is the lrdllSition from state i to j. After calculating all the TITs from above
equation, the smallest value and the corresponding state j are selected. This value is the
residence time of the i.th S13te.After elapsing. the state of the component moves ta the
j-th state before any of the ather transitian arc passible. This process is repeated for
complete simulation period and can be applied ta any numner af campanents. This
approach is applicable ta any state space diagram.

Now in order to verify, the new approach is applied in separate cammon-cause outage

model to oetennine the state probabilities of various state. Before applying the new
approach for considering common-cause outage model, it is necessary to decide how
long the simulatian (i.e. simulation period) shauld be performed. Hawever, after some

initial runs it was decided to simulate for 2000 years to get steady value for the
probabilities of each state.

Analytical and New Approach Result are given below:

Failure and Repatr Rates Limiting Mate ProbabIlities
AnalvlIcal Result Simulauon ResWl

"'I = "-2 2 f/hr PI -' 0.' PI ' O. ./

P:' = 0.00273073 P2 = 0.00277198
j.c = 0.2 flyr P3 = 0.00273073 P3 = 0.00281788
ill = 112 = 728 rlyr P4 = 0.00000751 P4 = O.00000-l2-l
~IC= 36-+.0riyr PS = 0.000.5-l615 Ps = 0.00055603
AI = A2 = 0.5 f/yr PI = 0.99849082 PI = 0.998-l846 I

P:' = 0.00068578 P:' = 0.00068905i,c = 0.05 fiyr P3 = 0.00068578 P3 = 0.00070295
f'l = fl2 = 728.0 r/yr P4 = O.()()()()(J(}47 P4 = 0.00000057
!J< = 36-1.0 rlYT PS = 0.00013716 PS = 0.00012283
;"1 = A2 = 0.2 flyr PI = 0.99939589 PI = 0.99939018

P2 = 0.00027-l56 P2 = 0.00028783i,c = 0.02 f/yr P3 = 0.00027456 P3 = 0.00028961
~ll = ~l2= 728.0 r/yr P4 = 0.00000OO8 P4 = O.()()()(){)()-l6
flc = 364.0 rlyr P5 = 0.00005491 P5 = 0.00003194

It is seen from the calculated \'alue that the simulation result is almost similar ta

analYlical result. These results indicate that the new approach is acceptable and can ne
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applied in composite system reliability evaluation for accommodating common-mode

failmcs.

In this new approach first the total number of possible transition for each state with

transition rate are determined from the state space diagram as shown in Fig. 4.2. The

time to tr.msition (TTT) are sampled for each possible transition from the state. The

smallest value of TIT is the state residence time of tIus statc. After TIT time has

elapsed. the component moves from tIlls state to another state (which is determined

from the smallest value of TIls). Similarly for every state the smallest value of TIl is

determined which also indicates the next state. In this way if the state is known, then

the individual status of the lines are determined from that state. After the individual

component states have been determined, these states are combined to fmd the system

performance state, e.g. how much generation is available frorn the generating units and
the network impedance matrix after modifying it to account for the individual status of

the lines. If any generation or transnUssion constraints are violated, stand::rd corrcctive

measnres are taken as remedial actions and inadeqnacies are stored if there are any.

Now the new approach is included in sequential Monte Carlo simulation procedure and

used to evaluate the reliability indices of IEEE-RTS with considering several common-

cause outages, These results are given in details in chapter 5 (Numerical-evaluation);

4.5 SEQUENTIAL SIMULATION PROCEDURE

The concepts of Monte Carlo simulation used in tlus research are based 0,):

(a) the multiplicative congruent method for ;enerating psendo-random numbers
(b) the appropri;:te transform method for converting these to relevant probability

distributions in order to produce times-to-fail and times-to-repair for each

component.

The system operation is simulated over a long period of time, which is subdivided into

reference periods of one year. Each year is divided into basic time inlen'als during

which the state of the system is assunled to be constant. In tlus research, time intervals

considered on an hourly basis, which means that changes in the system are assumed to
occur only at the beginning of every hour. For each component the times between

forced outages and the oUlage durations are considered independent and exponentially
distributed.
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At hierarchical level IT(HLIT),major computational requirements are needed to pedorm

load flow studies and to simulate corrective measures, i.e. redispatch and load

shedding. Kron's reduction formula is used to modify the impedance matrix for

network modifications. The load flow is performed using a linearised sequential load
flow algorithm. The generation redispatch and load shedding algorithm 5 for relief of

overloads are based on nodal contributions to system overload and are modeled using

distribution factors. During the redispatch and load shedding procedures, the bus
generation are rearranged, sometimes decreased and sometimes increased, to eliminate

the overloads. In order to obtain the energy production of individual units and hence the

cost of energy generation, these bus generations are reallocated to relevant generating

units.

4,6 MAJOR STEPS IN SIMULATION

In sequential simulation procedures, the composite power system reliability evaluations

are carried out following some main steps, briefly, these steps are:

1. At the beginning of the simulation all necessary system data arc read. These

include:

(a) data about the thermal generating units. These include the number of

states of the unit, capacity of each state, transition rate between st.ltes,

incremental fuel cost, loading order position and dispatch group, and the

bus to which the unit is connected.

(b) transmission network data mainly include number of busbar and lines,

their reliability data infonnation regarding impedance matri:\, capacity of
transmission branches and tolerance, common-mode failure (Lltaetc.

(c) load model data.

(d) Monte Carlo simulation related data such as type of lmderlying

probability distribution, seed for the random number generators etc.
2. Initialization of all component states.

3. For every simulated hour the availability of all system clements, snch as

generating units and lines, are checked.

4. New approach is used to calculate the time to transition i.e, state residence time
of each state.

5. Time to transition (TTTR) are sampled from exponential probability
distributions.

6. Other random conditions, such as uncertainty of the load. are also modeled by

the random variates sampled from their associated probability distributions.
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7. Component and their operations are represented by mathematical models.
S. When transmission system changes its state. the impedance matrix is modified

accordingly. If islanding occurs, then the system state is recorded as system

separation and transmission system evaluation remains suspended until

islanding disappears.
9. The combined operation of the power system is then assessed.

10. If any system constraints are violated appropliate remedial actions arc taken.

II. System deficiencies, if there are any. are recorded in magnitude and frequency
in vmous fotmats. Each deficiency is stored as an independent sample. These

deficiencies are also grouped by simulated years.
12. Reliability indices are obtained from the abm'e records together with their

frequency distIibutions.
13 The simulation steps 3-11 are repeated hour by hour for a peliod of simulated

time long enough to include most of the events of interest.

It is worth mentioning that scheduled maintenance for any generating unit or

transmission branch can be accommodated within the simulation procedure without any

difficulty. 'The only required informations' are the week to start maintenance and the

number of weeks to remain under maintenance of the component.
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4.7 SCHEMATIC DIAGRAM OF SIMULATION

I GENERATION 8YlITEM DATA I
INJUT OF AIL NECI!B8AJ.Y

liY8TEM DATA I TRANSMIllSlON SY8TEM DATA I
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I
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.j,.
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..L
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CHAPTER. 5
NUMERICAL EVALUATION

5.1 INTRODUCTION
For the simulation of composi:e power systcm with common-cause outage the

methodology has been developed in chaptcr 4. Tills methodology is applied to evaluate

the reliability of the IEEE-RTS. In the numerical evaluation the new approach for

common-mode outages included in sequential Monte Carlo simulation is used for

simulating different common-cause outages of transmission lines.

This chapter presents a brief description of IEEE-RTS. TIle simulation results are
presented in this chapter for various common-cause outages of transmission lines.

These results are given in the form of expected value of the reliability indices.

5.2 IEEE.RTS
There has been a continuing and increasing interest in methods for power system

reliability evaluation. In order to provide a basis for comparison of results obtained

from different methods it is desirable to have a reference or "test" system which
incoporates the basic data needed in reliability evaluation. For tltis reason )the IEEE

subcommittee published the IEEE Reliability Test SystemjRTS).[51] in 1979. The

IEEE-RTS is used in this research. The generation system, transmission network and

load model of IEEE-RTS are described briefly in the following section.

5.2.1 IEEE-RTS Generation Data
Generation data of IEEE-RTS used in this research arc given in Appendix-A. The
generating system contains 32 units, ranging from 12 to 400 lvlW. The total installed
capacity of the generating system is 3405 NlW and the annual peak load for the test

system is 2850 MW.

5.2.2 IEEE-RTS Transmission System Data
The IEEE-RTS composite system has 24 buses out of which 10 buses are generation

buses. The transmission lines are at two voltages, 138 kV and 230 kV. Bus code, bus

number and the percentage of the peak load connected to these buses are given in

Appendix-B.

The IEEE-RTS system has 38 tr.msmission linl'S which include overhead lines,

underground cables and transformers. The test system contains a number of multiple



circuit; some of them exist on the same right-of-way. The transmission !inc type, line
number, bus number between which the line is connected and their voltage levels,

impedance. capacity in MVA. tolerance in percentage are given in Appendix-C.

Tmnsmission reliability data. i.e. mean time to failure and mean time to repair. arc also

shown in Appendix-C.

5.2.3IEEE.RTSLoadData
Hourly load data are used in this research for simulating IEEE-IUS. The hourly loads

are given as percent of the daily peak and the daily peak load are gil'en as percent of the

weekly peak load. Similarly the weekly peak loads are also shown as percent of system

annual peak. The daily peak load as percent of weekly peak are given in Table 5.1. The

hourly peak load is found by multiplying the corresponding fraction of hourly load with

the daily peak.

Table 5.1: Daily Peak Load in percl'n! of wel'kly peak load.

Dav Peak Load

Mondav 93

Tuesday 100

Wednesday 98

Thursday 96

Friday 94

Saturday 77

Sunday 75

The daily peak load for (7 x 52) = 364 days are given in Appendix-E.

5.3 NlT1VIERICAL RESULTS

In order to show the applicability of the new approach the IEEE.RTS is evaluated. In

addition to the data described in section 5.2. Some additional data are needed to

represent common-mode failures. These are included in Table 5.2.
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Table 5.2: Common-mode outage data for IEEE-RTS.

Buses Outage Rate Outage Duration
From - To (f/yr) (hr)

15-21 0.041 20.0
15-21

18-21 0.035 20.0
IH-21

19-20 0.038 20.0
19-20

20-23 0.034 20.0
20-23

As the sequential simulation algorithm is well established without these common-mode

failures. the new approach is included in the sequential Monte Carlo simulation

procedures and then used to evaluate the reliability of IEEE-RTS. After some initial
runs it was decided to simulate the IEEE-RTS for 3000 years. At the end of each year

the yearly values of reliability indices are stored. At the end of the simulation the
expected values are calculated.

Three different cases are considered for the transmission system,namely:

Base Case:

Case-I:
Case-II:

Without any common-mode outage.

One common-mode group between buses 15-21.

Three common-mode groups between buses 18-21, 19-20 and 20-23.

Vanous annual adequacy indices, interruption indices and load point indices are

evaluated and some of them are shown in tables. Each index is classified as: Composite
(or global), generation-only (subscripted by G) and transmission-only (subscripted by

T). In these studies simulation results include the following reliability indices:

Global annual indices:

LOEE (MWh/yr): Loss of energy expectation.
LOLE (hr/yr): Loss of load expectation.

FOI (intlyr): Frequency of interruption per year.

LCY (MW/yr): Load curtailed per year.
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ElDG (hr/int):

ELOG (l\1Wlint):

EIDT (hr/int):

ELCIT (MW/int):

Global interruption based indices:
EENSPI (M\Vh/int): Expected encrgy not served pCI'ill1cmlption.

EID (hr/int): Expccted interruption duration.
ELCI (MW/int): Expected load curtailed per intemlption.

Global annual load point indices:

ENSB (M'Vh/yr): Bus cucrgy not scrved per ycar.

Global system separation indices:

FSY SE (freq./yr): Frcquency of system separation.
EDSY SE (hr/yr): Expected duration of system separation.

Generation-only annual indices:
LOEEG (MWh/yr): Loss of energy expectation due to generation-only.

LOLEG (hr/yr): Loss of load expectation duc to generation-only.

FOIG (int/yr): Frequcncy of intemJption pcr year due to gcncration-only.
LCYG (l\1W/yr): Load curtailed pCI'year due to generation-only.

Generation-only interruption based indices:

EENSPIG (MWh/int): Expected energy not served per interruption due to

generation-only.

Expected intenuption duration due to generation-only.

Expected load curtailed per intelTUptiondue to generation-only.

Transmission-only annual indices:
LOEET (MWh/yr): Loss of energy expectation due to transmission-only.
LOLET (hr/yr): Loss of load expectation due to transmission-only.

FaIT (int/yr): Frequency of intemlption per year due to transmission-only.

LCYT (MW/yr): Load curtailed per year due to transmission-only.

Transmission-only intelTllption based indices:

EENSPlT (MWhlint): Expected energy not served per interruption due to
transmission-only.
Expected intenuption dw-ation due to transmission-only.

Expected load curtailed per interruption due to

transmission-only.
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5.3.1 Base Case:
In order to realize the impact of conIDlon cause outages on reliability indices. first the

IEEE-RTS eyaluated considering without cOllIDlon-causeoutage i.e. base case means
no COimllOll-causeoutage e;,.ists in the system. The simulation results for tlus case are

presented in this section.

Table 5.3 depicts the arumal indices for the global. generation and transmission

systems. The LOEE, LOLE. FOI and LCY indices are shown in this table.

Table 5.3: Annual Indices.

Indices Global Annual Genemtion-only TmllSnllssion-only

Indices AlmuaI Indices Aruma! Indices

LOEE. !vIWhivr 1122.289 1103.365 18.925

LOLE, hriyr 9.1 22 9.115 0.509

FOI, int/vr 1.892 1.890 0.089

LCY,MW/yr 47.948 47.208 1.855

Table 5.4 depicts the interruption indices. The indices shown include EENSPI, EID and

ELCY for the global, generation and tmnsnllssion systems.

Table 5.4: Interruption Indices.

Indices Global Interruption Genemtion-on!y Transnllssi on-on!y

Indices Interruption Indices Interruption Indices

EENSPI, MWh/int 593.071 583.688 213.437

EID, lu-/inl 4.820 4.822 5.744

ELO,MW/int 83.881 82.561 37.052

Frequency of the separation and the expected duration of the sepamtion are presented in

Table 5.5.
Table 5.5: Global System Separation Indices.

0.310
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Yearly energy not supplied in load buses are presented in Table S.6

Table 5.6: Annual Load Point Indices.

BUS Name ENSB. MWIl/vr

BUS-OI 138 60.81

BUS-02 138 15.60

BUS-07 138 48.55

BUS-13 230 102.57

BUS-IS 230 122.42

BUS-16 230 38.60

BUS-18 230 53.03

BUS-03 138 69.48

I3TIS-04 138 11.78

BUS-OS 138 27.57

BUS-06 138 52.94

BUS-08 138 66.17

BUS-I0 138 75.00

BUS-14230 75.00

BUS-19 230 70.58

BUS-20 230 20.09

BUS-09 138 67.28

5.3.2 Case. I
The IEEE-RTS is evaluated considering single common-cause outage, which exists in

between line 25 and 26. Both ends of these lines are connected to buses IS and 21. The

simulation results are presented in this section.

Table 5.7 depicts the annual indices for the global, generation and transmission
systems. The LOEE, LOLE, FOI and LCY indices are shown in this table. Table 5.8

gives the interruption indices. The indices shown include EENSPI, BID and ELCI for

global, generation and transmission systems.
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Table 5.7: Annual Indices.

Indices Global Annual Generation-only Transmission.only

Indices Annual Indices Annual Indices

LOEE.MWh/w 1167.457 1103.365 64.092

LOLE, hr/yr 9.368 9.115 0.778

FOr. intlvr 2.128 1.890 0.356

Ley l"fW;vr 53.494 47.208 12.258. .

Table 5.8: Interruption Indices.

Indices Global Interruption Generation-only Transmission-only

Indices IntemlPtion Indices Interruption Indices

EENSPI. MWh/int 548.701 583.688 180.203

EID. hr/int 4.403 4.822 2.187

ELO. tvrW/int 92.695 82.561 135.664

Frequency of the separation and the expected duration of the separation are presented in

Table 5.9.
Table 5 ..9: Global System Separation Indices.

FreQUlmcv.Occurrance/vr

0.916

Duration. hr/vr

3.831

Yearly energy not supplied in load buses are presented in Table 5.10
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Table 5.10: Annual Load PoiJ1l Indices.

BUS Name l::N)tj.I\lwn1\'f

BUS-OI 138 85.82

BUS-02 138 30..53

BUS-07 138 -19.38

BUS-13 :'30 106.i7

BUS-IS "0 122.55

BUS-In ',0 38.59

BUS-18 '30 53.01
BUS-03 138 69.-11

BUS-04 138 11.78

BUS-05 138 27.57

BUS-06 138 52.93

BUS-08 138 66.16

BUS-1O 138 7-1.98
BUS-I-I 230 7-1.98

BUS-19 230 70.57
BUS-20 230 '0.08

BUS-09 138 67.26

5.3.3 Case-II

The lEEE-RTS is evaluated considering three common-cause outages group. Among
these lines no. 32 and 33 are connected between buses 18 and 21, tines 34 and 35 are
connected between buses 19 and 20 and lines 36 and 37 are connected between buses

20 and '1. The simulation results are presented in this section.

Table 5.11 shows the annual indices for the global. generation and transmission
systems. Table 5.12 shows the interruption indices for the global. gener.nion and
transmission systems. Table 5.13 depicts the annual system separation indices.
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Table 5.11: Annual Indices.

Indices Global Annual Generation-only Transmission-only

Indices Annual Indices Allllual Indices

LOEE, tvlWh/vr 1211.264 1107.117 104.148

LOLE. hrivr 10.180 9.143 2.015

FOI, inlivr 2.637 1.872 0.958

LCY,MWivr 48.644 47.228 9.432

Table 5.12: Interruption Indices.

In Ices G 0 a1lntcrruptlon Generatlon- y TransmisslOn-o v
Indices Interru tion Indices Interru tion Indic~s

EENSPI. MWh/int 459.331 591.409 108.752

EID, hr/inl 3.860 4.884 2.104

ELO. iVlW!inl 64.560 81.989 20.763

Table 5.13: Global System Separation Indices.

Frequency, Occurrance/yr
0.511
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Yearly energy not supplied in load buses are presented in Table 5.14

Table 5.14: Annual Load Point Indices.

BUS Name ENSB, MWh/yr

BUS-OI 138 60.85

BUS-02 138 37.62

BUS-07 138 48.72

BUS-13 230 102.91

BUS-IS 230 122.88

BUS-16 230 38.73

BUS-18 230 133.02

8US-03 138 69.72

BUS-04 138 28.77

BUS-OS 138 27.66

BUS-06 138 53.12

BUS-08 138 66.40

BUS-IO 138 75.25

BUS-14230 i5.2S

BUS-19 230 104.92

BUS-20 230 97.47

BUS-09 138 67.50
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6.1

CHAPTER - 6
DISCUSSIONS AND CONCLUSIONS

OBSERVATIONS AND D1SCUSSIONS

Simulation techniques generally known as Monte Carlo simulation estimate the
reliability indices by simulating or sampling the actual behaviour of the system. The

,'alues of output results of simulation study depend on a number of factors including the
seed value i.e. starting value of the sequence of random numbers, the pseudo-random
number generator. the number of samples and above all the system upon which the
simulation study has been done. After perfonning a number of initial studies it was
decided to simulate the lEEE-RTS for 3000 years in order to keep the uncertainties
involved in the estimates of the indices in a tolerable limit and also to obtain the steady
values for the reliability indices [55). The accumulated average values of these samples
are unbiased estimates of the mean values of the reliability indices. To obtain an exact
estimation, the number of samples would have to be tend to infinity [55]. Since
simulation uses a limited number of samples, the obtained al'erage I'alues are shown in
Tables 53 - 5.6 for base case i.e. without common-mode outage case and in Tables
5.7 - 5.1-1 with common-mode outages, will usually differ from the true mean.
l\loreover this obtained mean value does not represent the actual true I'alue for the real
system but the true value for the model that is used to represent the system.

Tables 5.3. 5.5. 5.7, 5.9, 5.11 and 5.13 show the estimate of expected values of
mnual indices of the composite system. A closer look at the loss of energy expectation
(LOEE) indices show that these are approximately of the similar value. LOEE for
generation system is higher than that of the trnnsmission system. This distinctly
indicates that generation system is far less reliable than the transmission system.
Another important aspect is that if the LOEE's for generdtion system and transmission
system are added then these give the LOEE's for the overall composite system. The
reason is that when there is an overlapping of interruptions of generation and
transmission. the duration is overlapped but not the energies associated with the
generation and transmission interruptions.

In the Tables 5.3, 5.7 and 5.11. the values of LOLEs are also of similar I'alue. But in

this case the summation of LOLEs for generation and transmission system does not
show equality with that of the composite system, rather the LOLE for composite system

is less than the sum. This is because of the fact that there are overlapping of generation



and transmission intel11lptions. The value of LOLE for generation system is higher than

that of the transmission system. This again indicates that generation system is less
reliable than the transmission system, i.e. transmission system is much more reliable

than the generation system in case of IEEE-RTS. The values of FOI in Tables 5.3, 5.7

and 5.11 are similar value for all cases. nut the FOI for generation system is higher

than that for the transmission system.

The values ofLCY in Tables 5.3. 5.7 and 5.11 are similar for all cases. But LCY for

generation system is higher than that of the transmission system. The overall composite

system LCY does not show equality with that of the summation of Ley of generation
and transmission system, rather the LCY for composite system is less than the sum.

The reason is again that there are overlapping of generation and transmission

interruptions.

In comparison to Table 5.3. Tables 5.7 and 5.11 show that annual indices increase with

the inclusion of more and more common-mode outages. As expected this increase is
mainly due to the increase of transmission system inadequacies as shown in the Tables.
When colDlllon-mode ontages are acconmlOdated in the simulation procedure, the

number of interruption due to transmission system increases significantly as given by

FOlr inde" in Tables 5.7 and 5.1 I. The interruption based indices also follow the same

\rend of annual indices.

Since common-cause outage events involve only transmission system of a composite

system, therefore common-cause outages have no effect on generation system reliability

indices. For this reason, generation system indices remain almost the same for all cases.

But due to generation redispatch generation-only indices may change slightly as shown

in Tables 5.11 and 5.12. Again for bus isolation generation from a particular bus may

not be available. For this reason generation-only indices may also change. It is assumed

that common-cause failure rate is only about 10% of the independent failure rate. That is

if one independent failure occurs in 10 (ten) years than only one common-cause failure

will occur in 100 years time. In this research the IEEE-RTS system is simulated for

3000 years. Therefore, it is expected that some of these transmission failures occurred

dwing the simulation span. However, if the failure bunching effect occurs only then the
values of transmission indices will increase significantly. It is well-known that

transmission system of the IEEE-RTS is much more reliable than that of the generating

system.
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From the Tables 5.5, 5.9 and 5.13 show the estimate of expected values of annual

system separation indices of the composite system. Table 5.5 show the frequency of
system separation and duration of system separation for base case. Similarly Tables 5.9
and 5.13 show the frequency of system separation and duration of system separation

for case-! and case-II respectively. Frequency of system separation and mean duration

of system separation change significantly due to the common-cause outage. System

separation and mean duration of system separation indicates higher value for common-

cause failUre events. Isolation of a transmission branch is one of tlle major weakness of
IDetransmission network design. In fact a system separation arises when the failure of a

single or multiple transmission branches cause isolation of atleast one bus from the

network.

The Tables 5.6, 5.10 and 5.14 show the estimate of expected \'alues of yearly energy
not supplied in load buses. Yearly energy not supplied changes significantly in some

load buses due to common-mode outages whereas for other buses YENS remain

almost unchanged.

65



6.2 CONCLUSIONS

The function of reliability assessment is to establish the impact of any event in order to
detennine what actions are to be taken to minimize its effect. In this research work

inadequacies associated with comlllon'lllode failures arc accommodated in the

sequential simulation procedures. From the observations and disclL';sions given in this

thesis. the following conclusions arc made.

a. A new approach has been developed in this research to detennine the actual

stochastic nature of state transition of transmission components.

b. The models presented in this thesis elltended the wider applicability of the

sequential simulation for appreciating more accurate picture of transmission

system inadequacies.

c. Inclusions of common-mode outages change the transmission reliability indices

significantly. The system separation indices also change significantly with

common-cause outage events. However. the actual impact of common-mode

outages depend on the transmission system network configuration.

6.3 RECOl\iIMENDATION FOR FURTHER RESEARCH WORK

In tltis research only two transmission lines are considered in the common-cause outage

model on the same right of way or on the same transmission tower. But, practically

more than two transmission lines may exist on the same right of way or on the same

transmission tower. Hence these considerations can be taken into accowlt in future
research. Dependent outages are not considered in this research. Only independent and

common-cause outages are included in the transmission system evaluations. Hence

dependent failures may be taken into account in future research work.
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APPENDIX - A

Table - A.I: JEEE-RTS GENERATION DATA

UllIt Rated MITF MITR Cost Bus Voltage
No. Capacity (hr) (hr) $/lvlWh No. Level

(MW) (kV)
I 400.00 1100.00 150.00 00.3 BUS-18 230
2 400.00 1100.00 150.00 00.3 BUS-21 230
3 350.00 1150.00 100.00 00.7 BUS-23 230
4 197.00 950.00 50.00 00.7 BUS-13 230
5 197.00 950.00 50.00 00.7 BUS-13 230
0 197.00 950.00 50.00 00.7 BUS-13 230
7 155.00 960.00 40.00 OO.X BUS-l0 230
:; 15::>.00 960.00 40.00 00.8 BUS-IS 230
') 1:>:>.00 960.00 40.00 00.8 BUS-23 230
10 155.00 960.00 40.00 00.8 BUS-23 230
II 100.00 1200.00 50.00 00.8 BUS-07 138
12 100.00 1200.00 50.00 OO.X BUS-07 138
13 100.00 1200.00 50.00 00.8 BUS-07 138
14 76.00 1960.00 40.00 00.9 BUS-OJ 138
l:> "/6.00 1960.00 40.00 00.9 HUS-OI US
16 76.00 1960.00 40.00 00.9 BUS-02 138
17 76.00 1960.00 40.00 00.9 BUS-02 138
18 12.00 2940.00 60.00 00.9 BUS-IS 230
!9 12.00 2940.00 60.00 00.9 BUS-IS 230
20 12.00 2940.00 60.00 00.9 BUS-IS 230
21 12.00 2940.00 60.00 00.9 BUS-IS 230

" 12.00 2940.00 60.00 00.9 BUS-IS 230~~
23 20.00 450.00 50.00 05.0 BUS-OI 138
24 20.00 450.00 50.00 05.0 BUS-OI 138,- 20.00 450.00 50.00 0:>.0 BUS-02 138~::>
26 20.UO 4-'0.00 50.00 05.0 BUS-02 138
27 50.00 1980.00 20.00 00.0 BUS-22 230
28 50.00 1980.00 20.00 00.0 BUS-22 230
2'.1 50.00 1980.00 20.00 00.0 /:jUS-U 23U
30 50.00 1980.00 20.00 00.0 BUS-22 230
31 50.00 1980.00 20.UU 00.0 BUS-22 230
l' 50.UO 1980.00 20])0 00.0 BUS-22 230-~

Total No. of Units 32

Total Installed Capacity: 3405 iv1W

MTIF : Main Time to Failure.
!vn-rn : Main Time to Repair.
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APPENDIX - B

Table - B.l: IEEE-RTS BUS DATA

Sl. BUS Code BUS Name Voltlge Level FractIOn at
No. (kV) load share
1 BG I3US-OI 13ll O.03ll0
2 BG BUS-02 138 0.0340
3 BG BUS-07 138 0.0440
4 BG BUS-13 230 0.0930
S BG BUS-IS 230 0.1 I J 0
6 BG 13US-16 230 0.0350
7 BG BUS-18 230 0.1170
8 BG BUS-21 230 0.0000
9 BG BU5-22 230 0.0000
10 BC BUS-23 230 U.UUUU
II 13 I3US-03 138 0.0630
12 13 BU5-04 138 0.0260
13 B BUS-OS 138 0.0250
14 B 8US-06 138 0.0480
IS B BUS-Oll 138 0.0600
16 13 BU5-10 138 0.0680
17 B BUS-II 230 0.0000
III B BUS-12 230 0.0000
19 R 13U5-14 230 0.0680
20 13 BUS-17 230 0.0000
21 B BUS-19 230 0.0640
22 8 8U5-20 230 0.0450
23 B BUS-24 230 0.0000
24 B 13U5-09 138 0.0610

BG Generation Buse.
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APPENDIX - C
Table. C.I: IEEE-RTS TRANSl\IISSION SYSTEM DATA.

SI. X.~,fissiol1 from Bus kV To kV Capacity TOL X-Mission ffi OD (hr.)
No. Line Type BUS (MVA) line

Impedance
1 I U BUS-I 138 BUS.2 138 175 0.10 0.0139 00.24 16.
2 L BUS-I 138 BUS-3 138 I75 0,19 0.2112 00.51 10.
3 L BUS-I I 138 BUS.5 138 175 0.19 0.0845 00.33 10.
4 L BUS-2 138 BUS-4 138 175 0.19 0.1267 00.39 10.
5 L BUS-2 138 BUS-6 138 175 0.19 0.1920 00.48 10.
6 L BUS-3 138 BUS-9 138 175 0.19 0.1190 00.38 10.
7 T BUS.3 138 BUS.24 230 400 0.28 0.0839 00.02 768.
8 L BUS-4 138 BUS-9 138 175 0.19 0.1037 00.36 10.
9 L BUS-5 138 BUS-IO 138 175 0.19 0.0883 00.34 10.
10 U BUS-6 138 BUS-IO 138 175 0.10 0.0705 00.33 35.
11 L BUS-7 138 BUS-8 138 175 0.19 0.0614 00.30 10.
12 L BUS.8 138 BUS.9 138 175 0.19 0.1651 00.44 10.
13 L BUS.8 138 BUS.IO 138 175 0.19 0.1651 00.44 10.
14 T BUS.9 138 BUS-ll 230 400 0.28 0.0839 00.02 768.
IS T BUS-9 138 BUS-12 230 400 0.28 0.0839 ,00.02 768.
16 T BUS-IO 138 BUS-II 230 400 0.28 0.0839 00.02 768.
17 T BUS-IO 138 BUS-l2 230 400 0.28 0.0839 00.02 768.
18 L BUS-ll 230 BUS-13 230 500 0.20 0.0476 00.40 II.
19 L BUS.II 230 BUS-14 230 500 0.20 0.0418 00.39 II.
20 L BUS-l2 230 BUS.13 230 500 0.20 0.0476 00.40 II.
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Table C.l Conld .

SI. X.Mission From Bus kV To kV Capacity TOL X.Mission FR OD (hr.):-.Jo. Line Type BUS (MVA) Line
Impedance

21 L BUS.12 230 BUS.23 230 500 0.20 0.0966 00.52 I I..,., L BUS. 13 230 BUS.23 230 500 0.20 0.0865 00.49 II.~~
23 L BUS.14 230 BUS.16 230 500 0.20 0.0389 00.38 II.
24 L BUS.lS 230 BUS.16 230 500 0.20 0.0173 00.33 II.
25 L BUS.IS 230 BUS.21 230 500 0.20 0.0490 00.41 II.
26 L BUS.IS 230 BUS.21 230 500 0.20 0.0490 00.41 I I.
27 L BUS.IS 230 BUS.24 230 500 0.20 0.0519 00.41 I I. I
28 L BUS.16 230 BUS.17 230 500 0.20 0.0259 00.35 II.
29 L BUS.16 230 BUS.19 230 500 0.20 0.0231 00.34 II.
30 L BUS.l7 230 BUS.18 230 500 0.20 0.0144 00.32 II.
31 L BUS.l7 230 BUS.22 230 500 0.20 0.1053 00.54 I I.
32 L BUS.18 230 BUS.21 230 500 0.20 0.0259 00.35 II.
33 L BUS.18 230 BUS.21 230 500 0.20 0.0259 00.35 II.
34 L BUS.19 230 BUS.20 230 500 0.20 0.0369 00.38 I I.
35 L BUS.19 230 BUS.20 I 230 500 0.20 0.0369 00.38 II.
36 L BUS.20 230 BUS.23 230 500 0.20 0.0216 00.34 II.
37 L BUS.20 230 BUS.23 230 500 0.20 0.0216 00.34 I I.
38 L BUS.21 230 BUS.22 230 500 0.20 0.0678 00.45 I I.

o
~

U
T
L
TOL

Underground Cable
Transformer

Overhead Transmission Line
Tolerance ill Percentage of Capacity.

FR
OD

Failure Rate, Frequency/year
Outage Durdtion in Hour



APPENDIX - D
Table D.l: IEEE-RTS Load Data.

Hourly Peak Load as a Percentage of Daily Peak.

Hour Winter Weeks Summer Weeks Sllring! Fall Weeks
Weekday Weekend WeeKday Weekend Weekday Weekend

12-1 am 0.67 0.78 0.64 0.74 0.63 0.75
1-2 am 0.63 0.72 0.60 0.70 0.62 0.73
2-3 am 0.60 0.68 0.58 0.66 0.60 0.69
:>-4am O.W O.nn 0.56 0.n5 0.58 0.66
4-5 am 0 ...,9 0.64 0.56 0.64 0.59 0.6..,
::>-6am 0.60 0.65 0.::>8 0.62 0.65 0.65
6-7 am 0.74 0.66 0.64 0.62 0.72 0.68
7-8 am 0.86 0.70 0.76 0.66 0.85 0.74
S-'} am 0.'}5 l'f.8lf 0.87 O.lH 0.'}5 0.83
9-10 am 0.96 0.88 0.96 0.86 0.99 0.89
10-11 am 0.96 0.90 0.99 0.91 1.00 0.92
11-noon 0.95 0.91 I.UU U.'}j 0.99 0.94
12.1pm 0.95 0.90 0.99 0.93 0.93 0.91
1-2 0.95 0.88 1.00 0.92 0.92 0.90
2-3 0.93 0.87 1.00 0.91 0.90 0.90
:>-4 0.94 0.87 0.97 U.91 0.88 0.86
4-5 0.99 0.91 0.96 0.92 0.90 O.~
5-n 1.00 1.00 0.96 0.94 0.92 0.88
6-7 1.00 0.99 0.93 0.95 0.96 0.92
7.8 0.96 0.97 o.n 0.9.., 0.98 1.00
8-9 0.91 0.94 0.92 1.00 0.% 0.97
9-10 0.83 0.92 0.93 0.93 0.90 0.95
10-11 0.73 0.87 0.87 0.88 0.80 0.90
11-12 0.63 0.81 0.72 0.80 0.70 0.85
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Table - E.1: IEEE-RTS LOADS DATA.
Daily Peak load in MW.

APPENDIX - E

Week 1'\0. Day
IvlO1ldav Tuesday Wednesday Thursdav Fridav Saturday SlUldav

01 2284.70 2407.60 2456.70 2358.40 2309.30 1891.70 1842.50
02 2385.50 2513.70 2565.00 2462.40 2411.10 1975.10 1923.80
03 2327.10 2402.20 2502.30 2452.30 2352.20 1926.80 1876.70
04 2210.50 2329.40 2376.90 2281.80 2234.30 1830.20 1782.70
05 2332.40 2457.80 2508.00 2407.70 2357.50 1931.20 1881.00
06 2229.10 2348.90 2396.80 2300.90 2253.10 1845.60 1797.60
07 2205.20 2323.80 2371.20 2276.50 2228.90 1825.80 1778.40
08 2136.30 2251.20 2297.10 2205.20 2159.30 1768.80 1722.80
09 1961.40 2066.80 2109.00 2024.60 1982.50 1623.90 1581.80
10 1953.40 2058.40 2100.50 2016.40 1974.40 1617.40 1575.30
11 1895.10 1997.00 2037.80 1956.20 1915.50 1569.10 1528.30
12 1926.90 2030.50 2071.90 1989.10 1947.60 1595.40 1553.90
13 1865.90 1966.30 2006.40 1926.10 1886.00 1544.90 1504.80
14 1987.90 2094.80 2137.50 2052.00 2009.30 1645.90 1603.10
15 1911.00 2013.80 2054.90 1972.70 1931.60 1582.20 1541.10
16 2120.40 2234.40 2280.00 2188.80 2143.20 1755.60 1710.00
17 1998.50 2105.90 2148.90 2062.90 2019.90 1654.70 1611.70
18 2218.50 2337.70 2385.50 2290.00 2242.30 1836.80 1789.10
19 2305.90 2429.90 2479.50 2380.30 2330.70 1909.20 1859.60
20 2332.40 2457.80 2508.00 2407.70 2357.50 1931.20 1881.00
21 2268.80 2390.80 2439.60 2342.00 2293.20 1878.50 1829.70
22 2149.60 2265.10 2311.40 2218.90 2172.70 1779.70 1733.50
23 2385.50 2513.70 2565.00 2462.40 2411.10 1975.10 1923.80
24 2351.00 2477.40 2527.90 2462.80 2376.30 1946.50 1895.90
25 2374.90 2502.50 2553.60 2451.50 2400.40 1966.30 1915.20
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Table E.l Contd .

Week No. Day
Monday Tuesday 'Wednesday Thursday Fridav Saturday SWldav

26 2282.10 2453.90 2355.70 2404.80 2306.60 1889.50 1840.4027 2001.1 0 2151.80 2065.70 2108.70 2022.70 1656.90 1613.80
28 2162.80 2325.60 2232.60 2279.10 2186.10 1790.70 1744.2029 2123.10 2282.90 2191.50 2237.20 2145.90 1757.80 1712.10
30 2337.40 2508.00 2407.70 2457.80 2357.50 1931.20 1881.0031 1913.70 2057.70 1975.40 2016.60 1934.20 1584.40 1543.30 I32 2056.80 2211.60 2123.10 2015.70 2078.90 1702.90 1658.7033 2120.~0 2280.00 2188.80 2234.40 2143.20 1755.60 1710.0034 1932.20 2077.70 1994.50 2036.10 1953.00 1599.80 1558.2035 1924.30 2069.10 1986.30 2027.70 1944.90 1593.20 1551.80
36 1868.60 2009.30 1928.90 1969.10 1888.70 1547.10 1506.9037 2067.40 2223.00 2134.10 2178.50 2089.60 1711.70 1667.30
38 1842.10 1980.80 1901.50 1941.10 1861.90 1525.20 1845.6039 1918.90 2063.40 1980.90 2022.10 1939.60 1588.80 1547.6040 1918.90 2063.40 1980.90 2022.10 1939.60 1588.80 1547.6041 1969.30 2117.60 2032.90 2075.20 1990.50 1630.50 1588.2042 1971.90 2120.40 2035.60 2078.00 1993.20 1632.70 1590.3043 2120.40 2280.00 2188.80 2234.40 2143.20 1755.60 1710.0044 2335.10 2510.90 2410.40 2460.60 2360.20 1933.40 1883.1045 2345.70 2522.30 2421.40 2471.00 2370.00 12.00 1891.7046 2409.30 2590.60 2487.00 2538.80 2435.20 1994.00 1943.0047 2491.50 2679.00 2571.80 2625.40 2518.30 2062.80 2009.2048 2358.90 2536.50 2435.10 2485.80 2384.30 1953.10 1902.40f- 49 2496.80 2684.70 2577.30 2631.00 2523.60 2067.20 2013.50
50 2571.00 2764.50 2653.90 2709.20 2598.60 2128.70 2073.4051 2650.50 2850.00 2736.00 2793.00 2679.00 2194.50 2137.5052 2523.30 2713.20 2604.70 2658.90 2550.40 2089.20 203.1.90
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