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ABSTRACT

There is a growing interest in the power industry in
guantitative assessment of composite generation and
transmission system adequacy evaluation. This thesis attempts
to further the state of the art in adequacy evaluation of a
¢omposite system by evaluation, analysis and solution of some
specific problem areas. A contingency enumeration approach is-
utilized 1in the adeqguacy evaluation of a system., As the size
of the system increases, inclusion of high level outage’
contingencies, particularly generating unit contingencies,
becomes necessary. This, however, increases the computation
time tremendously. As a goocd compromise, contingencies after
certain outage level can be included by modifying the indices
at the last level. This phenomenon is designated in this
thesis as termination. of an outage event. The etfect of the
termination and the inclusion of high level contingencies on
the adequacy indices is discussed in this thesis with respect
to practical applications.

Some of the problems encountered in a network adequacy
evaluation are bus voltage violations and non-convergence A.C,
load flow situations. A heuristic algorithm has been developed
to solve these problems by rescheduling the generating units
in the system and injecting reactive power at voltage
violating buses. The capacity deficiency in the system under
any outage contingency is alleviated by curtailing the locad at
appropriate buses., A lcad curtailment phllosophy is developed
and discussed in this thesis,

Calculation of both individual load point and overall
system indices is necessary in order to assess the adequacy of
a 1load point and of the system as a whole. These indices do
not substitute for each other, they complement each other. The
thesis stresses that the interpretation of the indices should .
be done in the domain within which they lie and that it is not.
valid to draw any conclusion about the adequacy ot a load
point from the system indices. Two sets of indices, annualized
and annual, are described and calculated for the systems
discussed in this thesis., The effect of including common cause
and station originated outage events on the system adequacy is
also analyzed and illustrated by practical examples. '
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CHAPTER 1
INTRODUCTION

Electrical energj plays a vital role in the economic,
social and geographical development of a region, a province
and a country. This -reéponsibility 'places considerable
pressure on power utilities to provide an unipterrupted
adequaté power supply of acceptable quality to its customers.
It is not economical and technically feaéible to attempt to
- design a powér system with one hundred percent reliability.
waer engiheérs have, however, élways aﬁtempted to achieve the

highest possible reliability within economic c¢constraints.

The term "reliability" has a wide'rénge -of. meaning and
cannot be associated with a single specific definition. When
used in ﬁhe context of power systems; it is generally defined
as the concern regardiné the ability of the power SYStem to -
provide an adequate supply -of electrical energyl. It is
necessary to recognize the extreme génerality of the term and
therefore to use it to indicate, in a general rather than
specific sense, the overall ébility,of the power system to
perform its function. A simple but reasonabler subdivision of
the concern designated as system reliability can be made by
- considering two basic and functional aspects of the 5ystem,

adequacy and security?’ 3,

Adequacy relates to the existence of sufficient



facilities within the system to satisfy each consumer load
demand, This, therefore, includes the facilities necessary to
generate sufficient power and the associated transmission and
distribution facilities required to transport the power to the
actual consumers load points. Adequacy is thereﬁdre related to
the static conditions which do not include system

disturbances,

Security relates to the ability of the system to respond
to disturbances arising within that system. Security Iis
therefore associated with the response of the system to
whatever perturbations it is subjected to. These include the
conditions associated with local as well as widespread
disturbances and the loss of major generation and transmission

facilities.

This thesis is concerned with adequacy evaluation of a
system., The basic techniques for adequacy assessment can be
categorized in terms of their applicatién to segments of a
composite_ power system. These segmehts are also called
functional zones, The three basic functional 2zones for the
purposes of planning, organization, operation and/or analysis
afe: generation, trahsmission and distribution. Adeqguacy
studies can be conducted in these three functional zones.

The total problem of adequacy assessment of the
generation and the t;ansﬁission facilities in regard to

supplying an adequate, dependable and suitable electrical



energy to the major customer load centers is designated as

composite system reliability evaluation,

The indices resulting from this assessment then serve as
input to calculate the adequacy of the individual consumer's
supply. This involves a comprehensive analysis ofl the
distribution‘ facilities in a power network. Attention has
been given to the evaluation of distribution facilities and

many publications4' 5, 6

are available,_ which suggest
appropriate reliability indices' and their assessment,
However, in the area of composite system reliability, very few
publications .afé available that outline the adeguacy
- evaluation techniques required to solve a power network. The
size of a practical power system and the complexities involved
in analyzing the network are major problems which remain to be
solved, As the size of a system increases, it is extremely
difficult ﬁo analyze the adequacy of a system due to the
tremendous increase in the computation time required for the
solution of the network using A,C. load flow_techhiqﬁes. Less
accuréte approaches such as D.C. ioad flow methods and
transportation models7 can be used to calculatefthe adequacy

of a system‘but they do not provide any information regarding
the quality of the power supply delivered to a load point. The
bus wvoltages and the MVAR 1limits of the generating units
cannot be considered unless A.C. load flow techniques are

used.



The selection of an appropriate technique, therefore, is-
of prime importance and is basically a management decision.
The selected technique, however, should be 'éapable of
satisfying the intent behind these studies from the
management, planning and design point of view. At the same
time it should also take into account the consumer
expectations, the Standard of 1living and the economic and
social consequences associated with an unreliable powér
supply. In order to obtain an appreciation of the state of the
art in the area of composite system reliability, a
questionnaire8 was prepared and sent to those Canadian power
utilities active in this area. The gquestionnaire was also sent
to those educational institutes who are engaged in the area of
composite power system reliability evaluation. This 'activity
was conducted through the Power System Reliability Subsection
of the Engineering and Operating Division of the Canadian
Electrical Asséciatioh (CEA). A listrof the participants is as
folliows:

(1) British Columbia Hydro and Power Authority, Vancouver,
B.C., Canada. | | |
(2) Institut de Recherche d' Hydro - Quebec (IREQ), Quebec,

Canada, |
(3) Ontario Hydro, Toronto, Ontario, Canada.
(4) Shawinigan Consultants Inc., Montreal, Quebec, Canada.
(51 University of Sask&tchewan (Power System - Research .
Group), Saskatoon, Saskatchewan, Canada.

(6) Technische Hochschule Darmstadt, West Germany.



A brief description of the questionnaire and the

responses of the participants is given in the next sections.

1.1 Description Of Questionnaire

In order to obtain a basic assessment of‘ the primary
features of the available digital computer programs and the
algorithms used to calculate adequacy indices for a composite
power system, a questionnaire was prepared and sent to the
participants noted earlier, In Ehe questionnaire, attention
was focussed on the following points:

{1) what major disturbances in the system constitute a
failure?

{2) wWhat indices are used to express these failures on a
quantitative scale?

(3) To what depth (level) are component outaées considered
and which outages {independent, common cause, failure bunching
because of adverse weather etc.) are considered in  the
adequacy evaluation?

(4) How 1is an outage contingency solved and what are the
‘correétive actions taken to alleviate system disturbances?

(5) In cases where a contingéncy results in a failuré, how
is the contribution of such a contingency taken into account

to calculate the adequacy indices?

The questionnaire concludes with an enquiry about the
load models wused in these studies, the techniques to reduce
computation time and the CPU time required to solve the IEEE

Reliability Test System (RTs)g.'



1.2 Summary Of The Responses

Table 1-1 shows a comparative suﬁmary of the respdnses.
from the participanﬁs. No attempt has been made to report the
CPﬁ time required to solve the IEEE RTS by the various digital
Vcdmputer"progréms due to 'ﬁhe. tremendous difference in the
intent of the énalysis. A brief description of the corréctive
‘adtions taken in éach case is given below. The queétionnaire
respondent is shown in brackets after each reference to a
particular program. The ‘organization. responsible for the

development of the program is shown in Table 1-1.

Corrective Actions:

. —— D A P S ——— -

(a) Capacity Deficiency:-

In order to meet any capacity deficiency in the system a.
provision has been made in all the programs to reschedule the
generating units to a predetermined -capacity level, Program

——

SYREL (B.C. Hydro) and_PCAP _(Ontario Hydro) also take into

account the constraints on the generation capacity imposed by

p—

generating unit start-up times,

(b) Line Overloads:-

Line overloads are alleviated by curtailing the load at
the appropriate buses, The selection of the appropriate buses,
- however, varies in each program. In the SYREL program

(B.C.Hydro), the appropriate buses are those which result in



least cost of load shedding and rediSpatchlo. GATOR 2.0
(B.C.Hydro) curtails the 1load (first intérruptable load
followed by firm load, if necessarf) proportionately at the
receiving end buses of the overload line(s) ‘and all those
buses which are fed from these receiving end buses. ?rograms
PREFIAPT and FIAPT (Hydro Quebec) wutilize an optimization
algorithmll that curtails the load at the buses so that
power limits of the lines are satisfied.
PCAP (Ontafio Hydro) curtails the load (first curtailable load
followed by firm load) at the buses decided by an -upper
bounding 1linear program algorithm14. COMREL (University of
Saskatchewan) alleviates the 1line overload by generation
rescheduling and load sheddingls. |

{(c) Voltage  ~ Vviclation, MVAR'  Limit violatioﬁ énd

Non-Convergent Situations:- -

No corrective action is taken by the programs which use a
D.C. locad flow or a transportation model. A brief description
of the corrective actions taken in the programs using an A.C,
load flow is given as follows:

(i)-_SYREL (B.C.Hydro) :- Voltage is corrected by
transformer tap settings, phase-shifter arrangement and
generation rescheduling. Génerator MVAR limit violations are
not allowed under any outage contingency and if no solution is
possible then the entire 'islénd' is shut.d0wn.'Non—convergent
situétions are treated as system failure and are calculated

separately.
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(ii) GATOR 2.0 (B.C.Hydro):~ Voltage is COrreéted'by
shedding the load tfirst interruptable loadrfoilowed by firm
load, if required) at the voltage violating buses..Generatorr_
MVAR limit violations are not allowed. In those casés where no
solution exists; the contingency is simply ignored and ho
further action is taken. Non-convergent situations are.alsé
skipped and are not included inradéquacy‘indices.

{iii) COMREL (U;r of Sask.):- Voltage is corrécted_ by

injecting reactive power at the voltage violating buses.

' Generator MVAR limit violations are not allowed .under any .

outage contingency. However, if no solution is possible, it is
treated as a system failuce..Non-conve:gent situations are

handled by scheduling the generating units and injecting

reactive power at the voltage violating buses. If a
non-convergent situation still persists, a D.C. lecad flow is

" used,

‘1.3 Scope Of:Thig'Thesis

This thesis attémpts to further the state of art in
composite generation and transmission . system ' adegquacy
evaluatidn. Extensive work in this area Qas done at the
University of Saskatchewan by Billinton and Medicherlal®, a
- digital compﬁter program for'adequacy'aésessment of a network
using a fast decoupled load flow technique was developed.
Studies on relatively small systems such as the IEEE 14 bus
and the SPC 30 bus system were done using this program. The

Saskatchewan Power Corporation (SPC) also carried out

reliability studies on their actual system using this program.
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In the process of their studies, they provided many
suggestions for further modifications that could be
incorporated in the program to make it more flexible and to

deal with real system problems, Besides integrating' some of
the major suggestions of SPC, a number of other stﬁdies were
conducted - after developing suitable algorithms  and
méthodolégies. A brief description of the fast‘decbupled load
flow technique and the corrective actions that are taken under
the outége of an element is discussed in Chapter 2. A liét of
the. - adequacy indices calculated on three selected test

9 and a Ménitoba

systems, a 6 bus test system, the IEEE RTS
assisted Saskatchewan Power Corporation (SPC) system, is also

diécussed in Chapter‘z.

Under the outage of the transmission lines, one of the
situations encéuntered is -the splittingf of a network into
smaller networks. if an A.C. load flow is carried oﬁt for
each separated hetwork, a Ala:ge nemory Storége for the
Jacobian matrices is needed. The computation time also
increases tremendously. "An approximaie sihple' algorithm
developed to:handle these split network situétions':is also

described: in Chapter .2,

As the size of a system increases, an examination of the
high 1level simultaneocus independent outages, particularly
those of the generating units, cannot// be ignored.

Consideration of high level outages, howevef, requires
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tremendously large computation time, The inclusion of high

level outages, their solution and the technlques used to

- reduce computatlon tlme are descrlbed 1n Chapter 3. Mod1f1ed

expressions for the probabxllty and the frequency of a
Markovian state afe -also presented in order to include the
contribution of higher level outeges. The_effecﬁ of high level
outages on the adeguacy indices, both individual ‘load1.point

and the system indices, is also demonstrated.

~% Some of the problems frequently encountered in network
adequacy evaluation are low voltage at the system buses. and
non-convergent A.C. load flow situations. A quantitative
treatment of these problems can. be easily done by simply
treating them as sysﬁem problems without taking any further
corrective action. Such a treatﬁent, however, cannot consider
the‘ severity associated with an outage event and no
gquantitative indices can be produced. A heuristic technigque to

-

handle low voltage and non-convergent situations ls described

e ——— s, .

ih Chapter 4. The technique decides the amount of reactive
N e

power (MVAR) to be injected at a voltage violating bus after
rescheduling the generating units in the system. A test of ;he
non-convergence of a contingency due to the non-linearity in
the mathematical formuletions and convergence property of the
Newton-Raphson load flow techniques 1is done before injecting
the reactive power, A simple algorithm to check the

non-convergence property was integrated into the digital

computer program. The etfectiveness of these methodologies was
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tested for the three systems as demonstrated in Chapter 4,

The consequences of the outage of an element on the
system performance depends upon a number of factors, such as
the relative importance and the location of the component in
the network configuration, the corrective action taken and the
load curtailment philosophy, etc.. It is, however, desirable
that the outage of an element inza particular area should be

reflected by the adequacy indices calculated for the area. The 7

load curtailed under a particular _outage _event may be

localized at one bus in a system or_may be distributed among a

group of buses in the system depending on the load curtailment

philosophy., This necessitates the calculation of adequacy
indices for each load point as the system overall indices may
not provide a correct appreciation of the adequacy of each
load center, Relatively little attention has been paid to the
exaﬁination of the individual bus indices and the tendency
amongranalysts working in this area is to calculate the system
indices only.' This can be seen from the responses to the

questionnaire8 on composite power system reliability.

A comprehensive analysis for the sensitivity studies
performed for ;@eﬂ 6 bus test system and the IEEE RTS is
discussed in{Chapter'S. The effect of the load variation and
of the depthlof the con£ingency level on thé individual load
point indices as well as on the sYstem indices is demonstrated

in this chapter. A brief description of the 1load curtailment
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philosophy used in this study is also given.

In the adequacy evaluation of a b&lk power system, it is
normally assumed that the station components such as breakers,
isolators,Abus-sections, station transforﬁers etc., do not
fail and therefore each bus in the system is assumed to be
100% reliable, Attempts have been made to asséss the
reliability indices for individual station configurations in

~an isolated manner17. This analysis provides a good

comparison between two station configurations, but to fully
appreciate the selection of a particular station configuration
and‘its role in the overall system, it is necessary that the
outages of the individual station components be considered in
the sysﬁem context., The effect of these outage eventsr on the
system performance should also belevaluated in quantitative
terms, These _outage events, termed as station originated
outage events, are discussed in detail in Chapter 6. The
effect of station originated events on the adeguacy indices as
a function of system load is élso described. The effect of
common~cause outages on the system indiées, in addition to the
sﬁation originated outages, is also demonstrated; An attempt
is also made to determine the relative contribuﬁion of
different outage contingencies viz., common cause, station

originated, to the adequacy indices in Chapter 6.

There is a growing interest 1in the power industry in

quantitative assessment of composite system reliability
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evaluation. This activity is being accompanied by intensive

data c¢ollection procedures18

for component reliability

assessment for virtually all classes of major equipments, This
thesis attempts to further the‘ state of art in adequacy
evaluation of a composite Qeneration and transmission system

by evaluation, analysis and solution of some specific problem

areas,



CHAPTER 2 .

'A QUANTITATIVE METHOD FOR ADEQUACY EVALUATIOB-I‘

' OF A COMPOSITE SYSTEM
2.1 Introduction

The main objective of bulk pdwer system planniﬁg is the
economic development of the -geheration and transmission:‘
facilities required to satisfy ﬁhe customer load deméndslat
acceptable levels of guality and availability. Such a
reguirement ‘invariabiy dictates the need for quantifying
adequacy indicesrat ﬁ;jor distribution'points. ihesé -inqices
| can - then be used to_calculate the adequécy of aﬁ ind;vidual‘
._loadrpoint.‘ The qﬁantita;ive évaluation'ot the adequacy bf.'aj

composite power system is comprised of the tollowing,stéps:' S

(1Y Evaluate the performance of the power System without .

removing any component, or in other wode' ‘study _the--
performance of the base case system. | ‘

(25 Make changes,'iﬁ -thé‘netwbrk cbﬁfiguraticﬁ dUe‘td'the.-
' *credible“ outage(s) of various ébmponenﬁs.r |

(31',Check the adequacy of ;he moﬁified power syétém,.

(4) Také any corrective action, if ‘necessary, -such‘ as
rescheduling of the generafiﬁg units, - line. overloads
alleviatibn, correction of bus voltages énd‘ loadr curtailment
at buses, etc.. |

(55 Calculate the _adequacy indices for the system as a

whole and the individual load‘points.

‘A performance evaluation of the existing power system' is
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first done to ensure that the base Q&se'is satisfactory,
becéuse if the baée case is unsatisfactory thén any further
outage(s) " of the system compbnents will result in
unsatisfactory operation of the system. Such a siiuation‘.may
~not warrant any further adequacy studies. On tﬁe other hahd.
if the base case isfsatisfaCto:y then the effect of removing.
components from the system is studied. This involves the
hnbortant task of checking the adequacy of the modified

system.

'Various- techniqﬁés, depehding-upon the-adeqqacy-critefia
employed and ‘the intent‘behind the . studies, are available in 
~order to analyze the adéquady of a power sy3£ém,f One. of the
simplest'approéchésris-tb treat the system as'a-transportation-
mode17;719'£20 in order -to ensure the_cbntihﬁiﬁy 66 power
supply . at varioqs ‘load [centers. _ Approximétei"load Eldﬁ‘-
techniques suchl.és'-D.C. load'fiow etc. are'qgipe_simple'and
fast but they-dnly“provide an estimate‘ of the _line' §owet '
flows,: withoﬁt including any estimate of‘the bus voltades.énd'
the reactive power limits'of the generating units, etc.. If
the quality of the. power supply (proper voltégellevels and

correct MVAR limits of the generating units) is an important -

adequacy  criterion, then more accurate A.C. load flow

methodSZI' 22 such as 'Gauss-Seidel, Newton-Raphson - and
second order load flcw techniques must be employed in order to
calculate the adequacy indices. These technigues are not

often used because they are computationally more expenéive,and
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have large storage requirements, Several computationally
faster A.C. load flow technigues which are modifications of
‘the Newton~Raphson load flow approach are available. The fast

decoupled load flow technique is one of these methods.

The fast decoupled load flow technique appears to be a
good compromise between D.C. and A,C. load flow appro&ches
considering the storage requirements ahd solution speed. At
the same time it can be used to check both continuity as well"
as qQality of a power system thus meeting the two important

adequacy requirements, Initial workl®

reported on composite
generation and transmission system reliability wutilized  the
fast decoupled 1load flow algorithm developed by Stott and

12

Alsac~“. A brief description of the fast decoupled 1load

flow technique is given below.

2,2 The FastrDecOup1e¢ Load Flow Technigue
The well known polar power mismatch Newton method is‘a
general algorithh"for solving non-linear equations, which
utilizes successive solutions of the - sparse real
Jacobian-matrix equation given by |
AP H N Aé
= . ' (2.1)
AQ J L AV/V
The decoupled lcad flow algorithm neglecﬁs weak couplings
between the real power and the voltage magnitudes and the
reactive power and the voltage phase angles. The following

two separated egqguations are obtained by neglecting the
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coupling submatrices [N] and [J] in Equation 2.1.

[&P) = [(H] (46 } (2.
Bol = [L] (AV/V] L (2.3)

where
| Hkm? Lkm= Vkvm(kaSinakEBkmcosehn) for m#k
2
Hep® =ByxVk =Qx
and. '

_ . 2
L™ “BkkVk %

In a ‘practiéal system the following assumptions are
always valid:
c 2

cosé Kkm

i 51ne‘km<<3km' Q<<By Vi

These aséumbtiohs simplify Equations 2.2 and 2.3 to .

AP] = {VB'V] [a0] . {2.4)

(aQ] = (vB"V] (av/V] (2.5)

‘The final fast decoupled load flow equations are given

below after making further physically~-justifiable

simplificationslzz

[AP/V] = {B } (48] (2.6)

(5/V) = [B'] (] (2.7
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Both matrices [B']' and [B ] are real, sparse and
contain onlf network admittances. Since [B'] and [B"]'afe'
constant, they need be triangulated only once at the beginning
of the iterative process. The fast repeat solutions for { A8)
and [aV] can bé obtained using constant triangular factoré of
[B'] and IB“]; The magnitude of the voltage at eaéh load
bus "and the voltage phase angie at each bus except the swing
bus are modified as given by Equations 2.8 and 2.9.

BUIERLISFRREY (2.8

WVlpew = Wg1g ¥ [ &) | (2.9)
Power mismétches [AP/V] and (A Q/V] are calculated for
these new values of bus voltage and bus angle. Equatiohs 2.6 '
and 2.7 are iterated in some defined manner towards- an exact
solution,  i.e. when power mismatches are less than the

tolerances.

The solution is adjusted for the generator MVAR limits
and the load bus voltagé limits once a load flow solution is
modérately éonverged. The cofrection of the voltage at each
violating PV ‘(generator)' bus is done 'by' calculating the
sensitivity factors as discussed in Appendix 3 of éeférence

(12].

¥ Based on the above algorithm, . a digital computer

program16~for solving load floﬁ-for each outage contingency
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- was developed at the University of Saskatchewan. The same
A.C. load flow algorithm, after making minor modifications,

has been used in this study.

It may" be necessary to take corrective actions while
solving a 'contingency using an A.C. 1load  flow. These

corrective actions are discussed in the next section.

2.3 Corrective Actions

In the case of generating unit outages, the remaining
units in the system are rescheduled so as to meet the
generation deficiency created by the removal of the generating
units under outage. 1If the total load of the system is higher
than the total available generated' power, the load is
curtailed at the system buses, The load curtailment
philosophy"used in this theéis is discussed in Chapter 5. 1In
the case of generator MVAR limit violations, Q-limits of PV
buses are corrected by wusing sensitivity factorslz. The

contingency is treated as a failure event if the Q-limits of

the PV buses are still violated.

In the case of line or transformer outages, generatiﬁg
units are rescheduled using a‘heufistic algorithm described in.
Chapter 4, 1Isolation of a bus(es) due to line outages is also
recognizéd. The adequacy  indices for isolated .bus(es) are
calculated depending upon the‘ available generation and the
connected load at these buses. An A.C. load flow is conducted

on the remaining system and the adequacy of the part system is
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evaluéfed. It ‘the outages of the line{(s) result in a split
netwoﬁi, the adequacy of each network is tested. In'order to
saﬁe--étorageﬁrequirements for calculating admittance matricee.
for eachlseparated‘network and.the computatioh time ih eolving
them; a simple and faeter but less accurate approach‘has been
used in this study.  This approach isrdiscussed in sectioﬁ

2.10.

THe voltage limits at the voltage violating buses are
cofrec%ed by injecting ‘reactive_ power at these buses. A
~heuri§§ic aléorithm _'forl Qoltagel v1olat1ng cases and
- non-conVergent{ cases has been developed and is described in
Chapter: 4, ;Tae OVerloads . of 'lines are alleviated by a |
generaiion reschedulxng and load sheddlng algorlthm15 : fhe‘

swing bis oyerloads arlslng ‘because of generatlon detlcxency‘

are allev1ated by curtalllng the load at the.appropriate fj,

buses.’ 'The load ~curtailment philosophy is: described ‘ih”

‘Chapter 5. .

Afteér testing-the system adequacy and taking.approp:iate'
corrective aétiéns,-a- guantitative assessment ot a system
| problem  iis exptessed in terms of a set of adequacy indices.,

These adeguacy indices are as follows.

2.4 A@éﬁuﬁcy Indiceg?’ 16
Tﬁe édequécY'evaluatioh of the composite power system can
be best eﬁpressed by produ01ng indices both for the system and

for the lﬁdxv1dua1 load p01nts.. - The response of various:



organizatioﬁs to the questionnaire indicates that there is no
consensus in the industry as to which reliability indices are
the best., Therefore, depending upon the-failure criteria, it
is apprépriate to study a variety of Adéqﬁacy indices which
convey meaningful information regarding the performance of the
‘system and are also éuited to making system design/alteration
decisions. In this study, the main criteria chosen fér
defining unacceptable quglity of power supply at a load peoint
~are: 7

(i) The load point voltage being less than a - specified
minimum value and/or

(ii) the " inability of the system to supply the load
connected to that bus without line overloads. A. comprehensive

list of the indices considered in this study is given below:

Load Point Indices :

—— — ———— — ——— — . — S —— - ——

(A) Basic values:-

(1) Probability of,6 failure = L PyePry
: J

(2) Frequency of failure = § EYPKJ

Where: J is an outage condition in the network,

P is the state probability of outage event J.

F; is the frequency of occurrence of outage event J,

Prg is the probability of the load at bus K- exceeding the

maximum load that can  be supplied at that bus during the
“outage event J. For a fixed load level considered tor a.

specific period of time,‘PKJ will be equal to zero if the .

total load at bus K can be supplied without any problem but
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Pra

total load at bus K.

will be unity if there is some problem in supplying the -

{3) Expected number of voltage violations = E Fye
Jev

Where JEV includes all contingencies which cause VOltage

violation at bus K.

(4) Expected number of load curtailments = X F.
JeX,Y-

Where Jex includes all contingencies ‘resulting in line
overloads which are alleviated by load curtailment at bus K.JeY

includes all contingencies which result in an isolation of

bus K.
{5) Expected load curtailed = . I Les-F o MW
' ‘ JeX,¥Y J '
]
Where Ly is the 1load curtailment in MW - at bus K to

alleviate line overloads arising due to the outage event J, or
the lcoad not supplied at an isolated bus K due to the outage

, event‘J.

(6) Expected energy not supplied

= E 3 . D [ F MWh -
e, Les Dgrt ¥Fj
z P.. 8760.0 Mwh.
TeX.Y Leasfse

Where DKJ is the duration in hours of the load curtailment
arising due to the cutage event J; or. the duration in hours of
the load curtailment at an isolated bus K due to the outage

event J.
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(7) Expected duration of load curtailment

= £ . D_._., F, hours.

Jex,y ™7
= E PJI 8760-0 hours.
JeX,Y

(B} Maximum vValues:-

_(8) Maximum load curtailed in Mw

raes e I

= Maxo ILK].'LKZ'..-.LKJ
(9) Maximum energy curtailed in MWh

= Max.[ LKIDK].'LKanz""'LKJDKJ"°"|
(10) Maximum duration of load curtailment in hours

- Max.l DKl'DK2'b...DKJ’!-t.

The outage event and its probability and frequency which.-
causes the above maximum values are also reported in this
thesis.

(C) Average Values:-

{11) Average load cgrtailed
LKJ'FJ

JeX, v
I F
JeX,Y

MW/ curtailment.
5 ‘

- {(12) Avera e'ener not supplied
< gy% L .. %p. 876G.0

Jex,y &9

£ F
Jex,y J

MWh/curtailment.

(13) Average duration of load curtailment

JE; Y DKJ. FJ
2 hours/curtailment.
r FJ
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System Indices,:].'3

(A) Basic Values:-

(14) Bulk Power Supply Disturbances (BPSD)

= Iz I FJ
: ' K JeX,Y
(15) Bulk Power Interruption Index {BPII)
b Z z ‘ o
KJ J
K JEX',Y MW.
. LS |
(16) Bulk Power Supply Average MW Curtailment (BPSAMC)
Lesw s '
= K JSXE F HW/disturbance.
| Jex, ¥ Y
(17) Bulk Power Energy Curtallment Index (BPECI)
, ‘ I 60.0, LKJ D
K Jax Y
System minutes.
L

This is also called as Severity Index.

——— M — i A o —— . ———

- {18) Modified Bulk Power Energy Curtailment Index (MBPECI)

£ £ L,.D, .F
K Jex,y = K J

L

g° 8760.0

Where Lg is the total system load.

(B) Average Values:-

(19) Average number of load curtailments/lbad point

= 3 z F, /c .
K JeX,¥
(20) Average load curtalled/load p01nt

= I 1L
R Ix,y ©
(21) AveragegFoad}curtailed/load‘point

. FJ / C MW,

;Vf ‘,\"‘.;“ v = z z L * D * F / C mh.
S TAR ¢ ) K JeX,Y KR J
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(22) Average duration of load curtailment/load. point
=X I D, /¢ Hours, o

K Jex,Y &
(23) Average number of voltage violations/load point

=35 I :ﬁll c.
KJev ¥

Where C is the total number of load points in the system.

- (C) Maximum Values:-

(24) Maximum system load curtailed in MW
-Maxul élﬂxly ELKZ’ _'..,E LKJ'IIHO[
(25) Maximum system energy curtailed in Mwh

IMax.l ELKIDK],’ ELKz D-Kz".." ELKJ DKJ’...I

TheSe-.indiCQS- are calculated for a singlé fixed load
level 6ver‘aiperiod of one year and_afé then. referred to as
®"annualized indices”;- In practical systems, the load does not
remain constant th_rdugho.ut—_the pe-riodr and 'theréj'fbr:é" the effect
of a variable load level can be ihc_l-uded'--i.h brder to produéé "
more feprésehﬁéﬁive "annual® indices. The step ‘modéling. of
the load for various test systems. i‘s explained in section 2.6

of this chapter,

If the values of any index arg S IR P X,

for load ‘levels 1y, l,, «euee...ql, Fespectively and the
probability of occurrence of the _loaq levels 11, 12,
o‘o--oo-.oo._d' ln are pll pz'oooo-ooo.od‘ Pn reSPQCtively'

then the annual index X is,
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Y: (pltxl"' p2.XZ+.colocoo+ pnoxn)

The basic and the average values will be affected, however the

maximum values remain unchanged as these represent the maximum

value of an index for any load level over the period of study.

In addition to calculating the above indices, indices
such as the total number of voltage violation c¢ontingencies,
total number of locad curtailment cbntingencies, total number
firm load curtailment contingencies,  total number of
non-convergent contingencies are also calculated. " The
probability and the frequency of an outage 'cdntingency
resulting in the load curtailment of curtailable locad are also

included in this study.

It is impoftant to appreciate that the two sets of load
-point and system indiceé do not replace each other but
actually complement each other, The load point indices are
very useful in system design and 1in comparing alternative
system configurations and system alterations. They also Qerve
as input -‘indices inl the reliabilitg evaluation of- the
distribution systems supplied by the corresponding bulk power
éupply point.' The overall system indices indicate- the‘
~adequacy of the coméosite system to meet its total load demand
and enérgy requirements and therefore are quite useful to the
system planner, It must be recognized, however, that it may

be difficult and sometimes misleading to draw conclusions
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regarding the adequacy of a particular system load point from
the overall system indices or bus average indices. This

aspect is emphasized in Chapter S,

2.5 Test Systems.
The adequacy studies are conducted on the following three

power systems.
(1) A 6 bus hypothetical test system,
(2) the IEEE Reliability Test System (RTS)”, and

(3) a 45 bus model of the Manitoba assisted Saskatchewan

Power Corporation (SPC) system.

The following is a brief description of these systems.

2.5.1 The 6 Bus Hypothetical Test System

The single line diagram of the 6 bus test system is shown
in Figure 2-1, The line data and the generator data of this
system are given in Appendix A. The system has 2 generator
(pv) buses,.Q lines and-16 generating units, The voltage

limits for this system are assumed to be 1.05 and 0.97 p.u.

2.5.2 The IEEE Reliability Test System (RTs)®

The single 1line diagram‘df the 24 bus IEEE RTS 1is given
in Figure 2-2. The line, transformer and the generator data
of this system are included in Appendix B. This system has 10

generator (PV) buses, 10 load (PQ) buses, 33 transmission
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Figure 2-1: Single line diagram of the 6 bus test system .



. Figure 2-2: Single line'diégram of the
IEEE Reliability Test System (RTS)
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lines and 5 transformers. The total number of generating
units is 32. The minimum and the maximum rating of the
generating' units are 12 MW and 400 MW respectively. The
voltage limits for the system buses are assumed to be 1.05 and

0.95 p.u.‘

2.5.3 The Manitoba Assisted Saskatchewan Power Corporation
(SPC) System |

The single line diagram of the existing power network of
Ehe Manitoba assisted Saskatchéwan Power Corporation (SPC) is
shown in Figuré 2-3. The system has 45 buses in 'total, of
which 4 buses, The Pas, Roblin, Reston and one fictitious bus,
are included to represent equivalent- assistance from the
Manitoba Hydro System. A power import of 300 Mwi from the
Manitoba system is represented by 3 units of 100 MW each at
the fictitious bus. The fiétitious bus is connected to three
buses, The Pas, Reston and Roblin, as shown in Figurel2-4;
The fictitious lines and interconnections between the four
buses are assumed to be an equivalent power network of the
Manitoba system for these reliability studies. The system has
8 generator (PV) buses, 37 load (PQ) buses, 71 Eransmission
lines/transformers and-'29 generating units, The line,
transformer and the generator data of this system is included
-in Appendix C, The minimum and the maximum rating of the
generating units are 15 MW and 280 MW respectively. The
'voltage limits for the system buses are agssumed to be 1.05 and

0.95 p.u.
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Figure 2- 3 Single line diagram of the Manitoba Assisted
Saskatchewan Power Corporatlon (SPC) system
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Figure 2-4: EquiValentVManitoba assistance model
for the SPC system '
2.6 Load Modei
The adeqﬁacy indices have been calculated considering
(i)‘a single step peak load model,
(ii) a multistep load model.

‘A multiste§ load model 1is used to study the effect of load
variation on both the system and the bus adequacy indices. A
gingle step peak 1locad model has been .used to calculate
"annualized indices®. These indices are discussed in Section‘
2.4. A brief descriptioh of the load models for each test

system is given below:
- 2.6.1 The 6 Bus Test System

(a) The single step peak load model:-

Figure 2~5 shows the single step peak‘load model for this

system, The peak load is assumed to be 185 MW and remains
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System Peak Load = 185 MV
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Figure 2-5: Load models for the 6 bus test system



37

constant throughout the study period of one year.

(b) The multi step load model:-

W

'Figure 2-5 also shows a Ar step load model for this .
, 72 L
system. The minimum load is MW -( %) of the peak load

and the step size is 20 MW. Table 2-1 shows the numbef of
days.when the system 1load 1is equal to or: less than the

corresponding step load but greater than the next lower step

load.
Table 2-1: A four step load model for the 6 bus
' ‘ test system
S.No. - Number Step Number % Days for each
of steps load (MW) of days ~step load .
1 1 185 : 91‘ 25
2 2 165 ;911, 25 feP,Pz,Fgf’#
3 3 145 1 91 25 ‘ -'O*QS'
4 4 125 L 91 ] 25 :
———————— i —— —— " ————— v > —— -\t_——-’—; ———————————————————
Total 364 100

S L S AT ) T . N — D ) - — ) - I . A gp -

2.6.2 The IEEE RTS

A description of the load model for the RTS.is given in
Reference [9]. The load data are givén‘for a 364 day period,
thereﬁore a year is assumed to consist of, B736 hours. = The
annual’ peak load for the test system is 2850 MW. The weeklg,
daily and hourly load peaking facﬁors are inen in Tables 2-2,

2-3 and 2-4 respectively. The - load duration curve for a
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Table 2-2: Weekly system load peaking factors
for the IEEE RTS '

ki s - D v i ) e A —— U A P D W S P = T T S G D S Y Y = G S, —— Y G - ——h ——— P Y T S = w— ————

Week Peaking Week Peaking Week Peaking Week Peaking

Factor Factor Factor. Factor

1 0.862 14 0.750 27 0.755 40 0.724

2 0.900 15 0.721 28 0.816 4l 0,743

3 0.878 16 0.800 29 0.801 42 0.744

4 0.834 17 0.754 30 0.880 43 0.800

5 0.880 18 0.837 31 0.722 44 0.881

6 0.841 19 0.870 32 0.776 45 0.885

7 0.832 20 0.880 33 0.800 46 0.909

8 0.806 21 0.856 34 0.729 47 0.940

9 0.740 22 0.811 35 0.726 48 0.890

10 0.737 23 0.900 36 0.705 49 0.942
11 0.715 24 0.887 37 0.780 50 0.970
12 0.727 25 0.896 38 0.695 51 1.000
13 0,704 26 0.861 39 0.724 52 0.952

- ———— il —— T VD ) N T A A T D T VL ST T T D T T A N - D D S - ] - — -

Table 2-3: Daily system load peaking factors
for the I1EEE RTS

Day Peaking
Factor
Monday 0.93
Tuesday '1.00
Wednesday 0.98
Thursday 0.9%6
Friday 0.94
Saturday 0.77

Sunday 0.75

D T
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Table 2-4: Hourly sysiem load peaking factors
for the IEEE RTS

T O T A T T S S D . T T i VD L — — A D T . A — " —— A — T T T W A U ke -

Hour Weeks 1-8 & 44-52 Weeks 18-30 Weeks 9-17 & 31-43
- Weekday Weekend Weekday Weekend Weekday Weekend

1 0.67 °~ 0.78 0.64 0.74 0.63 0175
2 0.63 0.72 0.60 - 0.70 0.62 0.73
3 0.60 0.68 0.58 0.66 0.60 . 0.69
4 0.59 0.66 0.56 0.65 0.58 0.66
3 0.59  0.64 0.56 0.64 0.59 0.65
6 0.60 0.65 0.58 0.62 0.65 0.65
7 0.74 0.66 0.64 0.62 0.72 0.68
8 0.8¢ - 0.70 0.76. 0.66 0.85 0.74
9 0.95 - 0.80 0.87 0.81 0.95 0.83
10 0.96 0.88 0.95 0.86 0.99 0.89
11 0.96 0.90 0.99 - 0,91 1.00 0.92
12 0.95 0.91 1.00 0.93 0.99 0.94
13 0.95 0.90 0.99 0.93 .93 0.91
14 0.95 6.88 - 1.00 0.92 0.92 0.90
15 0.93 - 0.87 1.00 0.91 0.90 0.90
16 0.94 0.87 0.97 ¢.91 0.88 0.86
17 0.99 0.91 0.96 0.92 0.%0 0.85
18 1.00 1.00 0.96 0.94 = 0,92 0.88
19 1.00 0.99 0.93 0.95 0.96 0.92
20 0.96 0.97 0.92 0.95 0.98 1.00
21 0,91 0.94 - 0.92 - 1.00 0.9¢6 0.97
22 0.83 0.92 0.93 0.93 0.90 0.95
23 0.73 0.87 ~ 0.87 0.88 0.80 - 0.90

24 0.63 0.81 0.72 0.80 ¢.70 0.85

A S ) I T S Ve S Y — o e — A — G ol —— i — o  —— — e — — o ) — ————— ————
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Figure 2-6: Load models for the IEEE RTS
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winter peaking system is shown in Figure 2-6. The minimum
value of the load is 966 MW (33.88 %) of the peak load. = The
following is '5 brief description of 1load models for this
system,

(a) The single step peak load model:-

The annual peak load curve with a system peak load of
2850 MW is shown in Figure 2-6. This peak load remains
constant throughout the study period of one year.

(b) The 13 step load model ;-

In this load model, the load variation at each- bus ié
represented by. a normalized load duration curve approximated
by a multisfep'load curve as shown in Figufe 2-6. A step size
of 150 MW was used for the entire system load. Iable -é—S
shows the humber of hours during which the system load is
equal to or less than the corresponding step load but greater

than the next lower step load.

2.6.3 The Manitoba Assisted SPC System
The annual peak 1load for the SPC system was taken as
1802.50 MW. Adequacy studies were only conducted for this

single step peak load.

In the case of each test system, bus loads are classified -
into two curtailment categories , firm load and curtailable
load. If possible, a system problem is alleviated by shedding

the curtailable load- only. Depending on circumstances,
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Table 2-5: A 13 step load model for the IEEE RTS

A S A S . Y S S - A P WD A S W A S A T T P T U W A . W S T S -

S.No. Number Step Number % days for each
of steps load(MW) of hours step load
1 1 2850 23 0.263
2 2 2700 112 1.282
3 3 2550 381 4,361
4 4 2400 722 8.265
5 5 2250 744 8.517
6 6 2100 824 9.432
7 7 1950 1067 12,214
8 8 1800 1048 11,9986
9 9 1650 930 10.646
10 10 1500 1248 14,286
11 11 , 1350 983 : 11.252
12 12 1200 559 6.399
13 i3 _-2050. 95 1,087
(‘ Total 8736 100
G\ TTTTTTTTTIT T T o
ot

curtailable load may represent certain utility loads and loads
curtailable by contract etc. The amount of curtailable locad at
a bus can be decided by the system manager depending upon the

- relative priority assigned to the bus.

2.7 Outage Model

Outages of generating units, 'lines and transformers
individually or in~ combination with outages of other
generating units, lines and transformers are considered in
this study. Treating generating units, lines and transformers
as séparate elements increases the flexibility-of the approach
but the number of Markovian states which represent the outage

contingencies also increases tremendously, For a system
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having 9 elements, there is a total of 512 states, As the
number of'eiements increasés, the number of Markovian states
increases rapidly as shown in Table 2-6, which gives the_totai
number of Markovian states for the three tést syétems studied

in this thesis.

- Table 2-6: Total number of possible Markovian states
for the three test systems

————— —— . — i — —— — i S — i i w——— — i i o —— — — " —— " iy e ot vy il kb " —— A G ———— i ik vy oy S w—— w— ——

S.No, System- Total number Total number

description of components of states.3d

1 6 bus system 25 33554442
2 IEEE RTS 60 11529215046 x 10°/
3 SPC system 100 126765’}/096002 x 1036

T T ——— T P T . T T N Y . " Y — — VD . ——— A ——— ——" ——p -

T

As seen from Table 2-6, it is quite clear that it is
impossible to  attempt to calculate the contribution of all
states. Since the probability and the frequency of states
having many components out are extremely low and:as such
negligible, it is not really necessary to solve high level
contingencies. In order to minimize the number of

contingencies which should be calculated, it is appropriate to

FUNBTRERE -

specify either a*probablllty cut-off or a frequency Cut-off-?\f”
11m1t.{ This may also be achieved byTspeczfylng an approprlateg,ﬂwﬂ

— R

%
contlngency 1evel to whlch outage contlngen01es should be %f,/
' i

i

.,.-‘

con51dered.i The main obJectlve is to recognize “credlble“
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outage contingencies and this c¢an be achieved by employing
either of the contingency selection criteria or a combination

of both.

A credible outage event at any contingency level is one
whose contribution to the adequacy indices is too significant
to ignore. A contingency level means the number of situations
|
that result in outages of the component(s) e.g., if two
components are out independently, the contingency level' is
two. However, if two components are out because-of a single

_qcommon cause outage event the contingency level is one. Table
2-7 and Table 2-8 give the number df states for generating
unit and-line/trahsformer independent outages réspectively for
the IEEE RTS for various contingehcy levels.,  The probébility

and the frequency of a éontingency at each level is also given

for typical values of failure rate (A) and repair rate ().

As can be seen from Tables 2-7 and 2-8,' indepéndent
outage events beyond the 4th level for generator outages and
the 2nd level for line/transformers outages have very low
values of probability and frequency and as éuch their

contribution is virtﬁally-negligible. The number of .states
also incréases significantly as 'the number of contingency
levels increases. This results in a large computation time if
high level outages are considered. in this study, generatory'
outageé up to the 4th level and the 1ine/transformerl‘

. ‘f
independent outages up to the 2nd level have been considered. %
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Table 2-7: Probability and frequency of a generating unit
‘outage at various contingency levels ‘ , 20 ¥
A:; U,'jy’(JO~

(u= 175.44 r/yr, A = 9.22 £/ye. )7

——— i A el S ek P e e Sl St Y S S S Sy mp b " —— ————— ———— " i - —— ———

S.No. Contingency Total no, Frequency
level of states o U,_p}qf(o?@/ 08,! A ..Dk—d’&/

1 i 33— (0.0500000000 8.776000

2 11 528 vaﬁﬁiggooooo 0.877000

3 III 5488- 0.0001250000 0.065800

4 v 41448 0.0000062500 0.004390

5 v 242824 0.0000003125 0.000274

A i A S P P it e T A e S A ki st S D D il e oy S g it A ks S ey S S —— o iy LD A oy — v —————— -

Table 2-8: Probability and frequency of a line outage
at various contingency levels

(nu= 876 r/yr, r= 0.40 £/yr.)

—————-———————-————-—-— " —— it dole T — et ol — . ———— VE} iy o———— . ol TV wnle s

S.No. ContmgencY Total no. Prebabriitty \Li:l_etquency

level of states Unowoul- O{-‘T—‘ §
,J Cﬁmﬁf\%o
1 I 38 0.456 x 10°°  0.400
2 1T 741 0.210 x 10°° 0.365 x 1073
3 I1I 9177 0.950 x 10710 0.249 x 107°
' -13 9

4 1V 82992 0.434 x 10 0.152 x 10~

- D — A A A i TP I Dk b —— ke Y i b e — WV T — S P W — . W — T D P D D VD N b T
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Common cause events involving outages of three lines have also
been included in this study. These outages are discussed in

Chapter 6.

‘Three distinct categories of outage events which are, in
fact, forced outage events are recognized and taken into
account, The forced outage of a coﬁponent is defined as the
cémplete outage of the component from the system. The outaged
component cannot therefore physically or operationally assist

the system in any way.

The three categories of forced outage events considered
in this thesis are as follows:

(1) Independent Outage

An. independent outage results due to the failure of a
éomponent. The cause of an independent oﬁtage is neither (a)
a direct cause of any other outage nor (b) a consequence of
another component outage.

{2) Common Cause Qutage

A common cause outage is an outage event having a single
external cause with multiple failure effects, where effects
are not consequence of each other23. Common mode outages
resuiting from the failure of lines having common right of way

or supported at the common structure for at least a part of

their length are considered in this study.
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(3) station Originated Outage

This is a dependeht outage event that results.becauée of,
‘the outage 'ofi station | components such as breakers,
transformers and bus sections. ‘Outages because of the active
and paésive‘failure of breake;s, bus section faulis and fo:qed
outages-of'station transformers have been considered. in  this

thesis.

In;‘additiOn to ;hé Vpreviously. noted foréed outages,
scheduled o@tages beCéQsé_of planned mainteﬁance of st#tion
'elements are also considered. A scheduled 0utage'is_an,6utager
thét results when -a component is deliberately taken out of .
sé;vice at a -selected time, -usually gforr'the :pﬁtpose;‘df

‘construction, preventive/planned maintenance, or repair.

' The digital computer program does not recognize the
common cause outage events or station originated outage events

aEEoTigipg}lys - The data for;theSe-dependént events have-to:be
given as an input to the digital computér program, The data
should provide information regarding components ' that aré
removed.due to these dependent outages. | They shouidr_aléo
. provide ;values for the associated failure and repair rates or -
‘probability and frequency of down states caused by the' outage
of these components. In the case of commoﬁ cause outages, the

data are'provided together with the outage data of generating

‘units and transmission lines. The data for station originated
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outages are generated by another digital computer
algorithm24. These data are then used in the modified
digital  program for the composite system adequacy evaluation

to examine the effect of station originated outage events,

2.8 State Space Mod91325

The probability, frequency and duration indices of a
'system are computed using Markovian models which provide the
transitions between the states. Models for a Single component
outage, independent overlapping multiple outages for three
non-identical components, common mode outages and station

related outages are described in the following section,

2.8.1 A Model For A Single Component Outage
The state space diagram for a singlé component (two

states) outage is given in Figure 2-7.

1yl wue - DOWN (2)

Pigure 2-7: Two state model for one component

The probability, availability, unavailability and the

frequency for this model are as follows:

Availability A = p, = u/(H + 1)

Unavailability u = p2 = A/(A+ )
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Freqﬁency f=ur /(U +A)

2.8.2 A Model For Three Independent Component Outages

The state space diagram fof' three non-identical
independent components 1is given in Figure 2-8., The
expressions for ' the probability and the frequency for this

model are as follows:

Py smusw/ D5 £y = PiOgtagtg)
P, 311“2“3/ D ; f2 = Pz(ul+%2+l3)
P3 =|ilzu3/ D ; f3 = P3(Al+1b+l3)
Py =mur3/ D i £ = Pyldy+ Hhug)
Py A3/ D i £5 % Pglugrineiy)
Pg =Mup X/ D £g = Pglug+hytug)
Py =iz X/ D £ = Pald +iptug)
Pg =MAy A/ D ; £g = Pa(ul+p2+u3)

where, _
D = (u1+l1)(u2+A2)(1g+l3)

2.8.3 A Model For Common Cause Qutages>®

Figure 2-9{A) shows a five state model with the c¢ommon
cause failure and repair rates as ), and U, respectively. The
expressions for the probabiliﬁy andl the frequency ot each
state for this model were obtained using a graphical method

developed by the author?’

.A flow graph for the Markov model
shown in Figure 2-9(A) is indicated in Figure 2-9(B). The
expressions for the probability and the frequency of each

state are as follows:
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(1)

(4)

N

(8)

Figure 2-8: Eight state model for three independent
_ overlapping outages
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Figure 2-9: Five state common cause model.
and associated flow graph

1 M BES D £y = PR AR )

Py =\uou/ Di £y = Pyluy+ay)

P3 =U1A2L5/ D; f3 = P3(Al+p2)

P4(u1+u2)

Py =\A,u/ Di £y

5 =M A/ Di

-

where, , '
D =u uy+i ) Cuythy) + A (U,
2.8.4 Station Originated Outages .

In addition to independent outages "and common mode
outages due to common‘ right of way or common structural
support, the transmission lines/transformers and/or generating
units can be out of service because of station originated
causes. Only very few publicationszs' 29 are available

which consider the inclusion of the station originated outages
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in the reliability evaluation of a composite system, In this
study, emphasis has been placed on the effect of station
originated outages on bulk power indices. This phenomenon is

described separately in Chapter 6.

2.9 Digital Computer Program For Composite Adequacy Evaluation

16

A digital computer program using the fast decoupled'

A.C. load flow was developed at the University of

Saskatchewan. ¥ The program as developed can consider up to

second level contingencies both for the generating units and

transmission lines/transformers. | .This program has  been
further modified and wutilized ‘to examine the three test
systems described in Section 2.5. 1In the modified versibn of
the program, hitherto called simply as the 'program'; minimal
changes have been made in the fast decoupled A.C. 1load flow
algorithm or in the line overload alleviationralgorithm. The
main modifications have been made in  the contingency
enumeration algorithm, load curtailment philosophy and
solution of voltage violatingrcases. The following is a 1list
of major modification/ alterations in the digital-computer
programs.

1. Inclusion of high level generating unit outage events, '
- 2, Sorting of the ideﬁtical generating units.,

'3, Termination of an outage event 1in order to take into

:? account higher level outages.

4. A guantitative assessment of voltage violating '

contingencies.

5. Solution of non-convergent and split network situations,
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- 6. Load curtailment phzi.losophy.'a§

7. Inclusion of station originated outages.

A flow chart Vof the program for the 'cohtingenCy
enumeration and the reliability assessmént is givén in Figure
2-10. Some of the salient features of‘ﬁhe digital computer
program are as folloﬁs:

1. The base case load flow values are used as initial
‘estimateé‘for 1st~leve1 outages; similarly the'vélues for the
idad flow quan;ities at an outage‘ levei-rafe used as the
initial estimatesffof the next ‘outaée flével COﬁtingencies.
This feéture resuits in a. faster éonvefgénce‘of ;hé load flow

for the outage events,

2. If .a bus is isolated due to the outages of the line(s) ini"

_the.9ystem, an A.C. load flow is carried'dut'ﬁor.thg rémaining‘
buses and ‘-lines in  the system, _Thé adequacy “indices,
dgpending-upon thé.availabi;ity of the generated éower and theJ
'connectedlload at the bus(es); are célddlated Eor,the isolatedfﬁ
buses.

3. If the outage of a line(s) :esulés'in'a split network
.situation,rah approximate algoritﬁm' is  dsed to test the
adequacy of the split networks. This algorithm is discussed
in Section 2.10.

4. If the outage of a generatiﬁg unit connected to a bus,
say X, results in the generating capacity being less than the

'scheduled generation -at bus X, then the generation at those
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perform load flow analyéis for base case

Base case
satisfactory tio
?

Yes

!

Print message

Contingency Enumeration:

1. 1lst level
2., 2nd level
3. 3rd level

"4, 4th level

S. Generator
6. lst level
7. 2nd level

generator outages
generator outages
generator outages

generator outages
and line outages

line outages
line outages .

8. Common cause outages

9. Station originated outages

!

stop |

Rescheduling of the generating units
in the event of a generator outage -

!

-
'

A.C. load flow for each contingency with
the following corrective actions:

Rescheduling of the generating units for line -
outages during load flow iterations ‘
Injection of reactive power to correct voltage
violations and non-convergent cases
MVAR limits violation correctxon
Line overload alleviation

No

System problem

. 1. swing bus overload -
2. Line overload

3. Vecltage

4, MVAR limits violation
$. Non=-convergence
6. Split n%twork

viclaticns

1 Yeg

[Remedial action for correcting system problem|.

| Calculate reliability indices at each bus

[}

A ]

Flgure 2-10: Flow chart for contingency enumeration
and relxabxllty assessment algorithm
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buses which have reserve capacity available is increased in

the following proportion: : .

y\.?/

(Scheduled generation/at bus X - Capacity available
at bus X after refainiig the units,)

Sum of the reserve available at all other buses in
the system.

In this study, it is assumed that the total installed capacity
at any bus is available for rescheduling under ‘the outage
events. Restriction can, however, be imposed on any

generating bus after making minor modification in the program.

A similar procedure is adopted for compensating the ioss
of generation capacity due to the isolation of a generator bus
in the case of line outages., |

5. Overloads of a 1line{(s) under any outage condition are
alleviated by the generation reschedulihg and load
shedding15 at the appropriate buses.
| 6. The swing bus overlcads due to generation deficiency are
alleviated by curtailing the load at appropriate buses in the
system. A load curtailment philosophy for alleviation of
swing bus overloads is described-in Chapter 5.

7. Voltages at the voltage violating buses are corrected by
injecting reacﬁive power., A heuristic algorithm is developed
and discussed in Chapter 4.
| 8. Non-convergent outage contingencies are checked tdr their
divergence by wusing a heuristic algorithm described in

Chapter 4. If a non-convergent situation results due to the



56

Operaﬁing conditions, this situation is solved by rescheduling
the generating units and injecting reactive power at voltage
violating buses. However, if a non-convergent situation
persists even after generation-rescheduling and reactive power
injection, a D.C. load flow 1is carried out to solve this
contingency.

9. In addition to including common cause outages that
involve outages o©of three 1lines or 1less, the program also
incorporates station originated outagés. This is discussed in
Chapter 6;-

10. In order to reduce the computation time for generating
unit outages, identical dnits are sorted and the outage
contribution due to these identical wunits 1is determined by
calculating the indices for one identical unit only. The
contribution of higher level ocutages (5th level or higher in
the case of generator outages and 3rd level or higher in the
case of independent line outages) is included by modifying the
adequacy indices, This modification is described in the next
Chapter,

11. The program can investigate a set of selected or

specified generating unit and/or line outages.
2.10 Split Network Situations

2.10.1 Introduction
Changes in the network configuration due to outages of
the line(s) and transformer(s) may result in the splitting of

a network into two or more than two smaller networks. Each
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network may consist of PV buses and/or PQ buses and under
steady state conditions, they can be treated as indepehdent
networks for analysis purposes. Therefore the' adequacy
evaluation of an outage coﬁtingency ‘resulting Vin a ‘split
network inﬁolves the study of the adequécy of each network
separately. One of the most apprqpriate techniques tco handle
these situations is to solve the A.C. load flow for'eachr
ngtWork after rescheduiing the generating units. This
proposition does' not appeér td be feasible because of large
computatioh time and additional storage requirements for the

B' and B“ matrices for the sepatated networks.

It has aléo been observed that in practical systems,
"network splitting is caused by outages of at least twb.of more
than two lines. The probability and the frequency of two or
more lines being indeéendently out is quite low, théretore
their contribution to-fhe adequacy indiceslis notlsignificant.
However, the probability and the .frequeﬁcy of a system
separation eventfcquld be too high to ignore, if the event is
é result of a-common cause outage of the line(s). In general,
common cause outages involve at least éne éommén termihal- and
it 1is, therefore, very seldom that these outage evénts result
in a system separation. Table 2-9 gives a description of
system separation cases for the thfee test syétems bonside;ed
in this thesis. As observed from Table 2-9, the -number of
outage events resulting in system separatioﬁ is guite low and

no single outage level event results in the splitting of a
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Table 2-9: A brief summary of the line contingencies
resulting in a split network

. —— . — — v D o D i - S " ] A S b i — A A T A N T . — A A A W . A S . . — ——p -

S.No. System

Description 2nd Level Contingencies
: Independent Common Cause
1 6 bus test Lines 5 & 8 -
system out IR
2 ' Lines 12 & 13 Lines 25, 26 & 28
, 1EEE RTS out. out
3 ' ' : Lines 29, 36 & 1317
out '
4 ‘ Lines 11 & 13
: out
5 SPC System Lines 36 & 41 Not Considered
out '
6 Lines 43 & 46
out
network. An approximate but fast and simple approach has
therefore been developed to solve these outage events. This

approach does not need any additional storage requirements for

L}
B and B matrices for each network,

2.10.2 A simple Algorithm To Solve A Split Netﬁork Situation
An approximate algorithm has been developed to take care
of situations resulting in system separation, | In general,
there could be two possibilities when a netﬁbrk is divided
into two.sméller networks.
(i) one neﬁwork is a net powér exporting area while the

other is a net power importing area,
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(ii) Both networks are self sufficient and each has more

generation than the total load in the area.

These two situations are shown in Figure 2-11 and Figure

2-12 respectively.

. i
[ |
. » !
Network A ‘ Network B
-
. . 1. .
X

Net Powe; Exporting Area - Net Power Importing Area

Figure 2-11: Split network situation with net power
transport from one area to other area

-

Network B

Net Positive Reserve Area Net Positive Reserve Area

Figure 2-12: Split hetwork situation with adequate
reserve in both the areas
Figure 2~11 shows two areas in'which area A has net positive
reserve available while area B is a net hegative reserve area.
Under normal circumstances, power flows from area A to area B,
thus meeting the deficiency in area B. Figure 2-12 shows both
areas having net positive reserve and depending upon the
operating conditions, there may or may not be an interchange

of power between these two networks. The possibility of both
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~areas having negative reserve is ruled out as it implies

unsatisfactory operation of the base case,

The algorithm checks for the net reserve 1in each area.
Line losses in each area are also accounted for by adding them
in the system load. It is assumed that all lines in the
system have egual line losses which are calculated by dividing
the total systeﬁ losses by the total number of 1lines in the
system. Under the situation represented in Figure 2~11 load
is curtailed proportionally from thg curtailable load at all
buses having load in netwérk'B. The total load to be curtailed
is equal to the negative reserve in area B. However, if areé B
still remains generation deficient after curtailing
curtailabie load at all buses in network B, then the firm load
is proportionélly curtailed at load buses (PQ buses) after
meeting the firm load requirements at PV buses where local
generation is greater than the firm load at the bus. Firm
load 1is curtailed only at those PV buses which have local
generation less than the firm load. 1In netwofk A, there is no
load curtailment at‘any bus - since it 1is a power surplus

system.

Under the situation shown in Figure 2-12 there is no load

curtailment in either'network A or network B.

The probability of a line in either of the networks being

severely overloaded for both split network situations (Figure
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2-11 and Figure 2-12) is unlikely if fhe base case is quité
satisfactory. Therefore in this algorithm no check for 1line
overloads is incorporated. However, there could be volitage
vioclations and/or generator MVAR limit violations but these

are not calculated as determination of these violations

requires a solution of an A.C, load flow for both networks.

The above algorithm has been successfully employed for
the three test systems. A brief description of results is as

follows:

2.10.3 Discussion Of Results

(1) The 6 Bus Test system (Figure 2-1}

Only one contingency involving thé outage of lines 5 and
8 results in a split network with buses 1, 2, 3 and 4 forming
a net positive reserve network and buses 5 and 6 formiﬁg a net
negative reserve network. Since buses' 5 and 6 have no
generation - available, total load is curtailed at both buses,
Other 1load buses 3 and 4 do not experience any load
curtailment as they exist in a net power exporting area,

(2) The IEEE RTS (Figure 2-2)

The outage of lines 12 and 13 results in a splitrnetwork
situation, Buses 7 and 8 form a small network and the
remaining other buses from a big network. Both ne;works have
positive reserve so there is no load curtailment at any bus in

the system,
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Inclusion of common mode outage fesults in two more split
network situations which are as follows:

(1) The outage of lines 25 and 26 on the common right of way
with the 'outage- of line 28 results in a split network
situation simiiar to that of Figure 2~11. Buses in the net
power exporting area are 17, 18, 21 and 22. These buses.will
not experience any load curtailment., However, all the 1load
buses in the net power importing area experience a
proportional load curtailment. Table 2-10 shows the amount of
load curtailment for each load bus in the net power importing

region,

Table 2-10: Load curtailment at system buses tor outages
of lines 25, 26 and 28 in IEEE RTS

——— - ol s i T T i i —— ——— . ——— " — - oot ] T T Pl D s e il VD AR ke

Bus Load Curtailed Bus Load Curtailed
No. { MW) No. {MW) '
1 10.44 9 16.92

2 9.38 10 18,85

3 17.40 13 25.62

4 7.15 14 18.75

5 6.86 15 30.64

1) 13.15 i6 9.67

7 12.08 19 17.50

8 16.53 20 12,37

————— o ————— - —— . —— T N S S —— ————— . ——— — -

(2) The outage of 1line 29 and that of lines 36 and 37
results in the split network situation shown in Figure 2-11.

Two load buses 19 and 20 form a small network and since
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neither of them has local genefation. each bﬁs experiehces a
total load curtailment. The remaining buses in the second
network do not experience any problem because this network has
a positive reserve of 864 MW.

(3) The Manitoba assisted SPC System (Figure 2-3)

-As seen from Table 2-9, there are three 1line
contingencies that result in a split network situation.- The
outage ot lines 11 and 13 isolates two load buses 3 and 5 trom
the rest of the system. These two buses experience total load
curtailment since none of them have local generation., The
rest of the; Systém does not experience any problem.
Similarly,  the outage of linés 43 and 46 separates two load
buses 22 and 24 which experience total load curtailment,.
However the outage of 1lines 36 and 41 does not curtail the
load  at any bus since isolated buses 19 and 2] have generation

greater than the total load of both buses.

2.11 Summary
A digital computer program for calculating load point
indices and the overall syStem indices of a composite
generation and transmission system ‘is described in this
chapter. The three‘ test systems on which adequacy studies
were conducted are also describéd. Successful application of
the program in evaluating the adequacy of the three difterent
systems illustrates the flexibility and the capability of the
program to handle a wide range of power networks. The 6 bus

test system 1is relatively simple and hypothetical while the
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Manitoba assisted Saskatchewan Power Corporation (SPC) system
is complex and is an actual system. The 24 bus IEEE RTS is a
sténdard systemr used to compare the' results generated by
different programs created by reliability practitioners in

industry, research and consulting organizations.

Two types of. indices, “annﬁalized" and "annual”, are
'recognized and discussed. Two sets of indices, bus indices
and system indices, for each type are also described.  It has
been emphasized that these indices supplement each other and
their ihterpretation'shonld be made in a'correct.perspective.
Load models used to calculate the adequécy indices are also

discussed in this chapter.

The splitting of a‘ network poses a problem due to the
fact that it is necessary to sdlve an A.C. load flow for
separated networks. This requires additional storage for the .
newly formed {B']-ahd {B“] matrices for the part netﬁbrks.

The computation ﬁime to solve a split network event also
-increases because an A.C. load flow has. to be carried out for
all networks. In order to avoid additional storage
regquirements and redﬁce computation time, a heuristic
algorithm was developed and successfully applied to split

network situations in all the three test systems,

In the case of generating unit outages, the need to

include high level ocutages is recognized, as the probability
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and the frequency of these high level outages are too large to
ignore, The inclusion of high level generating unit outages
is discussed in the next chapter., A discussion of the effect

of the high 1level outages on the adequacy indices is also

included in the next chapter.
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CHAPTER 3
INCLUSION OF HIGH LEVEL OUTAGES

3.1 Introduction |

A primary_'concern in adgquacy lstudies of a cémposite
generation and transmission system is the selection and
testing of outage contingencies which occur frequentiy and
have severe ihpact on the system performance. In most cases,
severity associated with a contingency event is inversely
related to the frequency and the probability = of its
occurrence, In other words, as the number of outage
components increases in a cpntingency both the probability and
;he frequency of the'coﬁtingency decrease. In the contingency
enumeration approach, a question often raised is whether the
anaiysis ‘is thorough enough such that a sufficient number of

outage events have been considered. Hence selection of an

.,

‘appropriate’ outage level is of fundamental importance in the

adequacy evaluation of a . composite power system, The main
constraint to considering a large number of outage events is

the computation time required to solve these contingencies..

Selection of Aan appropriate outage.level ié dictated by
various factors such as the size of the system, the
probabilities and the trequencies of the outage events, the
‘severity associated with an outage event, the burpose' of thé
adequacy studies, the computation time required to'evaluate

each ocutage contingency, and the criteria used for determining
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the system stafus, i.e. failure/success state. As the outage
contingency level increases, cqmputation time  increases
rapidly, particulérly if an A.C. load flow is used for the. .
solution of each contingency., 1In Qrder to limit-the number of
| contingencies, fixed critefia such as se;ectidn of single or
double level contingencies and/or variable criteria such as a
frequency/probability cut-off 1limit 'and/of rénkingA‘cut-off
limit etc. are presently used. 1In this study both criteria,

fixed and variable, have been employed,

3.2'Contingency_Evaluatibn Cut-Off:Criteria_ |

The earlier workls_done at this university in ﬁhe area
of composite system,ﬁeliabiiityVevaluatioﬁ considered outages
only up to theléecohd level. Recent 'ihveStigaEionslo _ha?e
‘indicatéd -that  the: second level is not an adequate level
pa;ticularly for a large éystem,'and that higher‘lévél‘outages:
should be- cqnéidered. Table .341 éhows thefléuﬁ ”of'-thef
~probabilities of .all 1ndependent outage contlngencies up to
the 2nd level for the three test systems.’ rne sum of the
probabilities for all poss1b1e outagegcontingénc1es in any

system is always unity.

As shown in Table 3-1, the sum of the probabilities in.
the case of sline outages for all three systems is close to
1.0, buf for both the IEEE RTS and the.SPC system, the sum of
the probabilities.in the casé of gehgrator outages is somewhat
less than‘unity. It can therefdre be reasonably deduced:that

as the size of a system increases, the calculation of adequacy
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Table 3-1 Sum of the probabilities of all contingencies
up to the 2nd level .

=== = == == == === TETTEmemsssTes ' P']sl
Contingency 6 Bus Test 1EEE - 8PC i
Description System RTS System ?/// 1
Lines only 0.999999 0 991130 _ 0.999998
Generators only 0.999798 - 0.841244 0.955439 -
Both Lines - 0.999529 - 0.834817 0.954862

& Generators

indices involving 1st. and 2nd  level' contingencies,.

particularly'for generatoruoutages, “will 'provide optimistic'

results. This | is due to the tact that as the number of

'generating'units in aﬁeystemiincreases,‘ the- probability and-

the 'frequency of an independent outage-event involvihg three

or more components xncrease to the 901nt at which they cannot'

be 1gnored. The testlng of hlgher level Lndependent generator

outages - is, therefore, necessary when calculating. adequacy:

indices. 1In this.Study,-indepehdent outages ' for generating
units up tor the .4th level and independent outages - for
transmission lines and'transformers up to the 2nd level are
considered. The feasons for not con51der1ng hlgher outage
levels for transm1351on lines are as follows:

(1) as shown in Table 3-1, the sum of the,probabil}ties‘ for
"all transmission 1line contingencies up to the 2nd'level is
very close'to'unity.

(2) The computation time required to solve each line

contingency in the IEEE RTS and the SPC system is
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abproximately 0.25 secs. and 1.25 secs, respectively on the
VAX-11/780 digital computer. If the solution of higher level
outages involving three and four lines is considered, it is
estimated that the required CPU time for the IEEE RTS and the
SPC 'system will be 350 minutes and 350 hours réSpectively.
Computationally these figures are enormously expensive,

(3) Due’ to the system topology,‘ transmission lines laré
subjected  to common cause failures such as the failure of a
:ransmission towef  supporting two. or more ﬁransmission_
- circuits, faiiurer of two or 'more'lthan - two transmission
circuits haﬁiﬁg common.right of way etc,. TEansmisSidh“lineé
are also -egposéd ﬁo the'vagaries of adverse . . .climéfic'
conditiohs which cause higher failure_rates.rj The"effect “oﬁ
common mode failutes-&hd that.of'ffailure buﬁching'2 due‘;o
‘the adverse weétherg depending‘upon'the network configuratioﬁ
~and metéoxological 'conditiqns " of the region,.,COuld qbe
significanﬁ and many timesflargef than that . of higher _level"
indepeﬁdent‘ outages. It is therefore not valid to consider

the contribution  of higher level 'independentlﬂoutégeS' for

transmigsion circuits and ignore the contribution of common

cause outages and the adverse weather conditions.

" In addition to limiting the number of contingencies on
the basis of outage 1evél, a frequency cut-off criterion is
alsé used. Those contingencies which bhave a frequehcﬁl of
occurrehce less than 1x10'9‘ are not solved as their

contribution is negligibie. The inclusion of higher level
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generator outages is described in the following section.

- 3.3 Inclusion Of High Level Contingéncies

The basic computer program has been extended to include
generéting unit outages up to the 4th level. Selection of
this 1level is dictated, primariiy, by the tremendous increase
in the computation time for higher 1levels and the marginal
COntfibution of these outages to the adequacy indices. Table
3-2 shows the sum of the probabilities for generator ~outages

at different contingency levels for the three test systems.

Table 3-2: Sum of the probabilities for the generator

outages
Contingency 6 Bus Test . IEEE SPC
Level System RTS System
Ist 0.993917 0.589915 0.805348
2nd 06.999798 0.841244 0.955439
3rd 0.99999%s6 - 0.953814 0.992701
4th 0.999999 0.98954 0.999106

=y PR = L T —— . " . " o oy T " Y ol S A ot

As observed from Table 3-2, the sum of the probabilities
of contingencies up to the 4th level are 98.95% and 99.91% for
the IEEE RTS and the SPC system respectively,. The remaining

1.05%8 and 0.09% are contributed by contingencies beyond the

4th level., The contribution of these higher level outéges can
be <calculated by solving an enormously high number of
contingencies, 201376 for the IEEE RTS and 119115 tor the SPC

system at the expense of excessive CPU time, In order to
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account for these higher level contingencies,'sometimes tefmed
as mnore-off states, the probability and the frequency of
outage events at the 4th level are modified in such a way that
they include the effect of successive states. This
modification is defined as a 'termination of an outage event'

and is discussed in Section 3.3.1. A more-off state at a

contingency level is a state in which at ngg;;gggmgggg

component isngggmggwﬁgxzingihmaddition"tomxngsew,alxﬁadxgﬂgggn

at that level, e.g, for 2nd.level independent outages. states

representing the outage of three.or more than three components

are designated as more-off states, Conversely, a more-on

T e T

state 1is one in which more components are available for

operation,

The algorithm modifies the scheduled generétion at bﬁses
at which“gene:ating units wunder outage are connected and
increases the generation at other buses, if required. An A.C.
load flow is carried out to test the system adequqcy and

accordingly suitable adequacy indices are calculated.

In the case of 1line outages, the probability and ﬁhe
frequency at the 2nd oﬁtage level for each 1line contingency
are also modified to take into account the contribution of
more-off states. The ‘termination of an outage event is

discussed below,
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3.3.1 Termination Of An Outage Event

In order to account for the contribution of those higher
level contingencies which are not otherwise evaluated, it is
necessary to modify the adequacy indices to include the
contribution of higher 1level centingencieé but - without -a
- significant increase in computation time, As noted earlier,
one effective technique is to modify the probabiiity aﬁd the
frequency of the last level contingencies so that the
probability and thé frequency are not the individual values
for a contingency but the cumulative values for that
contingency. In other words, thesé values are the probability
and the frequency of a last level contingency and that of all‘
other more-off states. Consider the case of an n component
system, If the 2nd level is chosen as -the last 1level for
contingency evaluatidn, then the modified cumulative

probability of components 1 and 2 being out is,

Py 5, = Probability of the Markovian state ‘in which

r

components 1 and 2 are out + Probability of all more-off
Markovian states in which components 1 and 2 are out in

combination with any other component(s).

The severity associated with each more~off state is
greater than the last level contingency and theréfore. the
developed adeqﬁacy indices are somewhat optimistic., The errcr
involved is negligibly—small as these high level contingencies

are a very small fraction (1.05% in the case of the IEEE RTS
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and 0.1% in the case of the SPC system) of the total
contingencies. However, ignoring these higher level
coﬁtingencies altogether results in even more optimistic
adequacy indices.. |
The EPRI report10 on this subject suggests terminating

a state if it 1is tested as a failure state at any outage
level, since all other states are definitely failure states.
This technique, depending upon the system load and’ the
. generation pattern, may result in too optimistic adequacy

indices. This 1is due to the fact that a more-off state has

more severe impact on the system and thérefore merging
frequently encountered more-off states with less severe states
is not justified. In a recent paper,.CIements and ot:hers-30

presented a method utilizing a binary-tree approach to
calculate lower and upper reliability index bounds. One
Objection31 to the low level truncation approach or to thé

upper and lower bounds approach is that both techniques can
calculate only two adequacy indices, the probability ot
failure and the frequency of failure, in a satisfactofy

manner, Calcuiation of other indices such as the number of
load curtailmgnts, expected load curtailed and expected energy
~curtailed etc. invariably involves solution of all frequently
encountered contingencies, Only those higher level
contingencies which have a very 1low value of trequency of

occurrence should be merged, The effect of termination at

lower levels tor each test system is discussed in Section 3.5.
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In the following section modified expressions fér ‘the

probability and the freqguency are developed.

 3.3.2 Modified Expressions For The Probability And Frequency
(a) Generator Outages:- _
For the outage of generating units NGl, NG2, NG3 and NG4,

the modified expressions for the probability (P) is:

/’f Nh :
. LV : A \if' wot of
palL - i . o c—deee

1] (HA,)  1=NGL,NGZ, (u.+A,) e

1#NG1,NG2 NG3,NG4 I 3 ‘ -
NG3,NG4~ - '

(Probabllxty that all lines and transtormers are- in
: - the yP state.) _ :

The. expresslon for . the frequency (£) is:
£=pP* (Fallure rate of all components - Failure rate of

“generating units under outage + Repair rate of -
generatlng units under outage)

N

- *' - -{-- , ‘
PR L M7 {‘“wc1+“ncz+“ncs+“uca}.]
1#NG1 ,NG2,NG3 ,NG4

‘where. N is ‘the total number of generating units, lines and

transformers in a system.
(b) Line Outages:-
For the outage of lines L1 and L2, the modified ;expressions

- for the probability is:

NL

uo ( NL X# A
Pa N — % T [1+ T (-84 (K )}]
o1 TRl (R t=12+1 " mektl Pk Pm
1$L1 jeL2 e
1412 o

and the frequency is:

N

g= palz A 2 u]
1l j=L1 J
ifLl - y=L2
1412
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Where NL. is the total number of lines and transformers in a -

- system,

(c) Generator-Line Outages:-
The modified’ expressions for the probablllty and frequency for

the outage of line Ll and generating unlt NGl are:

.p o i&l * iggl ﬁL uix 5 Ni -.E-x 5 * 11 + gc { -1 ; gc( iii_ 3}
L Mer "1l [ w1 F JeNG1+1My g+l ViV
=P Ciggy +up Hi&idy)
1511
1#NG1

Where NG is the total number of.generating units:in‘a system."

3.4 Effect Of Inclusion Of Higher Level Generator Ouéages

The three teet‘Systems described iﬁ Section 2.5 ere- used
£§ compare the .contribution rof high 'leéel outages to the
adequecy indices.’ The'annualized bus and‘system indices_'ere

computed at various outage levels for all the three systems,

3.4.1 The 6 Bus Test System (Figure 2-1)

In _a‘rrelatively small system, such as.the 6 bus test
system, lower level outage contingencies _provide reasdnably
aecurate results. As seen from Figure 3-1, the 2nd level
contingencies contribute the bulk of the adequacy indices.
This 1is due to the fact that the sum of the probabilities'up
to the 2nd level generator outage contingencies‘ is - 0,999798

and the outage of a large generating unit (40 MW) with a
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smaller generating unit results ih a generation deficiency in
the system, The total reserve in the system is 55 MW, If the
reserve in the system is increased or the system load is
decreased, the consideration of higher outages becomes

necessary. This is discussed in'Chapter 5.

Only three buses 2, 3 and 4 experience load éurtailment
while bus 5 and bus 6 do not encounter any load curtailment
problem, The load curtailment at system buses is decided by
the 1locad curtailment philoéoghy discussed in Chapter'S.. In
the case of generating unit outages, the curtailment of the
load is confined to generating unit(s) outage buses and buses
which are one line away from these outage buses,  Table 3-3
gives a brief summary of the system indicés for each outage
level. As seen from the Table 3-3 and Figure 3-1, the effect
of the 4th level generator outage contingencies is negligible
and for this system, the 3rd level provides ;easonably

accurate results,

'3.4.2 The IEEE RTS (Figure 2-2)

The inclusion of higher levél generator outage
contingencies is quite justified in thisISYStem as seen from
Figures 3-2, 3-3, 3-4 and 3-5., OQutages of £wo generating
units anywhere in the system do not cause load curtailment _in
the 138 KV region. Buses 1in the north (230 KV), however,
experience load curtailment in the event of two generating
unit outages., Buses 1in the 138 KV région encounter load

curtailment when three or more than three generating units are
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Table 3-3: A brief summary of the system indices for the
6 bus test system '

——— — s ot Sk - ) — > — —— T D T T ———— — —— - - - - - -

: ‘ Generator Outage Level
Ist 2nd 3rd 4th

D —— T ———— . — Y Y G T D YD T D D - T 0 T D . -

Number of Load Curtailments
0 15 231 1295

Number of Firm Load Curtailments
(Firm load = 80% of Total Load)

o 1 15 | 349
Bulk Power Supply Disturbahces
0.00000  0.27686 0.30864 0.30992

IEEE INDICES

Bulk Power Interruption Index (MW/MW=-Yr.)
-0.00000 0.01463 0.01766 0.01786

Bulk Power Energy Curtailment Index (MWh/Yr.)

0.00000 0.78216 0.88606 0.892113
Bulk Power Supply Average MW Curtailment Index
(MW/Disturbance) .

0.00000 9.77868 10.58738 © 10.66358

Modified Bulk Power Energy Curtailment Index
0.00000 0.00009 0.00010 0.00010
Severity Index (System-Minutes)'

0.00000 46.92900 53.16400 53.46800

—— " —— i b e TS Tl b il A D P i ol T o k mb i o S ol P o A b
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removed.  This is due to the fact that at the 2nd outage
level, the system experienceé generation deficiency only when
a large generator (350 MW or more) is out together with a
. medium genefator {200 MW or more) because the system has a -
total reserve of 555 MW. Since the‘maximum rating of any
generating unit in the 138 KV region is 100 MW, no bus in this
region experiences load curtailment in the eéent of an outage
of two geherating units only. As noticed from Figure 3-2 to
Figure 3-5, the'3rd and the 4th level_contingencies contribute .
significantly to adequacy indices in the 230 KV region. Table
3-5 gives a summary of system indices at each outage level,
Table 3-4 shows the maximum and minimum increment fof the 3rd
and the 4th level contingencies with respect to the 2nd level

contingencies for buses in the 230 KV region,

Table 3-4: Maximum and minimum % increment for the.3rd
~and the 4th level generator contingencies w.r.t.
the 2nd level contingencies for the IEEE RTS

. D A S S T W . S W . D A A S VD S W A . S SN S S S P G D N . S S A . D . . W D S — —— — " —

Description of Maximum % Increment Minimum % Increment
Index '  w.r.t. 2nd Level ‘w.r.t. 2nd Level
| 3rd '~ 4th 3rd 4th
Failure Probability 316 478 21 272
. : Bus(19) Bus(16) Bus(18) Bus{(1l8)
Failure Freguency 379 - 646 262 , 366
Bus(19) Bus(l6) Bus(18) Bus(18)
Total Load , 855 1784 292 436
Curtailed (MW) Bus(19) Bus(19) . Bus(18) Bus(18)
Total Energy 696 1272 228 301

Curtailed (Mwh) Bus(19) Bus(19) Bus{18) Bus(18)

—-— - o — T — T —————— —— o ——————————— A ———————————————————
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Table 3-5: A brief summary of the system indices for the
- : ‘ IEEE RTS

- — — - —— — — Al i s — S S A il A D i D S

Generator Outage Level
Ist 2nd -3rd 4¢th

Number of Load Curtailments

o 20 779 11988
Number of Firm Load Curtailments -~
0 3 162 3235

Bulk Power Supply Disturbances
0.00000 15.37400 . 42,44100 60.49000

IEEE INDICES

Bulk Power Interruption Index (MW/MW-Yr.,)
0.00000 0.52950 2,05180 3.55340

Bulk Power Energy Curtailment Index (MWh/Yr.)

0.00000 11.58000 33.99040 50.78830
Bulk Power Supply Average MW Curtailment Index
' (MW/Disturbance)

0.00000 98.15080 137.78320 = 167.41860

Modified Bulk Power Energy Curtailment Index
0.00000 0.00132 0.00388 0.00580
Severity Index (System—Minutes)

0.00000 694.80200 2039.42300 3047.29600

- - T T AP S S A S S A R S A D A A - — T — A - — S T S S ———— - P
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3.4.3 The SPC System (Figure 2-3)

The installed capacity of the system is 2530 MW and the
peak load is 1802,50 MW. Therefore the system has a static
reserve of 727.50 MW, of which 300 MW is the power import from
the Manitoba Hydro System. The latgest generating unit is 280
MW and there are three units of this capacity. The next' unit
rating is 142 MW and there are three units of this capacity.
The outage of any two generating units in the system does not
create any generation deficiency in the system and therefore
for this system, -calculation of higher level outages is
necessary in order to assess the adequacy of the system,
Buses 19 and 20 encounter voltage violation . problems in the
event of two genefating unit outages but no bus éxperiences
load:curtailment as seen from Figures 3-6, 3-7, 3-8 and 3-9,
Load at bus 6 and at bus 38 is curtailed only when four or
more than four generating units are remdved. Buses thch‘have
generators connected td ﬁhem or'buses which are one line‘ away
from these buses, experience major load curtailment because of
the locad curtailment philosophy discussed in Chapter 5. Table
3-6 gives the frequency of failuré and the expected load
cuftailed in MW for both the 3rd and the 4th outage ievels_ at
each bus in the system, A brief summary of the system indices

at each ocutage level is shown in Table 3-7.

3.5 Effect Of Termination QOf Failure Events At Lower Levels
As discussed in Section 3.3.1, one of the techniques to
include the contribution of higher level 'outages without

actually solving these outage contingencies is terminating an
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Table 3-6: Annualized bus indices for the SPC system

Fallure Frequency Total Load Curtailed (MW)

Y D - VR D VI D T P AP Y Y - P T . S P VAN S T D WS Y — o S -

BUS Contingency Level Contingency Level
3rd 4th 3rd 4th
1 0.4533656 1.3041217 6.4600000 20.7700005
2 0.4185923 0.6661793 8.2700005  14.4399996
3 0.4185923 0.6435799 0.2900000 0.5100000
4 0.5245102 0.7771107 11.3199997 18.8199997
5 0.0331406 - 0.0498841 0.0000000 ~0.0000000
6 0.0331406 0.1890110 0.0000000 0.9200000
7 0,.4185923 1.1017412 1.7300000 10.4899998
8 0.0331406 0.0498841 0.0000000 0.0000000
9 0.4185923 1.1017412 2.5999999 15,7799997
11 0.1434373 0.3991662 1.6900001 24,1200008
13 0.1490662 0.4007158 0.2900000 2,5000000
17 0.0053882 0.0178943 0.,0000000 0.0100000
18 0.1434373 0.3991662 0.2700000 2,4200001
19 48.4980392 49,2738075 0.4300000 2,.6400001
20 70.4372940 73.7877655 1.7300000 11.9700003
21 0.0381336 0.1298684 0.0500000 0.2900000
23 0.5245102 0.7771107 2.9000001 4,.8200002
25 0.0053882 0.0178943 0.0100000 0.1800000
28 0.4185923 0.6435799 3.9700000 6.9099998
30 0.7060811 1.5674913 1.3600000 2.4500000
38 0.0000000 0.0550631 0.00090000 0.7100000

——— o —  —— . — T . D — N A D v e e e —— . ———— — ———— — ——— - oalah onk e v ————
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Table 3-7: A br1ef summary of the system indices for the
SPC system

il — i i w— — . — — -——— -t -— — S WA S T S e ——

" Generator Qutage Level
Ist 2nd 3rd 4th

-—— - - - - T D S D Y D Y Y - - .- - am

Number of Load Curtailments
0 0 , 22 865
Number of Firm Load Curtailments
0 ' 0 13 495
Bulk Power Supply Disturbances |
0.00000 0.00000 0.70610 1.59360

IEEE INDICES

- o P “un

Bulk Power Interruption Index {(MW/MW-Yr.)
0.00000 0.00000 0.02406 0.07808.
Bulk Power Energy Curtailment Index (MWh/Yr.)

0.00000 = 0.00000 0.09219 0.26151

Bulk Power Supply Average MW Curtailment Index .
: - ({MW/Disturbance)
‘0.00000 0.00000 61.42420 - 88.17360

Modified Bulk Power Energy Curtailment Index
0.00000 -~ 0.00000 0.00001 | 0.00003
Severlty Index (System—Mlnutes)

0.00000  0.00000 5.53200 15.69100

— . A T o i — A A lh S ks T Al A i A o i . T i Y ————— i T " — -
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outage evenﬁ i€ it is tesﬁed as a -failure state.  The
probability and the frequency of this outage event is modified
by adding ﬁhe probability and the ' frequency of- more-of £
states, ‘Modified expressions at the 4th outage level were
presented Section 3.3.2,., Similar expressions at other outage
levels are used to calculate the probability and the ftequency'
of a terminated event. Iﬁ this section, the effect of the
termination at vafious butage levels is  discussed for the
three test systems. ‘Outages of generating units up to the 4th
Vlevel- ére considered in each systeh. Four édequécy-indiceg,-
the,probabilityiof failure, the “frequency of :ﬁailure,V the .
' expected load cuftailed in MW. and the expécted energy
curtailéd in.MWh, ate:repfesentéd by histograms for each bﬁé
in alliﬁhe.threé tést,systems; Figure 3-10_shows'iﬁdices for
the 6 bué test 5ystem, Figures 3-11 to 3-14 give. ihdices‘"fbr
the -IEEEVRTS._while-Figures 3-15 to 3-18 show indices for the

-SPC system.' -

The 1st ievel‘téfmination‘indicates that a‘contingeﬁcy.ié
terminatéd at the 1lst outage ‘level if it 1is tested as a
failure contingency ét this level. If a contingency is not a
failure contingency at the 1st outagé level, it is terminated.
at the next higher levei if found to be a failure contingencf
and so-on. The 2nd level termination starts at the 2nd level
and no contingency is terminated at the 1st level. In other
words, all 1st level outage eventé are evaluatéd. If é

contingency at the 2nd level is tested .as the failure
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contingency, no further more-off states involving this outage
event are solved. If the outage contingency does nqt result
in a failed state at the 2nd outage level, higher‘outage‘
cqntingencies are considered and the contingency is terminated
at the 3rd outége level,‘if it is found in a féilure state at
this level, otherwise it is terminated at the 4th level. The
same approach is followed for the 3rd and _Ehé 4th level

~termination.

The effect of termination varies from one system to
another depending upon the size of the system and the “total
reserveravailable in the system. The removal ©of one generating
unit does not create any problem in any of the systems
considered in this study; theréfore no cbntingencY terminates
at the Ist level. Quite a few outages gf generating units at
the 2nd outage level result in a systém problém in the case of
the 6 bus test system and the IEEE RTS, therefore these outage
events are terminated at the 2nd level. However, fof the SPC
systeml‘ outage events start to terminate at the 3rd outage
level only,'thérefore for‘this system, termination at the Ist
level, 2nd level or 3rd level gives the same result as seen in
Figures 3-15 to 3-18, ' The termination at a lower level
provides satisfactory results just for”tﬁo- adequacy indices,
the probability of failure and the frequency of failure,
Except for a few busés,,this observation is found to be true
for all the three systems discussed in this thesis. The

termination of an outagé event at lower levels results in
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optimistic values for tﬁe expected 1load curtailed and the
expected energy curtailed. Table 3-8 giveé the humerical
values for the IEEE RTS at each bus for the the probability of
failure and the frequency of failure and Table 3~9 gives the
expected . load lcuftailed in Mw andr the expected energy
curtailed in Mwh, Table 3-10 gives a summary of the system
indices at each termination ievei for the 1IEEE RTS. Table
3-11 summarizes various system indices with and without

termination at the 4th level for the three test systems,

The saving in the computation time realized by
terminating contingencies at lower levels is not significant.
It is, therefore, not adVisable to ﬁerminate a contingency at
lower levels Vfor any system under consideration. However,
termination at the 4th level in the case of generating unit
outages and at the 2nd level in the case of line/transformer

outages is recommended to include the effect of more-off

srtates.

3.6 Softing of Identical Generating Units

It is shown in Section 3.4 that. the inclusion of higher
level independent generator outages cannot be ignored in the
calculation of more repfesentative adequacy indices, This
reqﬁirement, however, involves large CPU time. and the time
increases tremendously as the outage level increases., This is
shown in Table 3-12, An effective wéy to reduce the
compﬁtation time is to éort out ~the identical units and

calculate the adequacy indices by solving the A.C. load flow,
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Tablé 3-8: Probability of failure and frequency of failure
at various levels for the IEEE RTS

D T S o A U S Y A i S WP VIR AR SN T S D P Y D T W W W W S T

BUS 1Ist Cont. 2nd Cont. 3rd Contingency 4th Contingency
Actual Actual Actual Incr. Actual Incr.
Value Value Value w.r.t. Value w.r.t.
' 2nd’ 2nd

Cont. cont,

Failure Probability

1 0.022957 0.0229575 0.0229575 1.00 0.0230253 1.00
2 0.041936 0.0419363 0.0419363 1.00 0.0420569 1.00
3 0.023011 0.0230111 0.0230111 1.00 0.0232245 1.01
4 0.022920 0.022919%6 0.0229196 1.00 0.0229724 1.00

5 0.022957 0.0229575 0.0229575 1.00 0.0230253 1.00
6 0.022920 0.0229196 0.0229196 1.00° 0.0229724 1.00
7 0.016333 0.0163330 0.0163330 1.00 0.0163330 1.00
8 0.016365 0.0163646 0.0163646 1.00 0.0163646 1.00
9 0.001242 0.0012419 0.0028145 2.27 0.6032240 2.60
10 0.001242 0,0012419 0.0028145 2.27 0,0032240 2.60
13 0.073105 0.0731047 0.0731047 1.00 0.0731047 1.00

14 0.006896 0.0068956 0.0082148 1.19 0.0098030 1.42 -
15 0.053701 0.0537008 0.0556561 1.04 0.0579568 1.08
16 0.024188 0.0241880 0.0253938 1.05 0.0266829 1.10
18 0.082841 0.0828413 0,0838206 1.01 0.0855644 1.063
19 0.007843 0.0078433 0.0100167 1.28 0.0119681 1.53
20 0.046594 0.0465938 0.0473121 1.02 ~ 0.0473983 1.02

- Failure Frequency
1 16.511473 16.5114727 16.5114727 1.00 16.7236710 1.01
2 29.833210 29.8332100 29.8332100 1.00 30.2421207 1.01
3 16.551756 16.5517559 16.5517559 1.00 16.8623924 1,02
4 16.475870 16.4758701 16.6738911 1.01 16.6738911 1.01
5 16.511473 16.5114727 16.5114727 1.00 16.7236710 1,01
6 16.475870 16.4758701 16.4758701 1.00 16.6738911 1.01
7 11.968312 11.9683123 11.9683123 1.00 12.0813932 1.0}
8 11.994809 11.9948092 11.9948092 1.00 12,1078873 1.01
9 0.841725 0.8417247 1.6296076 1.94 1.9615730 2.33
10 0.841725 0.8417247 1.6296076 1.94 1.9615730 2.33
13 45,292179 45.2921791 45.6301613 1.01 46.0662498 1.02
14 4.548030 4.5480299 5.4111352 1.19  6,.,7541785 1.49
15 32.495274 32.4952736 33.6597939 1.04 35,5379372 1.09
16 16.460222 16.4602222 17.2757015 1.05 18,4818287 1.12
18 49.156643 49.1566429 50.0207634 1.02 51,7118416 1.05
19 5.197153 5.1971526 6.4788618 1.25 8.1048651 1.56
20 29.171385 29.1713848 29.7537441 1,02 30.1277256 1.03
Incr, = Increment Cont., = Contingency
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Table 3-9: Expected locad curtailed in MW and expected energy
curtailed in Mwh at various levels for the IEEE RTS

BUS

Ist Cont.
Actual
Value

2nd Cont,
Actual
Value

Actual
value

T s it ity ——— — " o} ) —— ————— ———— v —

3rd Contingency

Iine¢r, Actual
Ww.r.t. Value
2nd

Cont,

4th Contingency

Incr,
W.r. to
2nd
Cont.

P A TP P S T ——— —— D = ) S S P T T G P S W D S Ny S N G T S I W S Y P P Gy T ——— ——— —— — s = ——

Total Load Curtailed (MW)

O 00~ BN

D b b s ot fod s e
CWRRMAN I WO

O 00 ~) N Wb LB

10
13

14

15
16
18
19
20

156.4800
288.2700
302.39%00
141.8800
119.2100
260.7500
149.5800
268.2400
8.3900
9.3500
1614.2600
45.8800
1548.2100
140.2100
2588.9700
47.9900
630.9600

1964.6344
3617.7581
3855.3787
1813.2011
1519.9813
3332.3635
1829.1992
3373.9417
105,8127
117.9055
22538.1445
581.3996
23364.7559
1765.3143
41740.2109
606.8278
9135,9209

156.4800
288.2700

302.3900

141.8800
119.2100
260.7500
149.5800
268.2399
8.3900
9.3500
1614.2600
45.8800
1548.2100
140.2100
2588.9700
47.9900
630.9600

156.4800
288.2700
302.3900
141.8800
119.2100
260.7500
149.5800
268.2400
16.6500
18,5500
1670.2800
86,6300
1687.9399
163.7800
2926.3701

93.6500

726.2700

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.98
1.98
1.03
1.89
1.09.
1.17
1.13
1.95
1.15

172.7800
316.9800
371.9200
173.6300
146.3000
319.1000
161.6600
327.8900
32.2400
35.9200
1778.9600
151.5700
1969.3200
206.4400
3386.5300
167.6800
857.5400

Total Energy Curtailed (Mwh)

1964.6344
3617.7581
3855.3787
1813.2011
1519.9813
3332.3635
1829.1992
3373.9417

105.8127

117.9055

22538.1445

581.3996
23364.7559
1765.3143
41740.2109
606.8278
9135.9209

1964.6344
3617.7581
3855.3787
1813.2011
1519.9813

3332.3635-

1829,1992
3373.9417
245,.3296
273.3674
23240.7832
1147.6532
25568.0527
-2092,3203
47002.9688
1264.0715
10643.1416

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
2.32
2.32
1.03
1.97
1.09
1.19
1.13
2.08
1.16

2140.7991
3925.8660
4677.7456
2187.9658
1840.2260
4021.1160
1954.7832
4068.5835
430.0571
479.2064
24272.5703
1839.6437
28788.7988
2542.1453
52214.4297
2069.7351
12098.2764

1.10
1.10
1.23
1.22
1.23
1.22
1,08
1.22
3.84
3.84
1.10
3.30
1.27
1.47
1.31
3.49
1.36

. ————— —————— v —— —— — ——— Y  ————— ke S T —— ——— S W S W D G T N S W - =

-Incr, = Increment

Cont.

Contingency
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Table 3-10: System indices indices at various contingency
levels for the IEEE RTS

A S Y T S S e T Y A A T . Sk — —

Ist Cont. 2nd Cont. 3rd Contingency 4th Contingency

Actual = Actual Actual Incr. Actual Incr,

Value Value value Ww.t.t, Value w,r.t.
2nd 2nd
Cont. : Cont,

——— —— o —— D —— g —— P} S A WM W ) D WD W S W A i D T T S W A WS T S S T A A S A S -

Bulk Power Supply Disturbances
62.125290 62,125290 62.534779 1.01 63,083290 1.02
Bulk Power Interruption Index (MW/MW-Yr.)
2.91966b. 2.919660 ©3,184880 1,09 3.711040 1.27
Bulk Power Energy Curtailment Index (MWh/Yr.)
42.548328 42.548328 46.590930 1.10 52;474370

Bulk Power Supply Average MW Curtallment Index
(Mw/Dlsturbance) :

133.939377  133.939376 145.149887 1.08 167.658600 1.25
Modified Bulk Power Energy Curtailment Index

0.004857 0.004857 0.005319 1.10 0.0059%90 1.23

Sevefity Index (System-Minutes) o

2552.899902 2552,899902 2795.456054 1.10 3148.461914 1.23
| Average Lcad Curtailed/Load Pt./Year-Mw

489.471924 489,471923 533.936218 1.09 622.144470 1.27

Average Energy Curtailed/Load Pt./Year-Mwh |

7133.103027 7133.103027 7810.832520 1.10 8797.174805 1.23

S o P s ——— —— 1 o U D — ——— T —————— W - T W P T i W AL W A

Incr. = Increment
Cont. = Contingency
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Table 3-11: A brief summary of the system indices for
the three systems

6 Bus System IEEE RTS SPC System
Without With Without With Without With
Termn, Termn. . Termn, Termn. - Termn. Termn.

- - — A T VD T T S A S A A D -

Bulk Power Interruption Index (MW/MW-Yr.)
0.0179 0.0179 3.5500 3.7100 -0.0780 0.0800
Bulk Power Enefgy Curtailment Index (MWh/Yr.)
-0.8911 0.8912 .50'7900 52.4700 0.2600  0.2800

Bulk Power Supply Average MW Curtailment Index
: (MW/Disturbance) .

10.6636 10.6648 167.4200 167.6600 88.1700 87.9600
Severity Index (System—Miﬁutes)
53.4680 53.470 3047.300 3148.460 15.6900 16.6506.
| Average Load Curtailed/Load Pt./Yeér—Mw
0.6610 0;6611 595.7200 622.1400 5.2100 5.5300
"AverageiEnergy Curtéiled/LQad Pt./Year-Mwh
32.9720 32.9750 8514.500 8797.180 . 17.4600 18.5300
Total Sum of the Probability of All thé Contingenciés‘
0.999997 0.999998 0.989547 0.992550 0.999105 0.999150

i — i — Yl B b D i At —— i v bt AP D oA D il v A S S R D S - — D A S — — — -

Termn. = Termination
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Table 3-12: CPU time in minutes for the generator outages
on VAX-11/780 digital computer

Contingency ‘ 6 Bus Test IEEE ‘ - SPC
Level , System RTS - System
Up to the 1st level 0.034 .14 - 0.37
Up to the 2nd level 0.065 l1.42 3.06
Up to the 3rd level 0.274 - 16.80 34.75
Up to the 4th level 1.044 137.14 268.50 -

— - o — T D D S S . - - - - - -

if_.reQuired, only for one contingency. . The contrlbut1on of
‘the remaining identical contingencies .is ' calculated : by
multiplying adequacy .indices for this ,contlngency by the

number of identical. cohtingencies; Identlcal generating unlts :

are con51dered to have the same MW rat1qg¢mgggg;‘ tallure and

repaxr rates and be connected to the same generatxng statxon.

Figuré‘-3~19‘ shows. all -the péséibléicombinaﬁioné for a
system having 6 generating units. Out of the_six'units,'three
units arelidentical. The total number of contingenciés up to.
the 4th 1evei is 56, If the identical Qnits are éor:ed out,
the generator outages‘listed inside the box shown in Figdre
3?19 -are‘not evaluated. All other dontingencies are, however,
- evaluated, This reduces the number of\cdntingéncies:which are
to be solved from 56 to 26, It can be seen that if the
orderiné of the generating units is déne-in-such a way that
the last three generating units are the identical units, -then
the number of contingencies that are to be solved reduces to

49 only. It |is, theréfore, more advantageous to arrange
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Generators

S.No. 1st 2nd 3rd .. 4th Sth . 6th

1 61 G2 - G3 G4 65 < G6 -

N

Gl G2

Gl G2 G3

Gl G2 G3 G4
Gl G2 G3 G5
Gl G2 G3 Gé6

Gl G2 G4
Gl G2 G4 G5
Gl G2 G4 G6

\D Q0 ~J N W

10 Gl G2 G5
11 Gl G2 G5 Gé

12 Gl G2 G6

13 jel 63 62 G3

14 |61 G3G4 - G2 G3 G4
15 |Gl G3 G4 G5 . G2 G3 G4 GS
16 |G1-G3 G4 G6 G2 G3-G4 G6

17 leleies G2 G3 G5

18 |Gl G3 G5:G6 G2 .G3 G5 G6
1§' G1 G% G6 . G2 G3 G6

20 e et ez ca G3 G4

21 Gl G4 G5 G2 G4 G5 G3 G4 G5
22 Gl G4 G5 G6 |G2 G4 G5 G6 G3 G4 G5 G6
23 Gl G4 G6  |G2 G4 G6  G3-G4-G6
24 Gl1:G5 G2 GS G3 G5 G4 GS
25 . Gl G5 G6 G2 G5 G6  G3 G5 G6 ~ |cea 65 Gs
26 Gl G&- G2 G6 . G3G6 | G4 g6 GS G6 -

——— iy o bk i o , - - S D B D Y I T A T D AP TR A IR S AT W S N SR D D P Y

Figure 3-~19: A list of contingency enumeration for the
six generating units up to the 4th outage level
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identical generating units in a way so that contingencies
involving identical units are evaluated before the
contingencies involving non~identical generating units. This
is done easily by placing idehtical units in the beginning of
-the evaluation list, an input to the digital computer program.
Table 3-13 show§ the CPU time (in minutes) regquired fbr the

generator outages, if identical units are sorted out.

Table 3-13: CPU time in minutes for the generator outages
' (after sorting the identical units)
on‘VAxfll/780 digital computer

o —— ) P . T} Y U} A S . D . L D S S D T T W ) S - A} T WP A . T o

Contingency 6 Bus Test IEEE sSpPC
Level ' System RTS - System

——— ————— o — P T N . N SPE W LAy N . G . W D P Y N W ) G S A P S . = - -

Up to Ist level 0.03 (90%) 0.12 (86%) 0.22 (60%)
Up to 2nd level 0.04 (66%) 0.45 (32%) 1.25 (41%)
Up. to 3rd level 0,06 (22%) 2,27 (14%) 7.43 (21%)
Up to 4th level  0.20 (19%) 14.14 (11%) 48.26 (18%)

. T T T — o —— T iy o, o S o Y WD rablt il

A percentile comparison between thé two sets of CfU time,
with and without sorting identical units, is also shown in
Table 3-13 for each case. The guantities inside the brackets
are percentage values of CPU time as compared to the CPU time
shown in Table 3-12, As seen from Table 3-13, the saving in
the CPU time by sorting the identicai units is qui;e
significant énd as the depth of the contingency level
increases, sorting of the identical generating units becoﬁes a
very effective way Qf reducing the CPU time, ‘A further

reduction in the CPU time can be achieved by replacing n
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non-identical wunits connected at one bus‘and having equai MW
rating but differing slightly in their failure and ', repair
rates (less than 108) by n identical units with each unit
having the worst failure rate and the repair rate, i.e.
maximum value of failure rate and minimum value of repairrrate
among n units. This, however, gives pessimistic results for

the system adequacy indices.

3.7 Summary

| The inclusion of high level 'contingencies is necessary
wheh calculating édequacy indices for relatively-large power
networks. This, however, results in a large computation time
because the number of contingencies at higher levels becomes
tremendously large. rn order to reduce the cémputation time,
it 1is appropriate to calculate only those credible outage
events, whose contributioh\to thé-adequacy indices cannot be
ignored. Based on the study of the three;syStehs described in
this thesis, it was found that ih the case of small networks
such ﬁs the 6 bus test system,_generating unit outages up to
the 3rd level are‘sufficient‘to provide accurate values of the
~adequacy 1indices; while for a large network, such as the IEEE
RTS énd the SPC system, 4th level generating unit outages give
satisfactory results. In both small and large networks,
independent line outages up to the 2nd level s&pply reasonably

accurate values for the adequacy indices.

In order to account for the contribution of outage events

beyocnd the 4th level in the case of generating units and the
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2nd level in the case of lines, indices at the last level are
modified such that the contribution of higher level outages is
included without actually solving them. This modification,
designated ' as termination, is described in this chapter, The

effect of termination at a lower level is also discussed,

A reduction in the computation time for the solution of
generator outage contingencies is obtained by sorting the
identical units. This approach has resultéd in a tremendous
saving 1in computation time, particularly when higher outage

levels are considered.

One of the problems résulting from high level generator
unit outages or line outages 1is the creation of an
ill-conditioned network situation. The A.C. load flow does
not converge and therefore quantitative evalhation of such a
situation becomes extremely difficult. These situations' and

their solution are described in detail in the next chapter.
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CHAPTER 4
LOW BUS VOLTAGE AND ILL~CONDITIONED NETWORK SITUATIONS

4.1 Introduction |
The assessment of the quality of power supplied to the
load centers is done by calculating the voltage level at these
points.‘ A good quality of sérvice at a load point is ensured
by not aliowing déviations in the voltage level at a bus
beyond the permissible limits. When solving the outagé
contingencies using an A.C. load flow, certain outage
contingencies, mostly transmission line outages, result in low
voltage at some of the buses in the network. The simplest
solution to this situation is to allow the system buses to
stay aﬁ the low voltage and treat the outage event as a system
failure due to the bus voltage violation(s). However, this
approaéh does not provide any quantitative measure of the
voltage violation problem and also does not give due
consideration to the severity of the outage event, These
events are treated as failure events regardless of the voltage

magnitude at the system buses,

One of the main objections to this assumption is whether
low voltage really constitutes a system/bus failure. Many
power utilities use D.C. load flow for reliability studies
because they do not view low bus voltage as a failure'but only
as a minor problem which is norﬁally rectified by the

transformer tap-settings, the phase-shifter adjustments and/or
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local reactive power generation. This treatment, however,
givesran optimistic assessment because correction of voltage
viclations may not be possible for all voltage violation
contingencies. It also does not 'permit"a' gquantitative
evaluation of the outage contingencies using voltage as an
adequacy criterion.,  The actual situation lies somewhefe
between the two viewpoints. It is desirable to use voltage as
an adequacy criterion but suitable correctiée action should be

taken when encountering any voltage problem.

A basic bus voltage correction model suitable for wuse

.with the Newton-Raphson load flow is déveloped in Section 4.,3.

In addition to the low voltage at some of the system

buses, another problem which is also experienced while using

an {i}étwwload flo;) is a non-convergent load flow situation,

o e ey e,

These situations pose a major obstacle in system reliability
evaluation as it is difficult to quantify the adeguacy indices
in the event of nénaconvergence. Most of the non-convergent
situations result due to high values of the mismatch in

reactive power beyond = the permissible tolerance limit. Very

Pt e e

. h o i e 4 b

few situations result due to high values of the mismatch in
active power. A third poséibility is that a load flow may not
converge although a solution, in fact, dces exist., This
non-convergence could occur due to numerical problems with the
fast decoupled algorithm and/or the characteristics of the

numerical formulations wused. In order to  avoid these
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non-convergent situations when a solution does exist, an
additional algerithm has been included in the digital computer

program, This algorithm is discussed in the next section,

If a non-conéergence ‘situation .still persists, after
checking for the _non—conﬁergence that may result bécause of
the-numerical formulations, it is presumed that it is due to
the fact that under given operating conditions of the network,
the A.C, load flow doés not have a solution, These
‘non-convergence situations as well as the low bus voltage
situations described above are solved by an approachrdiscussed

in Section 4.3.

4.2 Téchnique For Preventing A Load Flow From Diverging

When solving .an outage contingency using the
Newton—Raphson lcad flow technique, at any point in the
‘iteration process the voltage increment computed on the basis
of mismatch powers from the previous iteration may pfoject the
letage solution outside the 1local neighborhood where the
solution ekists. The solution range is never encountered and
the iterative process diverges. Many apprqaches are available
to prevent the divergence of the Newton;Raphson load flow
solution under those situations when a solution does exist.
Powel32 has suggested that the convergence property of the
Newton-Raphson load flow c¢an be improved by scaling the
solution projection calculated by the 1lcad flow algorithm

without changing the direétion of the. projection,.
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From Equations 2.1, 2.8 and 2.9 in Chapter 2, a set of

generalized equations can be written as:

AY(x) = J(x) Ax : {4.1)
‘ Xﬁew = x°1d_+ a, Ax (4.2)
- where,
‘ x = Solution vector, voltage magnltude

or phase angle,

"AY(x) = Mismatches.

J(x) = Jaccbian Matrii.

A X = Solution vector correction,

a = Scaling factor .or acceleration factor.

In an ordinary Newton-Raphson load flow, the Scaling

132 and recently Iwamoto and Tamura33

- factor a = 1.0, Powe
have developed analytical éxpressions for the scaling factor,
such that the sum of the squares of powei mismatches is
minimizéd. In a recent report on “Transmission system
reliability“, EPRI10 has suggested a heuristic technique to

adjust the scaling factor by monitoring the sum of the squares
of the power mismatches before and after each voltage
magnitude and phase angle correction. Tﬁié technique is
readily adaptable to the fast decoupled 1load flow approach. 
Under normal load flow situations, the séaling factor is taken
as 1.0, but in the case when the sum of the squarés ot the
power mismatches for the new iterative reédlts exceeds its
vélue calculated from the previous iteration results, the

scaling factor is decreased from its initial value of unity by

a factor. The value of the factor is arbitrary and it could
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lie between 0.0 and 1,0, In the studies reported in this
thesis, this factor was chosen as 0.5. During one complete
load flow cycle, the value of the scaling factor is.decreased
whenever the sum of the sguares of the power mismatches
exceeds its p;evious'valué. A flow chart of the algorithm is
shown in Figure 4-1, The main features of the algorithm ére as
follows:

(1) The load flow solution progresses in an unmodified way
until either the sum of the sqguares of the real power
mismatches SP or the sum of the squares of the.reactive power
mismafches SQ shows an increase'rather than a decrease when
the P-g or Q-V portions of the load flow solution is executed
respectively.

- (2) At .any point during the iteration process, if SP
increases from its previous value; the.scaling factor ap is
decreased to half of its old value. New values of the phase
angles are calculated and again SP is calculated. If SP is.
still 1larger than what it was whenlap was unity, then a
is further halved. This process continues until SP is smaller

than its value when a_ was 1.0 or until such time that a

P p

becomes smaller than a cut~off value. The same procedure 1is
repeated for the Q-V portion of the load flow., The cut-off
values of the scale factors for both the portions is chosen as

1074,
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(3) 1f the load flow has converged, adequacy indices are
calculated and the next contingency is solved, In those cases
when the load flow does not converge, abpropriate corrective
actions are employed to handle the non-convergent situation.

These corrective actions are discussed in the next section.

After integrating the'algofithm into the digital computer
program, it was tested for alil the three test systems
described in this study. Table 4-1 gives é list of the
non-convergent outage contingencies before applying the above
technique. Even after utilizing the technique, it was found
that not a single non-convergent conﬁingency in any test
system converged. This implies that for these contingencies
there is no solution possible for the operating conditions
under which the load flow is solved. This a}so indicates that
the solution for these contingencies does not diverge because
0of the numerical problems and/or the characteristics of the
mathematical - formulations used. It is therefore necessary, in
order to soive these non-convergent contingencies, to modify
the operating conditions so that the 1load ‘flow converges
within the MW and MVAR mismatch tolerance limits. A heuristic
algorithm was developed and successfully incorporated into the

digital computer program. This algorithm is describéd below:
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Figure 4-1: Flow chart for the application of scaling
factor to prevent divergence of the load flow
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Table 4-1: A list of non-convergent outage contingencies
for the three test systems

. T A T T A i e i T T s il il S T U VD A S T S il S S Al e el e nle T ik e A s sy ey

Test system Line Outage

Contingencies

S — ———— ——— A D S D T A Y W ——— —— —" P e — S . W VIR S T - ——— o -

Y A A T W W T D TP GO S ) P SER T R T S D S ) G - . —— — W ——— T ST - -

Lines 1 and

Lines 1 and

Lines 10 and

Lines 10 and

Lines 10 and

Lines 11 and

Lines 11 and

Lines 11 and

Lines 11 and

_ Lines 17 and
SPC System Lines 23 and
Lines 24 and

Lines 25 and

Lines 26 and

Lines 26 and

Lines 28 and

Lines 29 and

Lines 36 and

‘Lines 54 and

Lines 58 and

Out Lines 1 and 11 Out
Out Lines 5 and 26 Qut
Out Lines 10 and 34 OQut
Qut Lines 10 and 57 OQut
Out Lines 11 and 13 Out
Qut Lines 11 and 18 OQut
Out Lines 11 and 56 Out.
Out Lines 11 and 60 Qut
Out Lines 16 and 26 Out
Out Lines 18 and 57 OQut
Out Lines 23 and 26 Out
out Lines 25 and 34 OQut
Out Lines 26 and 37 Out
Out Lines 26 and 51 Out
Out Lines 28 and 29 Out
Out Lines 28 and 41 Out
out Lines 29 and 41 Out
Out Lines 38 and 65 OQut
Qut Lines 58 and 59 Out
Out Lines 64 and 65 Out

Outage of line 43 and any line outage

combination involving line 43.

A i T — Ly N . i R A T S W T S — T —— T —— - ——————— ] —_ —~——— ——————
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- 4.3 A Heuristic Algorithm For The Correction Of Voltage

Violations And Non-convergent Situations

4,3.1 General

The outage of one or more lines may result in low voltage
at some df the system buses and sometimes the A.C, load flow
does not converge. Thé outage of the line(s) in a net powér
exporting area may result in slightly highef values of the
voltages at a few of the system buses in the area and a
significant increase in the bus angles at the generatiqn
buses. This is caused by the fact that power cannot be
transferred from this area to other areas of the system due to
the outage of the 1line(s). Converseiy, the ouiage of the
line(s) in a net power importing area may cause lower values
of the voltages and a decrease in the bus angles atrsdme of

the buses, particularly load buses, in the region.

OQutages of lines 23 and 29 and of lines 24 and 28 for the
IEEE RTS (Figure 2-2) result in a significant increase in the
bus angles at genératorr buses 18 and 22, These buses are
situated in the north (230 KvV) region which is a net power
exporting area. These outage events also cause a low voltage
at bus 3. On the other hand, outages of lines 6 and 7 and of
lines 6 and 27 in the net power importing area result in a low
voltage at bus 3 and a decrease in the bus angles at
generation buses 1 and 2. The outage of lines 11 and 12 and

that of lines 11 and 13 result in a low voltage at bus 8.



114

These non-convergent and low voltage situations are
solved by taking the fdllowing corrective actions:
(i) Rescheduling of the generating units,
(ii) Injection of reactive power at the voltage violating

buses.

While iterating the A.C. load flow, if the absolute value

of any bus angle deviates beyond twice its initial estimated

) e T

value, the generating units are rescheduled as explained in

e

Section 4.3.2. If the magnitude of the voltage at any'bus,
during the load flow iterations is not within the permissible
‘limits even though the load flow has converged, reactive power'

is injected at the buses as described in Section 4.3.3.

4.3.2 Rescheduling Of The Generating Units

As seen from Equation 2.6, the bus angles ére
significantly influenced by the real power generation pattern
in a network. Therefore outages of lines which are responsible
for power transfer from the net power exporting area(s) to the
‘net . power importing area(s) cause ‘an increase in the bus
angles in thé net power exporting region and a decrease in the
bus angles in the net power receiving area. This cad be seen
when lines 23 and 29, and lines 24 and 28 are out in the TEEE

RTS.

A heuristic algorithm which monitors the bus angles and
adjusts the generation schedule according to deviations in the

bus angles was developed and integrated with the digital
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. computer program, The algorithm éolvés these situations
satisfactorily which otherwise result in non-convergent cases.
A flow chart for the algorithm is shown in Figure 4-2, The
main features of the algorithm are as follows: |

(1) 1If the absolute value of the bus angle |68| at any bus
increases beYond twice its initial estimated value, the angle
deviatidn A6 at the generator buses having reserve capacity
available are éalculated. Thé average value Aeavg' of these
angle deviations is also determined. | |

(2) The scheduled genetation at the geﬁeraﬁor‘buses, which_
have an angle deviation lower than the  average 'vélue, .is
increased to the total generation.¢apacity available at those
buses, However, a restriction on the reserve availablé ftor
rescheduling can also be imposed, if reQuired,wbyislightly
modifyihg the algorithm.

(3) The scheduled generation at the generator buses, which
experience angle deviations largef than the average value, is-
lproportionately decreased by an amount which is now available
because of augﬁenting the geheration as described in (2).

(4) After rescheduling the generating units, an A.C. load
flow is again carfied out starting with the initial estimates

of the load flow paraméters.

4.3.3 Injection Of Reactive Power At'TheVVoltagé Violating
Buses |
The magnitude of the bus voltages are primarily

influenced by the reactive power generation pattern in the

network. Equation 2.7 explicitly reflects this fact. Therefore
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Next contingency

_ .
Bus angle 8 = eo(estimated)'

Bus voltageV = V, (estimated)

0

ITER

4

ITER = ITER + 1

Yes ITER(ITER&AX No
' ?
Solve A.C. 1f problem persists
load flow solve the contingency
using a D.C. load flow

‘—_I

For any‘bus Y
lo]>2fs, | |—es
-
No

CalculateAd = ( 6-8 )
Calculate Aeavg.fof’ generator

- | buses having reserve
{—— capacity available
No | Load flow
converges
?
_rIYes _
Check line overloads : For a generator
Check bus voltages Yes bus No
Check MVAR limits A8 <Afavg,
Calculate adequacy ?
indices .
Increase the Decrease the
scheduled generation ||scheduled generation
proportionately proportionately

i . |

Figure 4-2: Flow chart for rescheduling the generating
units for the line outages
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inﬁ@@tion of a proper amount of MVAR at the voltage violating
- buses helps in alleviating the voltage violation problem for
West outage contingencies. Power factor improvement devices
such as synchrénous condensers or static capacitor banks could
be ‘installed at the appropriate buses. Besides supplying the
VAR support under normal circumstances, 'these-devices can
- improve the quality of the power supply under line outage
events. A heuristic algorithm was developed to calculate the
reactive power regquired in order +to correct the voltage
violations at the system buses for an oufage event, A flow
chart of the algorithm is sﬁpwn‘ in Figure 4-3, The main
characteristics of the aigorithm are as follows:

(1) If the voltage at any load bus decreases to 50% of its
initial estimated value (generally 1.0 p.u.) while solving the
A.C. load flow or that the load flow has converged but the bus
voltages are lower than the permissibie voltage 1limit, the
po&er factor of ‘the load is improved by 10% of its original
‘value. The A.C. load flow is again carried out with the
original estimates of voltage magnitude §0 and bus angle
0p as the stariing values, If the voltage at ai; bdses is
within the specified vol;age iimits and ther load flow
convefges, fhe algorithm proceeds to step (3), otherwise"to
steb (2).

(2) 1f the modified power factor of the load is less than
0.9, it is fufther improved by‘IO%, otherwise the net reactive
power (local MVAR generation + 1load MVAR) at a bus is

increased to a value whigh is 20% of the active lecad., The A.C.
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| Next contingency

.Bus ahgle

6= 9° (esi:imated)
Bus voltagelV|=|V_|(estimated)
ITER = 0 |

ITER = ITER + 1

' ITER<ITERMAX
Yes or
Injected reactive power .
within max, allowable limit
2
|No
. N
Solve A.C. If problem persists
load flow. solve the contingency
using D.C. load flow

t .

Por-any bus
¥ej Iv] < |V min|
and ITER >3
. 4
For any bu Yes
[l <0 I\gl £3

- Improve power factor by 1nJect1ng
reactive power at voltage v1olat1ng

_Ro

—

 No| Load flow |,
=1 converges |
; > | }

buses as follows:

1. Improve P.F. by 10% if connected
load is a lagging load.

2, If load is a leading load, purely
resistive or net reactive power at
'a bus is a leading power, increase
the reactive generatlon of the P.F.

Check
Check

bug voltages
MVAR limits

Check line overloads
Calculate adequacy
1nd1ces

improvement device in steps of 20%
of the active load,

]

Pigure 4-3: Flow chart fof correcting the voltage limits by
injecting reactive power
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load' flow 1is  again carried out and the voltage limits are
checked, If the voltage at the éystem busgé is still3.ndt
acceptable, reactive power is further increased by 20% of the
" active load and so on, The process of injection 6f. reactive.
power can be stopped aftef.a predetermined-valﬁe'of reactive

power is supplied. In these studies, the maximum reactive

- .

power that can be injedted‘was taken as 140% of the real load

demand at a bus. At this stage, load flow is again carried

out, If the load flow diverges, a D.C. lcad flow is performed'
and‘adequécy indicesAare calCulateﬁ accordingly.

{(3) The line overloads and the generator MVAR limits are
then checked., After taking proper corrective action ﬁof thesel
problems, if necessary, the adequacy indices are calculated

and the next outage contingency is then solved.

4.4 Discussion OF The Results

Table 4-2 shows the total number. of voltaée violation
contingencies for the 1line outages before employing any
corrective actionsfas described in Section 4.3 for the three
teét systems. LThe three voltage levels chosen are 0.95_p.ﬁ.,

0.90 p.u. and 0.85 p.u. for each bus in each system.

A brief description of the major voltage violation

contingencies for each system is as follows:

4.4.1 The 6 Bus Test System (Figure 2-1)
The outage of lines 1 and 6 results in voltage violation

at bus 3 for all the three voltagé'levels.
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Table 4-2: Number of voltage violation contingencies for
three voltage levels '

Permissible minimum voltage
System description limit in p.u. at each bus

0.85 0.90 0.95
6 bus test system l 1 1
IEEE RTS 39 39 144
SPC system 178 . 334 715

A i A S ol i S T S i U S A S A S D T . - A A e T . ——— -

4.4.2 The IEEE RTS (Figure 2-2)

The number pf voltage violation contingencieé increases
significantly if the voltage limit is raised from 0.90 p.u. to
0.95 p.u.. _Howevér, the number of VOltage violation
contingencies remains wunchanged if the Qoltage limit is
further relaxed to 0.85 p;u.; The outage of line 10 and all
other outage combinations of line 10 ‘with any other line
result in low voltage at bus 6 fof the voltage limit- of 0.85‘
peu. of_ 0.90 b.u.. The most severe contingency is the outage
of lines 1 and 10 for which the voltage at bus 6 is 0.56 p.u..
Outages-bf line 2 and element 7 (transformer) and of 1lines 2
and 27 result in low voltage (0.81 p.u.) at bus 3. The
following is a list of voltage violation contingencies, in
addition to the above outages, for the 0.95 p.u. voltage
level. | | |

(1) The outage of element 7 - (transformer) and all bther

outage combinations of the transformer with any other
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line/transformer result in low voltage at bus 3.

(2) The outage ' of line 11 together with the outage of any
other line/traﬁsformer result in low voltage at bus 8,

(3) The outage of line 27 and any other outage combinations

involving line 27 result in low voltage at bus 3.

4.4.3 The SPC System (Figure 2-3)

This system 1is prone to frequent voltage violation
problems. The total number of line contingencies tested 'is
2556. Voltage violation contingencies represeht 7%, 13% and
28% of the total line contingencies at three voltage levels of
0.85 p.u., 0.90 p.u., and 0.95 p.u. respectively. A brief
éummary of ghe major voltage violation contingencies is as

follows:

(1) The outage of line 10 and any other outage combination
with this 1line results in low voltage at bus 5, Qutages of
lines 1 and 10, 10 and 18, 10 and 34 (transformer), 10 and 56,
and of 10 and 66 result in low voltage at four system buses,
" namely bus 5, 6, 7 and 8,

(2) The outage of the element 11 (transformer) together with
the outage of any other line/transformer results in low
voltage at buses 3 and 5.

(3) The outage of line 36 and the outage combination of any
other line/transformer with line 36 results in low voltage at

bus 19 and bus 20.
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(4) Buses 22 and 24 experience low voltage due to the outage
of element 43 (transformer) and any other outage combination

with the element 43.

(b) voltage limit = 0.90 p.u.:-

In addition to the above voltage viclation contingencies,
the outage of line 40 and any dther outage combination
involving line 40 results in low voltage at bus 19. The outage
of line 41 and any other outage combination with line 41 also

result in low voltage at bus 20.

(c) voltage limit = 0.95 p.u.:-

If the bus voltage is increaéed to 0.95 p.u. from 0.90 p.u.,
the following additional 1line outages result in voltage
viclation contingencies,

(1) The outage of line 25 and any other outage combination
with this line result in low voltage at bus 13.°

(2) Many outage combinations of liné' 26 and of line 28
result in low voltage at bus 8 and bus 20 respectively.

{(3) The outage_of line.29 and any other outage - combination
with line 29 result in low voltégé at bus 20.

(4) Both buses 8 and 12 experience low voltage due to the
outage of either element 34 (transformer) or line 56 and any

other outage combination involving either of them.

After taking suitable corrective actions as described in
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Section 3.3, the voltage violation problem no longer exists in
any of the systems., Only 2 contingencies i.e., (i) the outage
of transformers 23 and 24 and (ii) the outage of lines 28 and
29 for the SPC system do nof converge. The non-conéergence of
these two contingencies is due to the fact that £he‘ iteration
limit exceeds the maximum number of iterations which was
chosen as.30 in this case, 1t is worthy of note that prior ﬁo
lemployihg the corrective actions, the total number of
non-convergent-lcontingencies for the SPC system was 112. The
maximum MVAR rating of the power factor improvement devices
required for the three systeﬁs are given in‘Table 4-3, Table
4-4 ﬁnd Table 4-5 respectively. The three permissible voltage
limits considered are 0.95, 1 0.90 and 0.85 p.u.. The most
gsevere outage contingency requiring the maximﬁh‘improvement is

also given in each case,

4.5 Summary

A quantitative evalﬁation. of the voltage violation
contingeﬁcieé and non-convergent contingencies in conjunction
with the appropriate corrective actions has been presented in
this chapter. Two simplified heuristic algorithms, one for
rescheduling the generating ' units and the other for
calculating the MVAR rating of a power faétor improvement
device for each voltage viclation contingency were developed

and_integrated into the fast decoupled A.C. load flow. The
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Table 4—3. MVAR rating of a power factor 1mprovement device
_ for the 6 bus test system '

- A i i wnn - o — ——— o o i i o A ol T . v o A i A i A

Bus Voltage in p.u.

Bus 0.95 0.90 0.85
MVAR Line MVAR Line MVAR  Line
Contingency Contingency Contingency
3 34,0 1 & 6out 34,0 1 & 6 out 17.0 1 & 6 out
4 16.0 do 16.0 - do 8.0 - do
S 8.0 do 8.0 do 4.0 do
6 8.0 do 8.0 do 4,0 do

- —— . ———— ) T W Gp ) D W T SF) ) G - Y S ) —— G —— G A - —-—————

Table 4-4: MVAR rating of a power factor improvement devxce
. for the IEEE RTS

D T S D S SR M D D W Y S S Y W Y WD W S P S ) - - . VY D WD TS SR N W WP Y G — = T TE R W T G ——p —

Bus 0.95 0.90 0.85
MVAR Line MVAR Line MVAR  Line
Contingency Contingency Contingency

s sy T e e e P Tl D ke s v o ———————————— ——— T T —— — ————— ——————— —— " — ——— T ——

& 7 out 72 6 & 7 out 72 6 & 7 out
& 7 out :
& 10 out 25 9 & 10 out 25 9 & 10 ocut
& 13 out 68 1l & 13 out 68 11 & 13 out
& 15 out :

A S T S T T S . S S P A T P AP A - - T . Ty T g —p SO — ————
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Table 4-5: MVAR rating of a power factor iﬁprovement device
for the SPC system

S S—— T AV U W S S TS B D D T WD T S D i T D S S S T T W . Vo .

Bﬁs Voltage in p.u.

Bus 0.95 0.90 0.85

MVAR Line MVAR Line MVAR  Line

Contingency Contingency Contingency -

2 29 43 & 54 cout 29 23 & 24 out 29 23 & 24 out
3 4 11 & 57 out 4 11 & 57 out 3 11 & 57 out
4 66 8 & 12 out 33 12 & 43 ocut- 33 12 & 43 out
5 69 10 & 57 out 69 10 & 57 out 52 10 & 57 out .
6 76 ~do- 76 " =do- 76 -do~
7 30 ~do=- 24 -do=- 24 -do-
8 23 ~do=- 23 -do~- 18 " =do=-
9 9 2 & 12 out 9 2 & 12 ocut 9 2 & 12 out

12 45 58 & 59 out 45 10 & 57 out 45 10 & 57 out
13 31 25 & 34 out 20 25 & 34 out 20 25 & 34 out
14 12 58 & 59 out 9 58 & 59 out . 9 58 & 59 out

15 12 -do- 12 -do=- 9 -do-
16 39 -do- 20 ~do- 20 -do=-
18 9 27 35 out

40 out
36 out
43 out

40 out 12 20 &
&
& .

45 out 17 43 & 45 out
&
&

&

& 36 out 82 28
43 out 47 1 & 43 out 47 1

&

&

&

&
& 40 out 12 20
&
&
23 17 43 & 45 out. 17 43
&
&
&
&

36 out 82 28

43 out 9 1
45 out 13 43
48 out

59 out

43 out 9 1 43 out
45 out 13 43 45 out

———— A o T — S W St o — — T A A o Wt . it Tl A el il Ay el il il P e e S W s ol Al . v il el Sl vk vl iy
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newly incorporated techniques successfully alleviate, for all

the thrée systems, the voltage problems and the non-convergent
‘situations which cause discontinuities in the quantitative
evaluation of the system adequacy indices for transmission

system reliability. . o .
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CHAPTER 5
LOAD POINT AND SYSTEM INDICES

S.1 Intreoduction

An outage event may affect a wide area of the system or
it may atfect a small group of buses or pérhaps,a single bus.
This depends upon the components under outage, their relative
importance and leocation in the network configuration, the
corrective action taken and the load curtailment philosophy
etc, . The‘adequacy indices shouldrfocus attention on those
portions of the system thatl are directly affected by the
outage of ‘the element(s). The total contribution of all
possible outage contingencies considered should indicate those
areas in the system which'aré less reliable and are prone to
disturbances. Calculation of system indices only does ndt
convey this information and therefore it is appropriate to
also emphasize individual load point indices. This aspect has
not received much attention up to the‘presen; time and vefy 

2

few publications® available stress this aspect.

The need for considering the individual 1load pdint

indices 1is also necessitated by the fact that the effect of ‘

. t
considering higher level outages is not uniformly distributed

over the entire system, At some of the system buses, Ist and i
2nd level contingencies may be sufficient to provide adegquacy
indices with a reasonable accuracy. At other buses, higher

level contingencies must be considered before any significant.
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pfoblem is experienced. In the case of'thg overall system
indices, an appropriate choice of the outage level is dictated
by the relative contribution of the adequacy indices for the

two general categories of buses noted earlier,

In a similar manner, varying _the load at each bus in

equal proportion may not rqu};_in a -proportxonate variation

of the indices at each bus. This is due to the fact that load

e e it e e

flow studies involve the solution of non-linear simultaneous

equations. The effect of load var1a;%pn may not therefore be

uniform at each bus, depending upon tgemnetworg“congﬁgggat1on

NEESRNS S

and the system component parameters.

The variation in system average indices due either to the
inclusion of high level outages or to the variation in 1load
level does not  necessarily result in the same variation
pattern.at each bus in the system, Sensitivity studiés are
very important for an individual 1load point assessment. 
Drawxng conclusions about the adequacy of any_Load peint_ from

e A e i kb e

the system 1nd1ces _may Dbe both mlslead;ng_Mgpduégqirﬁrom

et o

géallgy. The effects on the adegquacy indices of varying the
depth of the outage events and variation-in the system load

are discussed in detail in Sections 5.3 and 5.4 respectively.

The curtailment of load at system buses in the event of a
defig¢iency in the generation capacity can be decided in a

number of ways depending upon the relative priority given to
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each major load center. A brief description of the load

curtailment philosophy used in this study is given below:

5.2 Load Curtailment Philosophy J

A capacity deficiency in the syStem under any contingency’

condition is alleviated by curtailing the load at the -

appropriate bﬁses; As indicated earlier in Chapter 2, the load
at each bus has been classified into two types:
(1) Firm Load.

(2) Curtailable Load.

Based on individual. load peint requirements, curtailable
load may represent some percentage of the total 1load at the

bus., In the case of a def1c1ency in the generat1on capac1ty,

e e T B e s etk 7 e e

curtailable load is interrupted first, followed by the

R v o em

guﬁggilmgg;,o:_;;;mhioqd%_;f_necessary. The effect of a system

disturbance that results in swing bus overload, (a capacity
deficiency in the system) can be confined to a small. area or

to a large region of the system. If the relative 1mportance of

the load at a bus 1n the system is such that the flrm load at
the bus will not be curtailed unless it is unavoidable, it is
obvious that more buses in the system will experience load

- curtailment. On the other hand, if the system design warrants

that a dlsturbance 1n one region - should not be felt 'in another.

s A e e i e e e

region of the system, then the number of buses that experlence

load curtallment will be less but under many outage

contingencies :irm load may have to be curtailed. This

provision has been made in the load curtailment philosophy

A
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algorithm by defining the number of load curtailment passes.
A brief description of the load curtailment under each pass is

as follows:

5.2.1 Load Curtailment Pass 1

In the case of generator outages, pass 1 covers those

buses at which the generators under outage are physically

connected and are one llne away and rece1v1ng power from these

generator buses. In the case of line outages, pass 1 covers

the receiving end bus(es) of llnes under outage and buses

et A A T, e i

s - n raep——— .
w ich are one 11ne away and recelv1ng power from these

i e T P e | oo e e L a3 Rt e

receiving end buses, In the event of both generator and line

e e -

ocutages, pass'l-covers those buses at which the generator

under outage is physically connected and the receiving end bus

of the 1line under outage and those buses which are one line

away from the receiving end buses and are receiving power from.

them. The swing bus overload 1is alleviated by proportional
interruption of the curtailable load at buses covered under

pass 1.

1f the swing bus is still overloaded after removing  the
cgrtailable load from the buses mentioned earlier, the,firm
load is curtailed proportionally at these buses, However, at
those buses which have load as weii as local generation, only
that amount of firm‘load is curteiled which is in excess of
its 1local generation.__ln other words; these buses do not
experience any firm load curtailment if the generation is more

than the firm load. If generation is less than the firm load,
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the excess firm 1load is interrupted proportionately. If the
swing bus is overloaded even after curtailing the total 1lcad
at the load buses, the load is removed from those buses which.

are covered under load curtailment pass 2 as described below:

5.2.2-Load,Cu£tailment Pass 2

In load curtailment pass 2, the buées covered are as
noted for pass 1 and all those buses which are two lines away
from the_genérator outage buses and/or receiving end‘buses for
a line outage and are being directly supplied from the buses
covered under pass 1. The load curtailment philosophy remains
the same as described above, i.e. proportional curtailment of
the curtailable load followed by proportional curtailment of
the firm load, if necessary. If the swing bus is still
overloaded.after removing the total lload- from the Dbuses
covered pnder pass 2, the load is curtailed at the other buses

covered under pass 3.

5.2.3 Load Curtailment Pass 3

| This pass covers all buses that are covered under pass 2
and those additional buses which are-three lines away from the
generator ocutage buses and/or receiving end buses for a line
outage and are being fed from the buses which are two lines
away and covered under pass 2. The load curtailmént philosophy

remains the same as explained for pass 1.

If the swing bus is still overloaded after curtailing the

total load at all buses covered under 3 passes, a message 1is
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printed to this effect and the the load is curtailed
proportionately at all system buses. However, this
possibility is very remote and is hardly ever experienced even

for a large power system.

As noted éarlier, the number of the buses at which
curtailable load is to be interrupted increases as the number
of load curtailment passes increases. The number of passes can
be specified depending upon the‘éystem requirements and the
operation philosophy. The effect of the number of load

curtailment passes on the adequacy indicés is discussed below.J’
5.3 Effect of Load Curtailment Passes on Adeguacy Indices

5.3.1 The 6 Bus Test System (Figure 2-1)
Table 5-1 gives the curtailable lcad in percentage of the

total load at each bus for the 6 bus test system. These values

Table 5-1: Curtailable load in MW at each bus of the
6 bus test system

—— ——— . o . ——— — i o —— T ——— . ————— T T — — — T —————— W ——— w— " o ———— —— -

S.No. Bus No, Total Load : Curtailable Load
MW : i e e e e e i e oy S St e e e b Pk
% of Total In MW
Load
1 2 20 10 2.0
2 3 85 25 21.25
3 4 40 25 10.0
4 5 20 20 4.0
5 6 20 20 4.0

- — D P D W Y S S S TS TP TED VD Y Y T Wl i P S ——— ORI — —— — —  w — — —

. — . — T — . — T — - ———— . VU U R ——— N — .
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have been chosen arbitrarily.'In this system, bus 3 and bus 4
are one line away from the generator Dbuses 1 and 2
respectively. If load curtailment pass 1 is chosen, these
buses experience load interruption whenever the generating
units are out at their respective one line away generating

stations., Buses 5 and 6 do not experience angwlgﬁdﬁcurxai;mgg;

for the generator outage contingencies because the total load

at buses 2 and 3 exceeds the capacity deficiency in the system

DURTPRVREEE R
[

under the outage of four of the largest generators. Buses 5

PO = g P i

and 6 _experience load curtailment for line outage events only.
s e b e e L 8 e e i < b T e a4 o [ RN, PRSI EpOpr e SC PRI 4 ]

Hiowever, if the lcad curtailment pass is increased to 2, bus
S, whiéh is two lines away from both the generating stations,
also encounters load interruption. The probability of failure
and the frequency of failure of bus 5 increase sharply as
shown in Figure 5-1. The expected values of load curtailed in
MW and energy curtailed in MwWh at bus 5 also increase while at

bus 3 these values decrease,.

The net effeét of increasing the load curtailment pass
from 1 to 2 is that now the system problem is shared by thrée
buses, buses 3, 4 and 5 instead of-bus 3 and bus 4 only. As‘
seen from Table 5-2, if the pass is furtherl increased to '3,
bus 6 also shares the 1load interruption 'in the event of
generating unit outages. Table 5-2 g¢gives the énnualized
adequacy indices at each bus for the three load curtailment
passes, As seen from Figure 5-1, the variation in the adegquacy

indices at each bus is not uniform and as such it is greatly
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Table 5-2: Annualized bus indices for the 6 bus test

system at various load curtailment passes

O N W N

[ WO R TR S

3rd

1.00

~1.00
1.25
5.12
1.01

- 1.00

-1.00
1.14
1.43
1.00

1.00
0.93°
1.29
2.10
1.00

load Curtailment Pass
Ist 2nd
Actual Actual  Incr. Actual
value value w.r.t. value
Ist
Pass
Failure Probability
 0.0007627 0.0007627 1.00 0.0007627
0.0018466 0.0018466 1,00 0.0018466
0.0008167 0.0010194 1.25 0.0010194
0.0000524 . 0.0002684 5.12 0.0002684
0.0011280 0.0011280 1.00 0.0011399
Failure Frequency
0.1642844 0.1642844 1.00 0.1642844
0.4982281 0.4982360 1,00 0.4982360
0.2602412 0.2961859 1.14 - 0.2961859
0.0930924 0.1328363 1.43 0.1328363
1.0567538 1.0567538 1.00 1.0599492
Total Load Curtailed (MW)
0.1000000‘ 0.1000000 1.00 0.1000000
5.0000000 4.6500001 0,93 4.6399999
0.8400000 - 1.0800000 1.29 1.080G000
0.1000000 0.2100000 2,10 0.2100000
21.1399994 21.1399994 1,00 21.1499996
~Total Energy Curtailed {Mwh)
3.9164000 3.9164000 1.00 3.9164000
146.9962006 129.8780975 0.88 129.5301971
21.4964008 33.4525986 1.56 33.3874016
0.4880000 5.6521001 11.58 5.6521001
197.6300964 197.6300964 1.00 198.0471954

- ——— — — — ——— . ———— ——— — — . — i —— NN} S — T —— A N N T VAP D S A . —— . 2

Incr, = Increment
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influenced by the values of the two constituents of the load,

i.e., the firm load and the ¢urtai1ab1e load.

As the humber of the lcad passes increases for‘ a given
load composition, the number of contingencies that results in
the curtailment of firm load at any bus decreaées. The number
of contingencies resulting in the curtailment of the firm load
also -decreases if the limit of the curtailable load at each
bus is increased for a specified number of 1load curtailment
passes, Table 5-3 gives the number of outage contingenciés
resulting in firm load curtailment for .various values of
curtailable lecad., The total number of load ‘curtailment

contingencies in each case is 1327.

Table 5-3: Number of the firm load curtailment contingencies
for the 6 bus test system

Al s P il e T T D s S Al e A D ) il s VR Tl ol s il s e Al VI D Dl D A T T P D . D A Al M i

S.No, Curtailable Load No, of Load Passes
at BEach Bus  +~———eeececeemcnmr—m————
(% of Total Load) Ist 2nd 3rd
1 15 561 513 513
2 30 149. 122 122
3 45 40 - 36 36
4 60 27 26 26

— o —— — —_—— S —— . . — ——— T T (T ——— A A S W —————— —

If the curtailable load 1is increased beyond 60%, the
number of contingencies that result in firm load curtailment
remains at 26, because these 26 contingencies result in the

interruption of total load at bus 6. Whenever line 9 itself
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or in combination with any other line or generating unit is
out, bus 6 is isolated. Bus 6 and bus 5 are also isolated if

lines 5 and 8 are out.

S5.3.2 The IBEE RTS (figure 2-2)

In this system, there are 17 buses which have loads
connected at them, The remaining buses are either free buses
or PV (generator) buses without connected 1load. Adequacy
indices have been calculated for these 17 buses. In order to
facilitate a better cdmparison of the adequacy indices for
these buses, they are classified into 6 categories depending
upon their type, voltage‘ level and location relative to a
generating station. This c¢lassification helps not only in
comparing the adequacy indices of buses.falling.intp one ciass
with the adequacy indices of buses falling into other classes,
but also in achieving a better pictorial representation of the
adequacy ipdices. Figufe 5~2 shows the classification of
buses for this system. The buses in the six categories are as

follows:

(a) 138 KV Buses (South Region):-
(1) Buses having local ggneration : Buses 1, 2 énd 7.
(2) One line away buses with two lines connected to them:
Buses 4, 5 and 6.
(3) One line away buses with three or more lines connected
to them: Buses 3 and 8.

(4) Two lines away buses: Buses 9 and 10.
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Buses 1 to 10,

13 to 16, 18 to 20

—

|

138 KV Buses(South)
1 to 10

230 KV Buses{North)
13 to 16, 18 to 20

:
I

—
l

Buses having
local generation:
1, 2 & 7

Buses having
local genera
13, 15, 16 &

tion:-
18

|

. Buses with no
local generation:

Buses with no
local generation

3 to 6, 8 to 10 14, 19 & 20
Buses one line away Buses two lines away

from any nearest

3' 4) 5' 6 & 8

generating station:

from any nearest

2 & 10

generating station:

l

1

Buses connected with
two lines: 4, 5 & 6

Buses at which 3 or
more lines are
terminated: 3 & .8

Figure 5-2: Bus classification for the IEEE RTS
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(b) 230 KV Buses (North Region):-

{S5) Buses having locallgeneration 3+ Buses 13, 15, 16 and 18,

(6) Buses having no local generation : Buses 14, 19 and 20,

Oon the basis of above claséification, the vériation in
the adequacy indices namely, the probability of failure, the
frequency of failure, the number of load curtailments, the
expected load curtailed in MW} the expected -energy curtailed
in 'MWh and the total number of voltage viélations, as a
function of the number of lbad curtailment passes are shown in
Figures 5-3, 5-4, 5-5, 5-6, 5-7 and 5-8 reépectively. There
are 6 sets of graphs in each figure; The number of graphs in
each set is not equal but depends upoﬁ the numbef 6f buses 1in
each 'class, The number mentioned adjacent to the graph_symbol
represents the bus number. 'Avg' represents the average value
of the 1load point indices. The scale on both the horizontal
and vertical axes are the same for all the six sets of graphs
ih each figuré. This facilitates a quick comparison of the
adequacy indices of buses in one class to those of buses in
another class. This grapﬁical representation of the adequacy
indices has also been followed .in all the further studies

presented in this thesis,

The failure probability (Figure 5-3) and the failure
frequency (Figure 5-4) for buses having local generation do

not change as the number of passes increases. The most notable



140

©
- .
= Z2 13
ot Q1S
m*, alé
-
ml-
o » 18 I———i———3%
e » Y i
a . g
B ) ‘
::tﬂ
‘J.
-
e
9
o
o:ao ’ ;.50 ' 2.50 ' 3.5; ’ 4.5@ ’
NO. OF LOAD CURT. PASSES
L)
e
— ra
- oS
o & 6
-
m!-
Q . .
& .
o
- ]
-
-
L.
v
o
¢.00 1.6 2.60 306 .98
NO. OF LOAD CURT. PASSES
|
o E
p— E Z1
S Jo
a_la7z7
-t
|m T
Q 3
[+ -
o - ar ]
ls.=l-:» - ¥ 2 ~Z
)
D
3
- ]
W
? C
Q
C.30 i 3..’.;3 ' 2..‘;3 ' 3.;;\': N 4..;0

NO. JF L0AD CURT. PASSES

FAILURE PROBABILITY

o
s Z 4
- o 19
o1 s 20
m: FoY £
- O
o -
Q
o P -
o
Wie
o
3" 2 - -
=
-
L.

?

(=)

0:30 ' 1.53 ﬁrﬁ!.;ﬁ '_3-50 ) Qd.;ﬂ—r—'
NG. OF LOAD CURT. PASSES
.O ) .
Z2°
M0

~ ¥

0~2

o
- L ) L) L L] ¥ L 1 L £ nl
2.38 1.3 2.33 3.30 4.040
NO. OF L0A0 CURT. PASSES
©
"y
= 3
— E z3
—
-t . o 8
— !
s R
<<
23
: -
& 3 ‘ :
a ~ -‘/
LU'-:‘ - - e
= o
S 4
-3
P pu
<
.
©
= L [ 1] 3 ¥ 1 1 T
0.30 pas) 20049 ) 2.28 4.5

NO. OF L3a0 CURT. P5SSES

Figure 5~3: Probability of failure vs. number of
load curtailment passes for the IEEE RTS



141

©
M
z; iz 13
3 15
= -'m 2 L = 3
S Jaise @ e a
{3 _
oz | %18 * - -
w e
w
o
=
Ll
— -
-
te
‘©
Q.00 ' 1.0'0 ) Z-O'ﬂ ) 3.0'0 ’ 4.;0 -
NO. OF LOAD CURT. PASSES
~
o i
% 3z ¢4
]
ﬁ 1 oS
: -y A 5
=4
= i /
™
weo
w
[+ -4~
=
J -
— r
-
i
q
°
Q.39 ) 1.:;0 ) Z-O'O ' -5.50 ' 4-_.;0

NG. JF LOAD CURT. PASSES

‘©
- 321
O] 2
= 1°
: - A ? a—-——-—-ﬁe—-————o
=]
wl -
@ ) 2 Z
o R — -
w
gg 3
-
o— -
- 4
[

©

.39 i 3-50 ' 2&:\0 i 3.:!0 l !-‘;O '
NO. OF LOAD CURT. PASSES

Figure 5-4: Frequency of failure vs. number of
load curtailment passes for the IEEE RTS

‘©
- 5 Z 14
i
EE ; i
= 4 a 20 & o —cth
(=
u -
o
e
w
m -y
s 1 = . 2
-t -
—t -y
-
e
-
©
0.0 1.30  2.g0  3.00  4.30
NO. OF LOAD CURT. PASSES
o
q=9
5 12
R 10
z‘ - 0
i -
=
o
(7Y
o
w."e
W o
(2~
- -
J -
<
L
©
8.3a ’ la;O I 2-..'10 ’ J-.';a ) 4.-50 '
NO. OF LJaD CURT. PASSES
©
3z
S Jos
W "
>
= /
Wit o
x
W3
a
o -
z .
-
™
o)
G.od 17:;3 ' 2,.;3 B '.Z;v' N .;d '
NO. OF LIAD CURT. PASSES



142

. Z13 . 3z 4
(7] . : o o
185 , : -
g (L] E:_—- ——— -y E : ®m 19
. o SE——-) - a R
o a 16 . - O 420 a— : »
v k — — N N :
S | x18 2 1= ave
QO oo
-~ + AVG i
L : | PO z 2 2
o o
‘o o -
-z z
oo .O
0:00 ' i.:;u N 2.:..\0 ) 3.60- ) 4.;.;3 ' 0.30 " l.a'a ’ z.aru. j 3.50 ) 1.oro '
NO. OF LOAD CURT. PASSES NQ. 9F LOAD CURT. PASSES
© =
. Jz4 . 3z
0] 3 -
—_ 1®Ss Ez 1oio
= x J
D Jas 3 44 ave S ‘.
Q 7 — . N
. | % AVGa- <
Qo oo
o 7 1= |
= o -
eo "O .
0.20 1.0 2.55 " 3.0 400 0.30 .36 2.30  3.06  4.90
- NO. JF LOAD CURT. PASSES NQ. JF LOAD CURT. PASSES
ﬂo ‘b' .
e ——
.3 zZ1 7 . 323
72— 7 -
load 4 Q@ 2 v 4 Q 8
e @ 4
8 4 &7 = o -t 8 4 a AVE
a e a 1 fe"‘d
- »* AVGa- = gt -
0o A - — oo 3 e
- T -
w 4 w3
= =
o o 4
= =
K= © _
.30 y 1.-3‘0 '—z.:;a- i 3‘30 i -!-..;a ‘ 0.50 l '..:;a I :..,:a N :.a'; ' 4..:’3

NQ. JF LOAD CURT. PASSES _ NQ. OF LJAD CURT. PASETES

Figure 5-5: Number of load curtailments vs. number of
load curtailment passes for the IEEE RTS



143

©
5; Z13
:313, a 18 s==-_.____;{
d

" - ‘% 18 —

- ‘ >
[
174 + AVG
:3” . " a
(&
Oﬂ
-
Q
-l

ﬂo "

0:00 o 1-50 ) 2-60 ' 3-0'0 ) 4:50 '
NC. OF LOAD CURT. PASSES

s Jz+
£ jos
Qan, & 6
w —
-
: *® AVG " —
gt .-_._-_/-d.
Qs
2., ; .
O™ §==3'§‘=
a'ﬂ
-
o
|

©

0.0  t.38  2.6a  3.00  4.36
NO. OF LQAD CURT. PASSES

K=
s jz!
T joe
o a7
wﬂ
—
o »*® AVG s -
[
[ > B 0
=, .
xS Zrrmened-ceessem—"y
c:._
-l
s
—d

-0

]

T ™ ™

.30 i.00 2.90 3.3 4.30
NO. OF LJAD CURT. PASSES

i T

01

Z 14
™19

(MW)

a 20

10

» AVE

0?

LOAD CURTAILED

.30 ' ‘I..;O N 2-010- 3.3'0 ‘..1;0
NO. OF LOAD CURT. PASSES

T L 1

od®

0*

-
o 10

a AVEG

K]

\

LOAD CURTAILED (MW)
| 0

30 1.30 2.39 s.99 400
NO. OF LOAD CURT. PASSES

MLE K

.40

)
N
[V}

LOAD CURTAILED (MW}
<3§;
i

C]
0

a AVG

10°

io

L b b llill

o0

e Ziud 2.0

4
NG. OF LOAD CURT. ©iSSES

Figure 5-6: Expected load curtailed in MW vs. number of
load curtailment passes for the IEEE RTS



ENERGY CURTAILED (MWH) ENERGY CURTAILED (MWH)

ENERGY CURTAILED (MWH)

10"

2
?JO

8

10'
#¥ P GO N
n

o f O

8

) 0!

) ¢

e @
6N
a

>
@

ENERGY CURTAILED (MWH)

+ AVG - .

3

}

L] L] L) L) L

1.30 296 3.00  4.00
NG. OF LOAD CURT. PASSES

10°

|

ENERGY CURTAILED (MWH)

|

T L L] ¥ Ll L]

+.90 2-50 3.00 4.0'6
NO. OF LOAD CURT. PASSES

.|

05

’f

\

1 L) r L 1

. -

~
(4]
[+]

.90 z.5q 3.30 4.00
Nﬂi OF LOAD CURT. PaSsgEs

144

0!

Z 14
o119

a 20

10"

% AVG

]

}

10°

I o | L§ T L L

1,00 2.30 3.3
NO. OF LQAD CURT.

L i L) ¥
8.80 4.00

PASSES

| 0
N
n

® 10
& AVE

0‘

0]

2

i 0

¥ L) T T L1 T

320 z-Ja 3.9 . 4-50
NO. IJF LOAD CURT. PASSES

4.30

1 ¢’
™~
L

ENERGY CURTAILED (MWH)
(}Si

G
o

a AVG

10

i Q°

4 r T ¥ T Tr—r

L) ]
G.30 i.Ja Z.49 s
NO. OF LOAD CURT. P

Figure 5—7:-Expected'energy curtailed in MWh vs. number of
load curtailment passes for the IEEE RTS



145

lo - .o
L o4 Z 13 ' : @] Z 14
o . o * o=
= “]ais = “laz0
- WY
o wd % 18 1 wd W AVG
5 T
=
g AVG (e B
L. | 7
o o
L * Ny
o o
= =
'© , ‘o ‘
= T P T ¥ - . i 1 L] ~ ¥ P T C 4 T et b ¥
0.00° 1.00 2.00 3.00 4.00 0.90 1.30 2.90 .0 4.09
. NO. OF LOAD CURT. PASSES . NO. OF LOAD CURT. PASSES
‘o ! lo . .
:j zZ 4 a: zZy
' o R .
gayms | 3o o
= w] 26 - , > “1 a ave
[} -
-l » AVG ——d g
Q Q
o =
L b 17 =4
(F' [T,
=] o
* Nn . N
o o
= -
° v
o o
Ml p e T » Y P T — = 1 - r o ¥ oy . .
Q.00 1.90 2.00 3.90 4.90 90.3¢ 1.90 2.9 3.a0 4.30
. NO. OF LOAD CURT. PASSES . ANU. OF L0AQ CURT. eaASSES
'@ '© :
cn-: 21 a: z3
- @ . o - ‘
a' oy m 2 5‘ - 0 8
=“lav S “1a avs
Uy -4 o -
—‘ T - * AVG -—
o o o
- ‘ - -
D~ [ B
Lo L
o <
v N . -
o Q
= =
2 . o
o ‘ , o
—~ L) ' £ _i L} ' ¥ L} ) = L) : o } T "*_-—r—.' - -
0.80 i.00 2.c0 .30 +.20 7 0.50 Peu0 1.33 I.gg .35
"NQ. OF LOAD CURT. PASSES NO. JF L3AD CuURT 248858

Figure 5-8: Total number of voltage violations vs. numpe,
of load curtailment passes for the IEEE RTS

.

,'/



146

increase in indices is for buses 9 and 10 aslthe'number of
lbad curtailment passes increases from 1 to 2. These buses are
two lines away from generator bus 13 and bus 23. An outage of
"a 197 MW unit at bus 13, or the outage of a unit at bus 23
with the outage of other big generating units therefore
results in the load interruption at these two buses. The net
effect is that these two buses also share the capacity
deficiency. This reduces the amount of the load curtailment
and the energy curtailment at buses falling in the 230 KV
region with the ‘exception of bus 19 as seen from Figure 5-6
and Figure 5-7. In fact, bus 19 shares more of a capacity
deficiency at pass 2, because it is two lines away from bus 23
which has large génerating units (l.unit of 350 MW and 2 units

of 155 MW each).

One interesting feature |is that the expected load
curtailed at buses 4, 6 and 8 decreases as the load
curtailment pass is increased from 1 to 2, but if the load
curtaiiment pass is further increased from 2 to 3, the
expected 1load cu;tailed increases. This is quite clear from
Table 5-4 which gives the expected load curtailed in MW at
each bus for the three passes and associated variation (in per
unit) as a function of the expected load curtailed for pass 1l.
This is due to the fact that at load curtailment pass 2, bus 9
and 10 share the lcad curtailment of these buses whenever a
generating unit is out either at bus 2 or at bus 7. However,

at load curtailment pass 3, buses 4, 6 and 8 start sharing the
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Table 5~4: Expected load curtailed in MW for the
IEEE RTS at various load curtailment passes

i e o A S A S S S T S A G A i e ek S G e e L e S el o T A G A S W mnle el i el e ki wE

BUS ‘ Load Curtailment Pass
Ist 2nd 3rd
value vValue variation Vvalue Variation
’ wW.,r,%t, w.r.t.
Ist Pass Ist Pass

1 171.50 - 171 23 1.0 171.22 1.0
2 314.64 314.37 1.0 314.32 1.0
3 369.29 439.81 1.2 625.05 1.7
4 172.44 169.55 1.0 223.50 1.3
5 145,29 154,43 1.1 208.11 1.4
6 317.00 311.68 1.0 410.85 1.3
7 160.41 160,36 1.0 160,33 1.0
8 326,33 268.70 0.8 417.43 1.3
9 32.90 ~305.,75 9.3 -308.03 9.4
10 . 36.66 364.99 10.0 :366.89 10.0
13 1769.22 1638,36 0.9 1534.73 0.9
14 150.49 138.60 0.9 127.89 0.8
15 1961.79 1662.60 0.8 1548.42 0.8
16 204.90 198.50 1.0 192,92 0.9
18 3377.93 2887.15 0.9 2481.43 0.7
19 166.44 396.46 2.4 543.14 3.3
20 853.40 652.54 0.8 558.44 0.7

T A D A il VI T A D D S AL I D il D kel ke ke A e i il Y S b il Y ) S SR A D b i i G

load curtailment whenever a generating unit is removed from
bus 13 or bus 23 with other generating units. The expected
load curtailed at buses 13, 14, 15, 16, 18 and 20 further
dgcreases because at pass 3, buses in the south and bus 19

share the load curtailment of these buses,

As 1indicated earlier in Chapter 4, the application of an
heuristic approach to handle voltage violation situations
alleviates the voltage problems in the system, This is shown

in Figure 5-8, The voltage violation situation does not change
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with the number of load curtailment passes.

5.4 Effect of the Contingency Level on the Adequacy Indices
The necessity of including high level generator 6utages
was emphasized in Chapter 3. As indicated earlier, the
selection ‘of an appropriate outagé level for a system is not
only dictated by the marginal contribution of higher level
'contingencies- to the system indices but also by the marginal
contribution of these contingencies to the load point indices.
The effect of higher level outage contingencies may not be
uniform throughout the system As indices at some buses may
increase tremendously, while at other buses ‘it may change
slightly. The effect of contingency level both on the system
and on the load points has been studied for the 6 bus test
system and the IEEE RTS and reported in this séctiqn. These
studies have been carried out using load curtailment ‘pass i.

Component outages up to the 4th level have been considered.

{?%) The 1Ist level contingency outages include the outage of
one component only. The 2nd level contingency outages 1include
outages of two generating units and/or outages of two lines
and/or outages of one generatinglunit and one line, In the
case of a third level contingency, removal of three génerating
units and/or removal of two 1lines and/or removal of one
generating unit and one line are considered., The 4th outage
level inclﬁdes outages of four generating units and/or outages
of two lines and/or outages of one genérator and that of one

line. The independent outages of three or more lines are not

- e Ll

— ,‘f-o‘-&m, .
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considered since the contribution of tggsgm ouﬁgggs;_is

- et st 4 st s s S

extremely small and the computation time to solve these
contingencies.  jis. tremendously large. This has been discussed
in Chapter 3. In order to account for the contribution of high
level outagé contingencies, each last level contingency at all
the four outage levels is terminated. The effect of common
cause events is not considered: in this study; A brief
description of the effect of contingency ievel on the adequacy

indices for the 6 bus test system énd the IBEE RTS 1is as |

follows:

5.4.,1 The 6 Bus Test System (Figure 2-1)

.Figure 5-9 shows the wvariation of seiected adequacy
indices with the contingency level. The  numerical values of
the bus indices and the system indices are given in Table 5-5
and Table 5-6 respectively. Maximum values and the average
valués of the bus indices arelshown in Table 5-7 to Table
5-10. As seen from Figure 5-9 and the above referenced tables,
bus 6, which is radially fed from bus 5, experiences total
lbad curtailment ‘at the single outage level because of the
- removal of liné 9. The effect of higher level outageé oh this
bus‘ is negligible, It can, therefore, be inferred that in
calculating the indices at load - point 6, the first outage
level contingency provides reasonably accurate values. In the
case of the other buses, the solution of higher contingencies
is extremely important as none of these buses experiences any
problem in the case of a single component outage. Bus 5 does

not experience any problem due to the outages of the
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Table 5-5: Annualized bus 1nd1ces for the 6 bus test system
at various contingency levels

A A D T Y el el my vt e S wl eul el am S S A w oul wm

Bus Ist Cont. 2nd Cont, 3rd Cont. 4th Cont.
Actual Actual Actual Incr, Actual Incr,
Value Value value w.r.t, Value  w.r.t.
' 2nd 2nd
Cont, Cont.
Failure Probability
2 1 0.000000 0.000659 0.000761 1.16 0.000762 1.16
3 0.000000 0.001805 0.001846 1.02 0.001846 1.02
4 0.000000 0.000713 0.000815 1.14 0.000817 1.15
5 0.000000 0.000052 0.000052 1.00 0,000052 1.00
6 0.001113 0.001128 0.0013128 1.00 0.001128 1.00
Failure Frequenéy
2 ‘0.000000' 0.133698 0.163625 1.22 0.164284‘ 1.23
3 0.000000 0.477914 0.497763 1.04 0.498228 1.04
4 0.000000 0.229655 0.259582 1.13 0.260241 1.13
5 0.000000 0.093092 0.093092 1.00 0.093092 1.00
6 1.010229 '1.056753 1.056753 1.00 1.056753 1.00
Total Load Curtailed (MW)
2 0.000000 0.070000 0.100000 1.43 0.100000 1.43
3 0.000000 4.719999 4.989999 1.06 - 5.000000 1.06
4 0,000000 0.680000 0.830000 1.22 0.840000 1.24
5 0.000000 0.100000 0.10000¢ 1.00 0.100000 1.00
6 20.200001 21.139999 21.,139999 1.00 21.139999 1.00
| Total Energy Curtailed (MWh)
2 0.000000 3.024200 3.887800 1.29 3.916400 1.30
3 0.000000 140.895294 146.807495 1.04 146.996200 1.04
4 0.000000 16.732200 21.307399 1.27 21.496400 1.28
S 0.000000 0.488000 0.488000 1.00 0.488000  1.00
6 195.012695 197.630096 197.630096 1.00 197.630096 1.00
Cont. = Contingency
Incr. = Increment

- ——

- — o
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Table 5-6: System indices for the 6 bus test system
at various contingency levels

—— D " — Ty S M O A ) S D i sikle UM D D I U il S Al S A Sl del) A U A A N VIR A A S . ke i S A ity vy s v it

Ist Cont, 2nd Cont. 3rd Cont. 4th Cont,

Actual Actual Actual Incr, Actual Incr.

Value Value ‘'Value w.,r.t. Value w.r.t.
2nd 2nd
Cont. Cont.

—— — — —— - - — " - - o ——

Bulk Power Supply Disturbances S
1.010230 1.537530 1.557740 1.01 1,558220 1.01

' Total Probability .
0.994059 0.999637 0.999753 1,00 0.999753 1.00

IEEE INDICES
Bulk Power Interruption Index (MW/MW-Yr,}
0.109210 0.144320 0.146730 1,02 0.146860 11.02

Bulk Power Energy Curtailment Index (Mwh/¥Yr.)
1.054120 1.939299 2.000649 1.03  2,002850 1,03

Bulk Power Supply Average MW Curtailment Index
‘ {MW/Disturbance)
20,000000 17.364419 17.426319 1.00 17.435979 1.00

Modified Bulk Power Energy Curtailment Index
0.000120 0.000221 c.000228 1.03 0.000228 1,03

Severity Index (System-Minutes)
63.247002 116.358001 120.039001 1.03 120, 1?0997 1.03

AVERAGE INDICES

A s s sl ke D T L e o A

Av. No. of Hrs of Load Curtailment/Load Pt./Year
1.950130 7.631979 8.061380 1.06 8,066l29 - 1.06

Av, No. of Load Curtailments/Load Pt,/Year
0.,202050 0.398220 0,414520 1.04 0.414520 1,04

Av. Load Curtailed/Load Pt,./Year-MW : '
4.040920 5.339670 5.429140 1.02 5.433829 1.02

Av. Energy Curtailed/Load Pt./Year-MWh
39.002541 71.753967 74.024147 1.03 74.105423 -1.03

- —————— — —— —— " — ——— i —— ———————— — — " —————— —————— T T —— v — . ——— —

Cont. = Contingency Incr. = Increment Av, = Average
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Table 5-7: Maximum load curtailed in MW for the
6 bus test system at various contingency levels

Contingency Description
Components Out
Generators
Gl G2 G3 G4 L1 L2 L3 IB

MLC
Mw -

T G D i S S . el el W A T S S i e ek e S A D G VI W S S SR Gl S A AP D ED L AP P PED S AT S S D A L k-

- - o — o d -

Lines

Bus

Contingency Level

20.0000

0.5809
30.6257
37.5866

0.5929
20,0000

0 0 0

0

[ Rl oo

T D I S W A R W S S W e ) —— WD A =

— iy —

Al —— Y — - S —— —

IB =
MLC

Contingency Level

2,0000
50.6257
37.5866

0.5929
20.0000

1 211
1 2 4
0 0 0
0 0 0
0O 0 0

- D o T T A Sy D D WYY Y S Y = =D 0 VG YV g V. —— N

Contingency Level

2.0001
60.8481
37.5866

0.5929
20.0000

Isolated

1 210
1 2 3
0o 0 O
¢ 0 O
¢ 0 O

16
4
0
0
0

Ist

OO OO

Bus

Maximum Load Curtailed

Probability Freguency

0.0011131

0.0000666
0.0002152
0.0000029
0.0000257
0.0009875

0.0000010
0.0000031
0.0000029
0.0000257
. 0.0009875

0.00000600
0.0000000
0.0000029
0.0000257
. 0.,0009875

—— . - —— — . ——— —— —— > T T o i

1.0102291

0.0135035
0.0377013
0.0051306
0.0456317
0.8962790

A . D YD S T S N o T T WS W —— -

0.0002770
0.0007777
0.0051306
0.0456317
0.8962790

0.0000018
0.0000151

0.0051306

0.0456317
0.8962790

D it A S v e D i vk~ e o e W P Sl il i bt o b T



154

Table 5-8: Maximum energy curtailed in MWh for the
6 bus test system at various contingency levels

Contingency Description
Components OQut Probability Frequency

Bus ~ Generators Lines Bus
MEC Gl G2 G3 G4 L1 L2 L3 IB
| MWh
Contingency Level = Ist
6 193 0381 0 0 O O 9 0 O 6 0. 0011131 1. 0102291
Contingency Level = 2nd
2 25,0931 112 0 0 O 0 O O 0.0000666 0.0135035
3 1531.4121 1 2 0 O 0 O O O 0.0002152 0.0377013
4 184.6878 0 0 0 0 1 6 0 O 0.0000029 0.0051306
5 2.9232 0 0 0 0 2 3 0 O 0.0000257 0.0456317
6 193.0381 0 0 0 0 9 0 0 o 0.0009875 0.8962790 -
contingency Level = 3rd
2 63.7821 1 211 0 0 O O C 0.0000010 0.0002770
3 1794.9017 1 2 4 0 0 O O O 0.0000031 0.0007777
4 486.3508 1 214 0 0 ©0 0 O 0.0000010 0.0002729
5 2.9232 0 0 0 0 2 3 0 O 0.0000257 0,0456317
6 193,0381 0 0 O 0 9 0 0 +s 0.0009875 0.8962790
Contingency Level = 4th
2 63,7821 1 216 0 0 O O O  0.0000010 0,0002702
3 1794,9026 1 2 4 0 ¢ 0O 0 O 0.0000030 0.0007325
4 547.2288 1 2 412 ¢ 0 0 O 0.0000000 0.0000052
5 2,9232 ¢ 0 0 0 2 3 0 O 0.0000257  0.0456317
6 193.0381 O O O 0 9 0 0 s 0.0009875 (0.8962790
IB = Isolated Bus
"‘MEC = Maximum Energy Curtailed
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Table 5-9: Maximum duration of load curtailment in hours
for the 6 bus test system at various contingency levels

- - b o = e s A et S S S S S b S S o S i Y s el S s el ot A D e o el e e S e

Contingency Description
Components Qut Probability Frequency
Bus Generators Lines Bus
' gDLC Gl G2 G3 G4 L1 L2 L3 IB
rs

- - - — - —— v - il i - S S S S A A il el D S, AN sl - el st e M M A P Rl ks il

Contingency Level = Ist

6 9.6519 0 0 0 0 9. 0 0 0.0011131 1,010229]

Sl S S S —— P T TS o —— G A B ek S — —— — — v . v b v w >

Contingency Level = 2nd

43.1968 116 0 O 0 0.0000653 0.0132368
50.0042 1 4 0 O 0 0.0002089 0.0365902
43.1968 116 0 O 0 0.0000653 0.0132368
4,9303 0 0 0 O 0 0,0000257 0.0456317
9.6519 0 O 0 O 0 0.0009875 0.8962790
Cohtingency Level
43.1968 112 0 O 0.0000653 0.0132368
50.0042 1 2 0 0 0.0001967 0,0344645
43.1968 112 0 O 0.0000653 0.0132368
4,9303 0 0 0 O 0.0000257 0.0456317
9.6519 0 0 O O 0.0009875 0.8962790
Contingency Level
43.1968 112 0 O 0.0000653 0,0132368
50.0042 1 2 0 O 0.0001967 0.0344645
43,1968 1 12 0 O 0.0000653 0.0132368
4,9303 0 0 O O 0.0000257 0.0456317
9.6519 0 0 0O O 0.0009875 0.8962790

—— —— —— o ———— T ——— ] —— T —— A il S A A —— I . b e A ALD VY T A e ———— T - —— o il S S —

.IB = Isclated Bus
- MDLC = Maximum Duration Of Load Curtailment
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Table 5-10: Average value of bus indices for the
6 bus test system at various contingency levels

- —— ———— —— o - - - - - T ——p w—p o -———

BUS . Load Energy Duration
Curtailed Curtailed of Load
. : Curtailment
MW Mwh hrs

6 20,000 193.038" 9.652

N — D T — ———— Y P D S SPP - SE P  — —— ——

Contingency Level = 2nd

2 0.524 22.620 - 43,197
3 9.869 294,813 29.872
4 2.950 72.858 24.698
5 1.065 5.242 4.921
6

20.000 : 187.016 . . 9.351

T S S GE WD R Y S S-S0U N S ED R W L NP SNP GE) GE) SR SR D PP S VL S P NP SN NP S R S W T W Y

Contingency Level = 3rd

2 0.601 23.761 39.561
-3 10.017 294.934 29.442
4 3.185 82.083 25.769
5 1.065 5.242 4.921
6 20.000 . 187.016 9.351

————— T T T T - —— . - - - i S " T~ ———

Contingency Level = 4th

2 0.607 23,839 39.291
3 10.034 295.038 29.403
4 3,212 82.602 25.720
5 1.065 | 5.242 4.921
6 20.000 187.016 9,351

. i T D A . . S i — ——— T — T D . T T VI S o ——— e i) -
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generating units as load curtailment pass 1 was utilized. Bus
5 ekperiences load interruption due to the 1line(s) outages

only.

"The marginal increment of the indices on buées 2 and 4,
when the contingency level is increased from 2 to 3, is more
~ pronounced as compared to that on bus 3. This is due to the
fact that generating station 2 (bus 2) has smaller 'geherating
units (maximum rating is 20 MW), while generating station 1
(bus 1) has two larger units (40 MW each). Therefore buses
that ‘are affected by the outagés of generators at generating
station 2 alone, experience a system problem when 3 or more
generators at bus 2 are out, The effect of‘thé 4th level

outage contingency is negligibly small at all system buses,

As seen from Table 5-6, system indices vary greatly from
contingency level one to contingency level two, but from two
to three the variation is relatively small. The variation in
the system indices from the 3rd level to the 4th level is
negligible as is the  case with bus indices. It could,
therefore, be concluded that from the éystém indices point of
view, the 2nd contingency level is sufficient, On the other
haﬂd for indices of load points 2 and 4, the solution of 3rd
contingency outages is required. This is also true for the
average ‘values of the bus indices as Seen frgm Table 5-10.
However, if the indices of interest are the‘ maximum values,

then the calculation of 4th level outage contingencies is
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recommended as noted from Table 5-7 to Table 5-9.

5.4.2 The IEEE RTS (Figure 2-2)
Figures 5-10, 5-11, 5-12, 5-13, 5-14 and 5-15 show

various bus indices at different contlngency levels for this

system. No bus in the system experiences a problem 1f only one
component is out of service. Even if two components are out,
buses 1, 2, 3 an@;fﬁdo not exéerience any load in;erruption as
seen from Figures 5-12 and 5-13. The remaining buses, however,
experience load curtailment when two ccmbonentsr ére out of
service. Buses 4, 5 and 6 experiénce total load curtailment
whenever both tﬁe lines terminated at these busés are out - of
cperation. Since the .probability and the frequency of two
iines being out of service are quite small, values of the
expected load curtailed or the . energy curtailed are also

small.

Buées 1 and 7 do not experience any load curtailment due
to the outages of two generating units anywhere in the system.
However, buses in the north (230 KV region) experience load
_interruptién when two large generating units are reméved from
the system, Since all the large generators are conéentrated in
the north region and because of the load curtailment

phxlosophy described in Section 5.2, buses 13, 14, 15, 16, 18,

19 and 20 experlence load curtailment. The amount of load[f

curtallment 1srpr0port10na1 to the load connected at each bus.}

Table 5-11 gives the number of load Curtailments and the'

“expected load curtailed in MW at each bus. As seen from: Table

]
i
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Table 5-11: Annualized bus indices for the IEEE RTS
at various contingency levels

- =

Bus

Cont. 4th Cont,.
Actual Actual Actual 1Incr. Actual 1Incr.
value vValue value w.r.t. Value w.r.t.
2nd 2nd .
cont., Cont.
Number of Load Curtailments
0.0000 0.0000 8.2191 16.5930
0.0000 0.0000 16.3514 30.0112
0.0000 0.0000 8.2191 16.7308
0.0000 0.0004 8.2194 20548.5 16.5443 41360.8
0.0000 0.0005 8.2195 16439.2 16.5935 331i87.2
0.0000 0.0010 8.2201 8220.1 - 16.5449 16544.9
0.0000 0.0000 6.1201 11.9833
0.0000 0.0340 6.1540 181.0 12,0172 353.5
0.0000 0.0340 1.5422 45.4 1.9868 58.4
0.0000 0.0340 1.5422 45.4 1.9868 58.4
-0,0000  12.7885 33.3278 2.6 45.8370 3.
0.0000 1.3643 4,3085 3.2 " 5.7082 4.
0.0000 8.7939 24,1961 2.7 35.3866 4,
0.0000 2.8818 10.9981 3.8 18.3530 6.
0.0000 15,1452 38.2298 2.5 51.5144 3.
0.0000 1.3639 5.2735 3.9 8.0516 5.
0.0000 7.5523 21.6245 2.9 29.9752 4.
Total Load Curtailed (MW)
0.0000 0.0000 69,2099 171.5099
0.0000 0.00060 130.1699 314.6499
0.0000 0.0000 135.4799 369.2900
0.0000 0.0300 65.0000 .2166.7 172.4400 5748.0
0.0000 0.0200 53.4599 2673.0 145,2899 7264.5
0.0000 0.1400 119.5500 853.9 317.0000 2264.3
0.0000 0.0000 75.6900 160.4100 :
0.0000 0.8300 137.1100 165.2 326.3299 393.2
0.0000 0.8500 15.4099 18.1 32.9000 38.7
0.0000 0.9500 17.1800 18,1 36.6599 38.6
00,0000 349.8500 1145.0300 3.3 1769,2199 5.1
0.0000 10,0699 74,0299 7.4 150.4900 14.9
0.0000 316.9200 1184.2600 3.7 1961,7900 6.2
0.0000 12.3199 100.6399 8.2 204,8999 16.6
0.0000 830.9699 2337.3400 2.8 3377.9299 4.1
0.0000 9.3199 80.3000 8.6 166.4400 17.9
0.0000 137.7500 550.,2999 4.0 853.,4099 6.2
= Increment Cont. = Contingency

"Ist Cont. 2nd'Cont.

-3rd

—— —————— — i ———— —— — iy — . S —— i " S - o
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5-11, the values of the expected load curtailed are many times
higher for buseé in - the north as compared to those in the
south. Buses in the north experience load curtailment 1in ghe
event of two generating unit outages whilé buses in the south
eiperience load curtailment only wﬂgn either three generating

units are out or at least one line in combination with other

component(s) is out. The load curtailment at buses 8, 9 and 10
for the 2nd oﬁtage level is due to the outage df line 11 in
combination with the ocutage of any large (>350 MW) generating
unit in the system. Wpepever tpreg generating units involving
at least one unit from ;hé_SQUth regiéﬁwére ou£w;éropefa£ibn;.
buses in theTgaﬁth also encounter load interruption, At the
same time, the amount of load curtailed at busés in the north
alsoc increases by at least 200% over its wvalue at the 2nd
outage contingency level.

" The increment in - the adequacy indices for buses in the
~south is tfemendcusly high as. seen from Table 5-11. This
non-uniform trend in the variation of the adequaéy indices
also continues at the 4th outage level, It‘is guite cleér from
a study of Figures 5-10 to 5-15 and Table 5-11 that for  this
system, the calculation of the 4th level outage conﬁingencies-
is nedessary for both the bus indices and the system -indices.
Table 5-12 gives the system indices and the corresponding
increment with respect to the 2nd outage levei contingencies
for this systém. As observed from Table 5-12, the value of the

severity 1index at the 4th outage level is approximately four
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Table 5-12: System indicés for the IEEE RTS
at various contingency levels

Ist Cont, 2nd Cont, 3rd Cont. 4th Cont.
Actual Actual . Actual Incr. Actual Incr.
value Value value w.r.t. Value w.r.t.
‘ 2nd 2nd
Cont. Cont.

g g dialy o L s o S S s iy i il g S e sy ey W s e} S S W D el W S S Sy ey G Sy S S o S S g T P — T A o A T T T S i, S P

Bulk Power Supply Disturbances
0.000000 17.300449 46.026939 2.7 62.805328 3.6

Total Probébility
0.600226 0.838691 0.949944 1.1 0.982296 1.2

IEEE INDICES

————— — VP ——

"Bulk Power Interruption Index (MW/MW-Yr,)
0.000000 0.585970 2.207070 3.8 3.694970 6.3

Bulk Power Energy Curtailment Index (MWh/Yr.)
0.000000 12.348200 35.305061 2.9 51.167850 4.1

Bulk Power Supply Average MW Curtailment Index
{MW/Disturbance)
0.000000 - 96.530472 136.662155 1.4 167.671295 1.7

Modified Bulk Power Energy Curtailment Index :
0.000000 0.001410 0.004030 2.9 0.005841 4.1

Severity Index (System-Minutes)
0.000000 740.892029 2118.303955 2.9 3070.071045 4.1

AVERAGE INDICES

e sl gy e . Al s e ol Al il

aAv, No, of Hrs of Load Curtailment/Load Pt.,/Year:
0.000000 54.900379 181.011261 3.3 255.690826 4.7

Av, No, of Load Curtailments/Load Pt./Year
0.000000 2.940810 12.397990 4.2 19.812851 6.7

Av, Load Curtailed/Load Pt./Year-Mw
0.000000 98,236504 370.008270 3.8 619,450073 6.3

Av. Energy Curtailed/Load Pt./Year-Mwh
0.000000 2070.139404 5918.790039 2.9 8578,140625 4.1

A ol e S o T A D VT A T S T D T ] W - A Y i T —— - -

incr. = Increment Cont. = Contingency
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times highef than the value at the 2nd outage level, while the
value of the average load curtailed for each lcad point per
year is more than six times the value at the 2nd outage leVel.
This is due to the fact that the number of load curtailment
contingencies increases ttemendously as the outage- level
increases. This is shown in Table 5-13 which gives the actual

number of contingencies for different outagé events.

Table 5~13: Number of the contingencies for the IEEE RTS
at various contingency levels

W ——— . D o T P ST . T S — ) - — S —— T S - S T T . — ——

Description . ' Contingency Level

Ist 2nd 3rd 4th

No. of generator contingencies 32 528 5488 41448
No. of line contingencies 38 741 741 741
No. of G-L contingencies considered 0 1178 1178 1178

0 0 0
79 586 6281

No. of voltage violation contingencies 0
No. of MVAR limit violation contingencies 1
No. of no-convergence contingencies 0
No. of load curtailment contingencies 0 28 787 11996
No. of bus isolation contingencies 1 75 715 75
No. of split network contingencies 0
No, of firm load curtailment contingencies 0

T r— T A — o — e — ] —— D T ) ——— — —— D T — — ———— T —— v L — ————

The average values of the bus indices at different
contingency levels are mainly influenced by the indiées of the
buses in the north (230 KV) region. The marginal increment of
the average values of the adequacy indices may, therefore,
give some idea about the behavior of the bus indices for.buses
in the north region. but drawing any conclusion about the
indices for buses in the south from the average values is

"highly misleading as seen from Figures 5-10 to 5-15. This is

11 1
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alsc the case with the system indices. Approximately 80% of

the contribution to the system indices comes from buses in the ! .

north area. This reinforces the observation made earlier that
it may be erroneous to draw conclusions about the bus indices
from either system indices or average values of the bus

indices.
5.5 Effect of the lLoad Variation on the Adequacy Indices

5.5.1 Introduction

| In an actual system, the load does not stay at its peak
value throughout a year, Aan evaluation of the system
pérformance assuming a peak lcocad model may therefore give
highly pessimisticlvaluesr for the adequacy indices. These
indices, referred to as annualized indices, ére useful for
comparing the performance of two or more systems but do not
convey accurate information about the absolute quantitative
evaluation of a power system itself. Modeliné the system load
as a mnmultistep load does provide more accurate resulits than
the single_sﬁep load model, héwever evaluation of the adequacy

indices at various load levels increases the CPU time.

Depending upon the number of steps, the CPU time could

increase as many times as the number of steps.

A proper selection of the number of steps 1is primarily
dictated by the shape of the load curve, the size of each
step, the contribution of the lowest step load to the adequacy

indices and the period for which the lowest step load exists,
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This is due to the fact that even if the contribution of the
lbwest step load is quite low as compared to the highest step
load' but depending upon the duration for which each sfep load
exists, the contribution of each' step load to the annual
indices may be ~comparable. Multistep-load models for the 6
bus test system and for_the IEEE RTS are discussed in Section
2.6, The effeéilof varying load on thé'system indices and'on
the individual load point indices is discussed in this
 section. - An attempt has-been.made to determine the proper
number of l¢ad steps that are‘requiréd to calculéte ﬁhe system

adequacy for both systems.

While assigning values of the active and reactive load at [~
each bus for each stép system load, it has been assumed that

the load at each bus varies in proportion to the system load.

If the system peak load is X and the corresponding peak loadsl
at buses i and j are X and xj then for a step system load-
of .Y, the corresponding step load at bus i is,

Y. = X.(Y/X)
and 1 :

reactive load = Yi tan ¢i

where ¢, is load power factor angle at bus i,

and at bus j, the real load is

Y. = X.{¥Y/X)
and -3 ]
reactive load = Yj tan ¢j

where ¢j is load power factor angle at bus j.
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Numerical values of the active locad at each bus are shown

in Table 5-14 and Table 5-15 for the 6 bus test system and the

IEEE RTS respectively. In practical situations this load
correlation may not exist and in fact there could be many ways
in which the system load is shared between the system buses,
In such cases, if the load pattern at each individual bus is
known, adequacy indices can be evaluated for the specific
values of real and reactive loads. The effect of the load
variation on the 6 bus test system and on the IEEE RTS 'is

discussed in the following sections.

5.5.2 The 6 Bus Test System

Table 5-14. gives values of the real load in MW at each

bus in the system., A four step load model was used to 'study

< et e Ty

———

the effect of load variation'-on this system as noted in
section 2.6. Figure 5-16 shows the variation in the adequacy
indices with the system load. Numerical values of these bus
indices and the corresponding decrement in théir values with
respect to the values at the system peak load (185 MW) are
given in Table 5-16. The adequacy indices for buses 2, 3 and 4
decrease sharpiy as the load decreases. Bus 5 and bus 6
indices are mainly due to the isolation of the respective
buses because of transmission line outages, while indices of
buses 2, 3 and 4 are heavily influenced by the generating unit
outages. As the systgm locad decreases, the capacity deficiency
in the system due to the generator outages also decreases,
therefore the system problem can be alleviated by curtailing a

smalle: amount of load at buses. On the other hand, in the
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Table 5-14: Bus loads in MW for the four step load
model of the 6 bus test system

Bus
Ist
2 20.0
3 85.0
4 40.0
5 20.0
6 20.0
Total 185.0

Step Number

2nd 3rd 4th
17.8 15.7 13.5
75.8 66.6 57.5
35.7 31.4 27.0
17.8 15.7 13.5
17.9 15.6 13.5
165.0 145.0 125.0

D o . — — — o — T D ———— o ———— ———— ——— -

Table 5-15: Bus loads in MW for the 13 step load

model of the IEEE RTS

o — — ————— ————— —— — v —— —— ——— - —— — o iy ——— o ——) A s il T —— e Ty . — A — Y —

Step Number

Bus Ist 2nd 3rd 4th 6th 7th 8th 9th 10th 11th 12th 13tl
1 108 100 95 a0 85 80 75 70 65 60 55 45 4
2 97 95 90 85 75 70 65 60 55 50 45 4Q K}
3 180 170 160 150 140 130 125 115 105 95 85 75 6!
4 74 70 65 60 60 55 50 45 40 a5 35 35 3¢
5 71 65 65 60 55 50 50 45 40 35 35 30 3
& 136 130 120 11¢ 105 100 95 85 80 75. 65 55 Y
7 125 120 110 100 100 95 85 B0 75 70 60 55 4!
8 171 160 150 145 135 125 115 110 100 90 80 70 6!
9 175 165 155 145 140 130 120 110 100 9Q 80 75 6!

10 195 185 175 160 155 145 135 125 115 105 95 85 7

13 265 255 240 225 210 195 180 165 150 135 125 110 10

14 194 185 175 165 155 145 130 120 110 ..100 30 80 7

15 317 300 285 275 250 235 215 200 185 170 150 135 11

16 100 95 90 85 80 75 70 65 60 55 50 45 4

18 333 315 300 285 265 245 225 210 190 175 160 140 12

l9 181 170 160 150 140 130 125 115 105 95 85 75 6!

20 128 120 115 110 100 95 90 80 75 65 60 55 S

Total :

2850 2700 2550 2400 2250 2100

A D T VD S A il S L i - —— A TP D D T PP D S il VS W S W e b w— i T —a il ke ko A Y i = w———
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Table $5-16: Bus indices for the 6 bus test system at
various load levels :

Bus Indices for System Load (MW) 

185 165 145 125
(1) (2) _ (3) (4)
Bus Actual Actual Decr. Actual Decr. Actual Decr.
Value value w.r.t, value w,r,.t, value w.r.t.
' (1) (1) (1)
Failure Probability
2 0.000763 0.000036 0.04 0.000005 0.01 0.000000 0.00
3 0.001847 0.000277 0.15 0.000008 0.00 0.000003 0,00
4 0.000817 0.000030 0.04 0.000005-0.01 0.000000 0.00
5 0.000052 0.000001 0.02 0.000001 0.02 0,000001 0.02
6 0.001128 0.001128 1,00 0.001128 1.00 0.001128 1.00
Failure Frequency - 7

2 0.164284 0.008716 0.05 0.001611 0.01 0.000081 0;00
3 0.498228 0.114349 0.23 90.002359 0.00 0.000814 0.00
4 0,260241 0.008716 0.03 0.001e11 0.01 0.000081 0.00
5 0.093092 0.002266 0.02 0.002266 0.02 0.002266 0.02
6 1.056754 1,056753 1.00 1.056753 1.00 1.056753 1.00

) Total Load Curtailed (Mw) |
2 0.10000 ¢.01000 0,10 0.00000 0,00 0.00000 .00
3 5.00000 1.55999 0.31 0.02000 0.00 0.00000 0.00
4 0.84000 0.03000 0.04 0.06000 0.00 0.00000 0.00
5 0.10000 0.04000 0,490 0.04000 0,40 0.03000 0.30
6 21.13999 18,92000 0.89 16.48999 0.78 14.27000 0.68

Total Energy Curtailed (Mwh)

2 3.91640 0.2109%90 Q.05 0.02540 0.01 0.00050 0.00
3 146,99620 26.62019 0.18 0.53810 0.00 0.01520 0.00
4 21.49640 1.068%90 0.05 0.12770 0.01 0.00240 0,00
5 0.48800 0.19810 0.41 0.17470 0.36 0.15020 0.31
6 197.63009 176.87899 0.90 154.15150 0.78 133.40029 0.67

A e e e T ki i il ke S e e A il e ke ke s e S A ol it W i kel S A Y — ——— i i T A o i i S G S A A
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case of line outages, an isolated bus experiences total load
curtailment unless there is local generation at the isoiated
bus. In a sYstem which frequently encounters line overloads,
the adequacy indices decrease aé the system load is reduced.
The 6 bus test system under study, however, does not

frequently involve line overload situations.

The decrement in the amounts of 1load interrupted fof
buses 2, 3land 4 is not uniform. The amount of load curtailed
at buses 2 and 4 fof a system peak load of 165 MW is
approximately 10% and 4% respectively of-the amount curtailed
when the system peak locad is 185 MW. In the case of bus 3 this
value is 31%. If the sfstem peak load‘is further reduced to
145 MW, the amount of load curtailed at these buses is less
than 0.5%.of-the amount curtailed wheﬁ the system peék load is
185 MW. Therefore, the decrement in the amount of  load
interrupted for buses 2 and 4 is faster than for bus 3, iﬁ the
system peak load is reduced‘to'lss MW from 185 MW, In the case
of the next load step reduction (165 MW to 145 MW}, ﬁhe
situation reverses, This is due to the fact that buses 2 and 4
do not encounter ioad curtailment due to the outages of only
two generating units anywhere in the system when the system
peak load is 165 MW, However at this system peak load, bué 3
does experience load curtéilment because of the outages of 2
geﬁerating uniﬁs of 40 MW each connected ét bus l; Bus 3 does
not encounter load curtailment due to outages of two units

alone if the system load is 145 MW. At 125 MW of system .load,



176

the load curﬁéiled or the energy curtailed at buses 2, 3 and 4

is negligibly small as seen from Figure 5-16 and Table 5-16.

Table 5-17 gives the system indices at different load
levels. Bus average indices (Figufe 5-16i and the system
indices shown in Table 5?17 alsc decrease as system load
" decreases but the variation 'pattern of these indices as
compared to the bus indices is entirely different and as such
no meaningful informatidn can be obtained about bus‘indices by

merely studying the system or average indices,

Adequacy indibes, discussed so far, have been calculated
by assﬁmihg the system load tc remain constént for the entire
period of study of one year. A more representative set ofr
indices, known as annual indices were discussed in Chapter 2,
and have beén calculated for the four step load model. Table
5-18 shows the bus' indices, 1their‘ aVerage values and the
syséem ihdices for this system. Except for bus 5 and bus 6,
the annual bus indices a?e greatly reduced as compared to the
annualized‘indices‘calcﬁlated at ﬁhe system peak load of 185
MW. The average bus indices and the system indices are also
reduced, A comparative study ofrﬁhe annuaiized and the annual
indices is shown in Table 5-19. The quantities in brackets
represent the percentile annual indices in terms of the
annualized indices., For thé three buses 2, 3 and 4, whose
indices. are mainly due to the outages of the generating units,

the annuél indices are approximafely 308 of the respective
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Table 5-17: System indices for the 6 bus test system at

185
(1)

Actual

value

1.558220

0.999752.

0.146860

various lcoad levels

iy ot D i e vl S o G S — — o ) Sy S o ol A S Wy iy o — i " . S

System Load In MW
165 145 125
(2) o (3) - (4)
Actual Decr, Actual Decr. Actual Decr.,
value w.r.t. Value w.r.t. Value w.r.t.
(1) (1) - (1)

T S P Y D A g il S A S S i e i W S - e - - - - -——— i

Bulk Power Supply Disturbances :
1.168840 0.75 1.056850 0.68 1.055300 0.68

Total Probability
0.999752 1.00 0.999752 1.00 0.999752 1.00

IEEE INDICES

——— — —— " ——a—p w— —

Bulk Power Interruption Index (MW/MW-Y:.)

0.124570 0.85 0.124090 0.78 0.114380 0.78

Bulk Power Energy Curtailment Index {MWh/Yr.)

2.002850

1.242290 0.62 1.069090 0.53 1.068550 0.53

Bulk Power Supply Average MW Curtailment Index

17.435980

{MW/Disturbance)
17.435980 1.00 15.652839 0.90 13.548130 0.78

Modified Bulk Power Energy Curtailment Index

0.000229

120,170998

8.066130

Av,

0.414520

5.433830

74.105423

R T Iy p——

0.000141 0.62 0.000122 0.53 0.000122 0,53

Severity Index (System-Minutes)
74.537002 0.62 64.144996 0.53 64.112999 0,53

AVERAGE INDICES

—— - — — " — -

Av. No. of Hrs of Load Curtailment/Load Pt./Year

2.566220 0,32 2.008990 0.25 1.980490 0,25

No. of Load Curtailments/Load Pt,/Year
0.238160 0.57 0.212920 0.51 0,.212000 0,51

Av. Load Curtailed/Load Pt./Year-Mw
4,110930 Q.76 3.308530 0.61 2.859469 0.53

Av., Energy Curtailed/Load Pt./Year-MWh
40,995418 0.55 31.003480 0.42 26.713720 0.36

——— b S s kel —— ——— —————— —— - ———— v P . ) ————————— ———— . ——— —

Decr. = Decrement
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Table 5~18: Annual indices for the 6 bus test system/a£7
various—load--levels -

Bus Failure Failure No. of Load Energy ‘Duration

Probability Frequency Load Curtailed Curtailed of Load
Curts. Curts,
( MW) (MWh) (Hrs)
2 0.00019973 0 0436734 0.0437 0.03 1. 0383 1.7497
3 0.00053394 0,.1539378 0.1539 1.64 43.5424 4.6774
4 0.00021323 0.0676626 0.0676 0,22 5.6739 1.8679 -
5 0.00001405 0.0249726./0,0250 0.05 0.2528 0.1231
6 0. 00112803 1.0567536 1.0568 17.71 165.51 9.8815
BUS INDICES AVERAGES
Bus Load Energy Duration
Curtailed Curtailed of Load
MW Mwh Hrs
2 0.630 23.773 - 37.756.
3 10.687 282.881 26.470
4 3.215 83.871 26.087
5  2.100 10.110 4,814
6 16.753 156.619 9.349
SYSTEM INDICES
Bulk Power Supply Disturbances = 1.2098
/
IEEE INDICES o'quq-g's%
____________ Y Tuk
Bulk Power Interruption Index : _;6ﬁ\6 MW/MW—Yr

Bulk Power Energy Curtailment Index 9 Mwh/Yr NN

Bulk Power Supply Average MW Curt. Index 28 MW/ Dist,
Modified Bulk Power Energy Curt. Index 13330
Severity Index System-MiB.
W
SYSTEM INDICES AVERAGES %0 7*} >

. — o —— v — T — - L —— - ) —— ——

~ Av. No., of Load Curtailments/Load Pt./Year

0.26941 v
Av. No. of Voltage Violations/Load Pt./Year %S

© 0.00000

Av, Load Curtailed/Load Pt./Year = 3,92956M
Av. Energy Curtailed/Load Pt./Year = 43.20451Mwh
Av, No, of Hrs of Load Curt,/Load Pt,/Year = 3,65991-firs

T PED D S S Y ST SN AP S - . — P - . —— Y} W S W —p P . T S — A —— Y A A} P P S, Ay il =il b il T o

Curt, = Curtailment Av, = Average
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Table 5-19: Annual & annualized indices for the 6 bus
test system - a comparative analysis

No. of Load Curtailments Expected Load Curtailed (MW)
Bus Annualized Annual | Annualized Annual
'No, ‘Indices Indices Indices Indices

2 0.1643 0.0437 ( 26.6%) 0.1000 0.030 (30.0%)

3 0.4982 0.1539 ( 30.9%) 5.0000 1.640 (32.8%)

4 0.2602 0.0676 ( 26.0%) 0.8400 0.220 (26.2%)

5 0.0931 0.0250 ( 26.9%)  0.1000 0.050 (50.0%)

6 1.0568 1.0568 (100,.0%) 21,1399 17.710 (83.8%)

annualized indices at the the system peak load of 185 MW. The
annual and thé annualized number of load curtailments for bus
6 -are equal. Bus 6 encounters total Jload interruption
irrespective of the system load 1level, -whenever Vliﬁe 9 is
reﬁoved. ~ The  calculation of the annual indices is
.computationally expensive, but in absolute terms these indices
do provide more accurate information regarding therperformancé

of a system.

5.5.3 The IEEE RTS (Figure 2-2)

The 13 step load model discussed in Section 2.6 was wused
to study the effect of load variation for this system.
Numerical values of bus loads in MW are given in Table '5-15;
Figures 5-17 to 5-22 show the variation in the bus adequacy
indices for different system load levels. It is obvious that
thé bus 1indices, 1in general, decrease as the system load
decreases. The decrement in indices, however, is not uniform

for all buses in the system.
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one of the most obvious cbservations that can be made

from Figures 5-17 to 5-22 is that the indices for ' all system

buses except buses 4, 5, 6 and 14 are guite small if the
system load drops to 1950 MW. As seen from the single line
diagram of the IEEE RTS (Figure 2-2), all these four buses are
connected by two lines to other buses in the system. Therefore
whenever those two 1lines are out of service, these buses
experience total load interruption as none of them have local

generation, It can, therefore, be 1nferred that as the syste

load decreases, the outage of transmission lznee/transformers

becomes the maJor causes of the system problems. These system

[ e et e e g o

problems are mostly caused by the isolation of the bus{es) or

the separation of the network into two networks.

The outage of generating units does not really atffect the
adequacy indices, if the total reserve available in the system
is higher than the sum of total MW capacities of several large
genereting units. In the case of the IEEE RTS, the sum of the
four largest units fot'this system is 1347 MW (2*400 + 350 +
197 MW) and the total installed capacity is 3405 MW. After
taking.into account the losses in the transmission 1ihes; if
the system load is below 2000 MW, the outage of generating

‘units in this case does not materially affect the adequacy

indices. A study of Table 5-20 illustrates this fact. Table

5-20 lists the maximum load curtailment indices, the maximum

energy curtailment indices and the maximum duration of load

curtailment indices for system buses at two load levels, 2100
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Table 5-20: Maximum values of bus indices for the
IEEE RTS at two load levels

s - - - g A D Y S S o A A S S S A S -G T WD SR WP AV P G GNP A I WP WP W

Max. Value Contingency Description .
Bus for System Components Out Probability
Load (MW) Generators Lines :

2100 - 1950 Gl G2 G3 G4 Ll L2

Maximum Load Curtailed (MW)

4 55,00 50.00 0 0 Q 0 4 8 0.0000002
5 50.00 50,00 0 0 0 0 3 9 0.0000001
6 100,00 95,00 0 0 0. 0 5 10 0.0000007
13 16.49 16 29 30 31 0 0 0.0000203
14 145.00 130.00 0 0 0 0 19 23 0,0000002 .
15 19.88 16 29 30 31 0 0 0.0000203
16 2.43 . 12 29 30 31 0 0 0.0000162
18 20.72 16 29 30 31 0 0 0.0000203
19 3.11 29 30 31 32 0 0 0.0000156
20 8.04 ' 16 29 30 31 0 0 0.0000203
Maximum Energy Curtailed (MWh)
4 239.30 217.55 0 0 0 0 4 8 0.0000002
5 217.54 217.54 0 0 0 0. 3 9 0.0000001
6 631.99 600.39 0 0 ¢ 0 5 10 0.0000007
13 238.00 l6é 29 30 31 0 0 0.0000203
14 687.99 616.82 0 0 0 0 19 23 0.0000002
15 286.82 16 29 30 31 0 0 0.0000203
16 32.74 12 29 30 31 0O 0 0.0000162
18 299.02 16 29 30 31 0 0 0,0000203
19 41.97 29 30 31 32 0 0 0.0000156
0 0 0.0000203

20 115.94 16 29 30 31
Maximum Duration Of Load Curtailment (Hrs.,)

4 4,35 4,35 0 0 0 0 0.0000002

4 8

5 4,35 4.35 0 0 0 0 3 9 0,0000001
6 6.32 6.32 0 0 0 0 5 10 0.0000007
13 14.43 le 29 30 31 0 0 0,0000203
14 13.50 4,75 29 30 31 32 0 ¢ 0.0000156
15 14.43 le 29 30 31 0 0 0.0000203
16 13.50 : 12 29 30 31 0 0 0.0000162
18 14.43 16 29 30 31 0 0 0.0000203
19 13.50 29 30 31 32 0 ¢ 0.0000156
20 14.43 ' 16 29 30 31 0 0 0.0000203

i L o A W A A S P A S A A i A il D il VD Y U A P e T T i il el R N ANy A S S N P AP - T S S -
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. MW and 1950 MW. At 2100 MW system load, the outage of three
large genefating units (2 of 400 MW and 1 of 350 MW) with the
.outage of another big unit causes lcocad curtailment at buses
13, 15, 16, 18, 19 and 20, If the system load is reduced to
1950 MW then these buses do not encounter load interruption as

seen from Table 5~-20.

All _buses‘except 4, 5 and 6 in ﬁhe south region (138 KV}
do not experience any lcad interruption, if the system 1load
drops to 2100 MW, On the other hand, buses in the north
region (230 KV) except bus 14 do not encounter load
curtailment if the system 1load drops to 1950 MW, The
“difference ih these two 'threshold values' of the load for two
regions is due to the fact that in addition to three ;argest
units, other large units are also concentrated in the north,
The largest unit in the south is 100 MW at bus 7. Therefore
outage of 100 MW at bus 7 or outage of 76 MW at bus 1 or bus 2
in combination with three largest units in the system does not
create 'any problem if the system load drops to 2100 MW as the
system has a reserve of more than 50 MW (excluding losses in
the transmission lines) at this.load level, On the other hand
the 6utage of the fourth (197.MW) or of the fifth lafgestrunit
(155 MW) in the north with the outage of the three largest
units would cause negative static reserve when‘system-load is
2100 MW. However, for a system load of 1950 MW, outages of
these units do not cause generation deficiehéy in the system

and therefore no load shedding at this system load.
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Buses 9 and 10 do not experience load inéerruption even
if the system load is as high as 2400 MW. This is due to the
load curtailmént philosophy wused in this study. If'a load
curtailment pass of 1 is used, bus.9 and/or bus 10 experience
load interruption only when generator outages are confined to
either bus 13 or buﬁ 23 or both.'The éombiped capacity outage
of four largest units at these two buses is 941 MW, therefore
the system has a reserve of 64 MW (excluding line losSeslﬁat'a

system load of 2400 MW.

The contributidn of fhe‘northerﬁ region- bus indiceéi-ﬁo
the' bﬁé— average indicés is quitesignificant.As_séeﬁ f:om
Figurés 5~19 to 5—21,‘adéquacy'iﬁdiées Eor buses iﬁ the r$ou£h_
{138 KV region)‘afe_alﬁays‘ldwer than the'averége_values. This“
suggesté that the soutﬁern  region of the IEEElRTS is more
reliable thén the northern'regioﬁ, although' the southgrn-narea
is ihportihg net power'froﬁ'the nbrth through five transfofgér
lihkﬁ. lThié iﬁterpretétion fequifes a cofreéﬁ'appreciation of
the load curtailment philoséphy; The' fact that Lload - is
interrupted "in _the ngighborhood. of a bus(es) at which
generating units are removed makes the northern region of the
system apparently less_'reliablé as compared to-the southern
region, becausé all the large generating units are
concentrated in the north. (230 KV).  However if the load
curtailment philosophy‘is formulated in such a way that in the
case of an.outage in . an area, the load deménds‘of the area are

met first before supplying any surplus power to neighboring
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areas, the northern area buses will encounter less load
curtailment than those in the southern area. This 'can,‘
“however, be achieved by increasing the number of load
curtailment passes to three and decreasing the value of

curtailable load at buses in the northern region.

The annual indices for the iEEE RTS have been calculated
using the 13‘step load model discussed in Section 2.4. 1In
order to facilitate Va comparison between the annual bus
indices and the annualized bus indices, these results at seven
system load levels, 2850 MW, 2700 MW, 2550 MW, 2400 MW, 2250
MW, 2100 MW and 1950 MW, are given in Tables 5-21 and 5-22.
'Ihe annual indices are expressed in percent in column .10 of
each table Eaking the indices at a systeﬁ load of 2850 MW as
the base, As observed from the tables, the maximum perceﬁtile

annual index for any bus is less than 3.5%.

The annual indices, in geherél, are. closest to the
annualized ihdices qu a system load of 2400 MW and aré higher
than the annualized indices for a system load-of 2250 MW, The
system average load is 1826.60 MW for the 13 step load model
using enefgy equivalence approach. Thé actual value of the
system average load will be lower than 1826.60 MW. This
implies that the annual indices are greatly affected by the
indices at higher load levels. If a 7 step load model is used
instead of a 13 step load model, the adequacy indices for

these two load models are almost equal. A 7 step load model
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Table 5-21: Probability x10000 of failure

of failure for the IEEE RTS at various load levels

(1) (2)
Bus 2850

——— S ——— . —— S — T S Y T iy — T T T T " —— . — T frtlt "

1 224,46
2 409.99
3 226.40
4 223.94
5 224.46
6 223.95
7 159.22
8 159.50
-9 31.71
10 31.71
13 712.73
14 95.56
15 565.09
16 260.11
18 834,33
19 116.67
20 462.13
1 1l6.5%9
2 30.01
3 16.73
4 16.54
5 16.59
6 16.54 .
7 11.98
8 12.01
9 1.98
10 1.98
13 45,83
14 6.70 .
15 35.38
16 18.35
18 - 51.51
19 8.05
20 29.97

(3)
2700

78.32
146.91
78.32

78.31

78.32
78.32
64.20
64.53

2,83

2.83
292.34
29.18
272.12
83.27
375.12
31.30
220.54

5.51
10.31
5.51
5,51
5.51
5.51
4.68
4.72
0.22
0.22
18.88
2.25
16.20
6.13
22.52
2.41
13.64

67.38 4.77 1.01 0.00 0.00
121.89 9.54 2.03 0,00 0.00
67.83 4.77 1.01 0,00 0.00
67.38 4.77 1.01 0.00 0,00
67.73 4.77 1.01 0.00 0.00
68.00 4.78 1.02 0.00 0.00
47.62 4.93 0.48 0.00 0.00
47.96 4.93 0.48 0.00 0.00
0.78 0.00 0.00 0,00 0.00
1,05 0.00 0.00 0,00 O.00
272,07 30.82 10,13 1.25 0.00
29.18 3.06 0.44 0.15 0.00
132.63 30.49 9.86 1.25 0.00
83.27 7.25 1.29 0.31 0.00
173.29 33.73 10.13 1.25 0.00
31,30 3,05 0.43 0.15 0.00
220.54 17.35 9.18 1.25 0.00
- Frequency Of Failure Indices
4,92 0.33 0.06 0.00 0.00
8.83 0.67 0.12 0.00 0.00
4.95 0.33 0.06 0.00 0.00
4,92 0.33 0.06 0.00 0,00
4,93 0.33 0.06 0.00 0.00
4.95 0.33 0.06 0.00 0.00
3.38  0.35 0.02 0.00 0.00
3.39 0.35 0,02 0.00 0.00
.05 0.00 0,00 0.00 0.00

- 0.06 0.00 0.00 0.00 0.00
17.39 1.99 0.58 0.07 0,00
2,22 0.23 0,03 0,01 0.00
8.91 1.96 0.56 0.07 0.00
5.83 0.53 0.08 0,02 0.00
10.68. 2.21 0.58 0.07 0.00
2.23 0.23 0.03 0.01 0.00
13.64 1.16 0.51 0.07 0.00

- P T A S M S D D S P D A S

Annualized Indices

for System Load (MW)

(4)
2550

(5)

(6)

(7)

(8)

and frequency

Annual Indices

(9)

2400 2250 2100 1950 value % Of 7

Probability x(lOOOO) Of Failure

(10) (11)
13 Step

(2) Step

5.01 2.23 5.01
9.24 2.25 9.24
5.03 2.22 5,03
5.01 2.23 5.01
5.03 2,24 5,03
5.04 2.25 5.04
3.76 2.36 3.76
3.78 2.37 3.78
0.15 0.48 0.15
0.16 0.52 0.16
21.01 2.94 21.01
2.20 2.30 2.20
14,23 2.51 14.23
6.12 2.35 6.12
18.33 2.19 18.33
2.37 2.03 2.37
15.99 3.46 15.99
0.36 2.18 0.36
0.66 2.20 0.66
0.36 2.17 0.36
0.36 2.19 0.3%6
0.36 2.18 0.36
0.36 2.20 0.36
0.27 2.26 0,27
0.27 2.26 0.27
0.01 0.52 0.01
0.01 0.55 0.01
1.34 2.93 1.34
0.16 2.48 .0.16
0.90 2.56 0,90
0.43 2,37 0.43
1.13 2.19 1.13
0.17 2.14 (.17
0.99 3.32 0.99

VI S o — al} D Dt T W S T e ——————— ;] — —— —— " — v —— v —— ———— " ———— ———— -
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Table 5-22: Expected load curtailed in MW and expected energy
curtailed in MWh for the IEEE RTS at various load levels

Annualized Indices Annual Indices
for System Load {(MW)
(1) (2) (3)7 (4) (5) (6) (7) (8) (9) (10) (11)

‘ 13 Step
Bus 2850 2700 2550 2400 2250 2100 1950 value 8 Of 7
(2) ,Step‘
Expected Load Curtailed (MW)
1 171.5 56.3 13.0 1.6 ¢.2 0.0 0.0 1.9 1.1 1.9
2 3l4.6 110.0 25.9 3.2 0.4 0.0 0.0 3.7 1.1 3.7
3 369.2 108.3 23.4 2.7 0.3 0.0 0.0 3.6 1.0 3.8
4 172.4 50.7 10.7 1.2 0.1 0.0 0.0 1.7 1.0 1.7
5 145.,2 41.4 9.5 1.1 0.1 0.0 0.0 1.4 1.0 1.4
6 317.0 94.3 . 19.9 2.3 0.4 0.} 0.1 3.2 1.0 3.2
7 160.4 54,2 17.6 2.6 0.3 0.0 0.0 2.1 1.3 2.1
8 326.3 98.5 27.3 4.1 0.4 0.0 0.0 3.7 1.1 3.7
9 32.9 4.8 0.2 0.0 0.0 0.0 0.0 0.2 0.5 0.2
10 36.6" 5.3 0.2 0.0 0.0 0.0 0.0 0.2 0.5 0.2
13 1769.2 652.6 179.1 41.8- 7.5 0.8 0.0 25.0 1.4 25.0
14 150.4 47.9 15.6 2.6 0.4 0.1 0.1 1.9 1.3 1.9
15 1961.7 848.4 237.1 50.3 8.8 1.0 0.0 31.4 1.6 31.4
16 204.9 67.9 21.0 3.4 0.4 0.0 0.0 2.6 1,2 2.6
18 3377.9 1275.1 341.3 67.1 11.1 1.0 0.0 46.7 1.3 46,7
19 166.4 48.1 14,4 2.3 0.3 0.0 0.0 1.9 1.1 1.9
20 853.4 308.3 92.5 19,1 3.8 0.4 0,0 12,1 1.4 12,1
Expected Energy Curtailed (MWh)
1 2086 725 160 21 3.1 0.0 0.0 23 1.1 23
2 3827 1420 318 43 5.7 0.0 0.0 46 1.2 46
3 4560 1394 290 36 5.1 0.0 0.0 45 1.0 45
4 2133 653 133 16 2.5 0,0 0.1 21 1.0 21
5 1794 533 117 14 2.0 0,0 0.0 - 18 1.0 18
6 3920 1213 246 30 4.9 0.6 0.6 39 1.0 39
7 1905 683 225 33 4.6 - 0.0 0.0 26 1.4 26
8 3972 1252 352 53 6.2 0.0 0.0 46 1.1 46
9 425 60 2 0 0.0 0.0 .0.0 1 0.4 1
10 474 67 2 0 0.0 0.0 0.0 2 0.4 2
13 23662 8663 2407 585 108.0 12.0 0.0 337 1.4 337
14 1793 570 192 30 4.4 0.7 0.3 23 1.3 23
15 28069 12736 3211 708 126.9 14.5 0.0 447 1.5 447
16 2478 840 261 41 6.1 0.5 0.0 32 1.3 32
18 50912 18971 4665 928 158.8 15.1. 0.0 672 1.3°672
19 2017 576 - 177 27 3.7 0.4 0.0 23 1.1 23
20 11794 ° 4281 1260 272 55.3 5.9 0.0 168 1.4 le8
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used in this study is shown in Figure 5-23. The difference
between the 7 step load model and the 13 step load model is
that the minimum system load is assumed to be 1950 MW. The
1oéd is assumed to stay at this minimum value as long aé the
actual system 1load is equal to .or ;ess than 1950 MW. The
advantage of using such a 1load model is that it saves
computation time, Adequacy indices are now calculated at on1y 

7 load levels instead of 13 load levels,

The differen§e in the annual indices obtained by these
two load models is negligibly small as can be seen from
.columns 9 and 11 of Tables 5-21 to 5-22. The adequacy indices
for buses 4,"5, 6 and 14 are slightly different in the two
cases. The expected - load curtailed and energy. curtailed
indices for the 7 step loéd model are higher than those for
the 13 step load model. The probability of failure and the
frequency of faiiure are exactly equal for both load.models.
The computation timé to determine the annual indices using the
13 step load model is 1.85 ﬁimes higher than that required‘

using the 7 step load model,

The system does not encounter any voltage violation
problems at any load level if the heuristic algorithms to

prevent voltage violating situations are employed.

The system adequacy indices for the IEEE RTS are shown in

Table 5-23. The annualized indices for seven lcad levels are
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System Peak Load = 2850 MW

«10}
300.00
M N——

180.00  240.00
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Figure 5-23: A 7 step load model for the IEEE RTS
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Table 5-23 System indices for the IEEE RTS
at various load levels

A s .y S il S A A Al iy e el . S A S A S . . P A Y T i ——

Annualized Indices "Annual Indices
. for System Load (MW)
(2) - (3) (4) (5) (6) (7) (8) (9) LlO)

13 Step
2700 2550 2400 2250 2100 1950 value % Of 7
(1) Step

IEEE INDICES

o — -

Bulk Power Supply Disturbances
24.37 19.50 2.21 0.58 0.08 0.0 1.57 2.5 1.57

Bulk Power Interruption Index (MW/MW-Yr.)
1.43 0.41 0.08 0.02 0.00 0.0 0,05 1.3 0.05

Bulk Power Energy Curtailment Index (MWh/Yr.)
20.23 5.50 1.18 0.22 0.02 0.0 0.69 1.3 0.69

Modified Bulk Power Energy Curtailment Index
0.00 0.00 0.00 0.00 0.00 0.0 0.00 1.3 0.00

Severity Index (System-Mlnutes)
1214.34 330.01 71.10 13.28 1,43 0.0 41.65 1.3 41.65

AVERAGE INDICES

Av. No. of Hrs of Load Curtailment/Load Pt./Year
7.63 6.11 0.7 0.17 0.02 0.0 0.48 2.4 0.48

Av, No, of Load Curtailments/Load Pt./Year
0.00 0.00 .00 0,00 0.00 0.0 0,00 0.0 0.00

o Av, Load Curtailed/Load Pt./Year-Mw
227.80 61,72 12,11 2.06 0.2 0.0 8.44 1.3 . 8.44

Av. Energy Curtailed/Load Pt./Year-MWwh
3214.44 825.04 167.30 29.29 2.95 0.1 116.4 1.3 116.38
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shown and the anﬁual indices using both the 13 step load model
and the. 7 step load model aré also given in the Table.5-23.
The 13 step load annual indices are élso expressed in terms of
the annualized indices for the systeml load of 2850.0 MW,
-Systeﬁ annual indices, in general, are higher for the 7 step
load model but the difference is quité small., The severity
index for the IEEE RTS using the 13 step load model is 41.65
system - minutes which is 1.35% of ité value if the' system

load remains at 2850 MW for the entiré year,

.A large difference between the annualized indices and the
annual indices suggests that the system performance iﬁ
absolute terms shduid not be judged on the'baéis of.annualized
indices only.-Tﬁe annual indices provide a bettér measure of
performance evaluation for a system. The anﬁualized indices
can, however, be used to compare the perfomance -0f two
networks at a particuiéf'load level. These indices can also
be used to compare the adequacy of two alterna;ive designs for

a power system.

The annualiéed and annual ihdicés provide information
regarding the number of load curtailments and the total load
curtailed at each bus in the system and for the overall
Vsystem. From these indiceé, it is difficult to find out th
many times a particular amount of load at each bus is
curtailed. As noted in the diséussion on load curtailment

philosophy , bus loads are <c¢lassified into two curtailment
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categories. curtailable load and firm load. Depending upon the
circumstances, curtailable load ai a bus may represent certain
utility léads, loads curtailable by contract, locad réduction
obtainable by voltage reduction, etc., It is iﬁtended that the
firm load would not be interrupted until and unless it is
necessary to do so while attempting to adjust for capacity
deficiency in the system. The amount of curtailable locad at
any bus ‘may vary from one system to another system. This
amount may even be different in a given system at different
periods of the year, It_is, therefore, desirable to calculate
probability and frequency indices for a system as a function
of MW load curtailed. These indices are discussed in the next

section,

5.6 Load Curtailment Indices

The variation of probability and frequenéy indices at
each bus for the 6 bus test and the IEEE RTS as.a function of
MW load curtailed at each bus is discussed in the following

sections.

5.6.1 The 6 Bus fest Systeﬁ (Figure2-1)

The probability and frequency indices for the ‘firﬁ load
curtailment and the load curtailed in steps of 10% of the
total bus load‘are shown in Table 5-24. These indices for each
bus decrease or remain constant as the amount of load
curtailment at each bus increases;rBuses 5 and 6 experience
total load curtailment due to transmission line outages. Bus 4

experiences 90% (36 MW) load curtailment because of the outage
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Table 5-24: Probabillty and frequency of load curta1lment
for the 6 bus test system

Probability x1000 Of Firm Load Curtailment And Load
Curtaxled (MW) In Step Of 10% Each '
Load Curtailed (In $ of Total Load) _

Bus>Firm 310 >20 330 340 250 360 370 3280 »90. 100
- Load ' ' ' :
2 0,01 0,01 0,00 0,00 0,00 Q. 00 0.00 0.00 0 00 0.00 0.00
3 0.25 0.71 0.27 0.20 0.01 0.00 0.00 0.00 0.00 0.00 0.00
5
6

0.00 0.00 0.00 0.00 0.00.0.00 0.00 0.00 0.00 0.00 0.00
l1.12 1.12.1.12 1.12°1.22 1.12 }1.12 1,12 1.12 1.12 1.05

==¢=3=—===8==========23==3============8===============u=

Frequency x1000 Of Firm Load Curtallment And Load.
- Curtailed In Step Of 10% Each

Load Curtailed (In % of Total Load)'

Bus>Firm 310 320 330 340 50 360 370 380 390 100

Load
2 3 3 o o0 0 0 0 0 0 0. 0
3 108 195 112 37 2 0 0 0. 0 0 0
4 8 26 12 7 5 5 S S S 5 0
S 2 2 2 2 2 2 2 2 2 2 2
6 1057 1057 1057 1057 1057 1057 1057 1057 1057 1057 985S

- - - T WS . - e — - - s s it
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of 1lines 1 and 6. Bdses 3 and 6 have a frequency of load
curtailment exceeding 0.1 failures per year. The ‘least
reliable bus is bus 6 with a frequency of load curtailment of
1.05 failures per year. This is due to the fact that bus 6 is
radially fed from bus 5 and the outage of line 9 itself or
with other lines in the system always-isolates bus 6. Bus 5 is
the most reliable bus because it encounters a minimum number
of 1load curtailments, 0,00022 per year, The frequency of firm
load curtailment is also minimum for bus 5 as seen from Table

5-24 .

5.6.2 The IEEE RTS (Figure 2-2)

Table 5-25 shows the probability and the frequency of
load curtailment at specific buses. The firm load at any bus
is assumed to be 80% of its total connected load. Eight of ten
138 KV buses in the_}IEEE RTS have a frequency of load
curtailment exceeding 1 failure per year, The least reliable
bus is bus 18, This is due to the féct that an outage of a 460
EW unit at bus 18 together with the outage of other big
generating units in the system results in load curtailment at
bus 18. Buses 4, 5, 6 and 14 experiende total load curtailment
due to their isolation from the system when lines terminated
at them are out of service, Buses 13, 15, 18 and 20 experience
total load curtailment due to outages of generating units,
Table -5-26 shows the maximum locad curtailed at each bus and
the component involved in the_outage-event resulting in the
maximum Jload curtailment, All Dbuses except - 7, 9 and 10

encounter a lcad curtailment of more than half of their



100

390

Load Curtailed (In % of Total Load)

210 20 230

280

260 270

206

240 350

curtailment for the IEEE RTS

Table 5-25: Probability and'frequency of-the load

Probability x1000 Of Firm Load (F.L.) Curtailment And
Load Curtailed (MW) In Step Of 10% Each

. — S A —— — — D S W s S v " - ————" -

Bus >Fo Lo-,

D000 0OCOONDOODOD

s ® ® & e * ¢ & 4 & a2 & 8 @ s

OO0 CODOOODOCOOODD~O~A

OO0 OHOOWOIOWOWN
a & & % 3 8 B & & K & 8 B s 0 9

OO0 00O0O0O0OHOODOAON

* & B @ 8 * B 2 " B & 0 s ¢ @

D000 O0O00O0O~NONONON

» - * L L ] - [ ] L] . [ » L L LR * *

QOOQCOOQOCOCOOONOMOM™M

00141406005071703

L ] [] L] » L] * . L ] - - L - L2 L L L 4

00000000001020804

00404002006102511

. & & &+ » L N e & & & & & 9

i (]

COMNNNNOVH~MOTALMINN

* 5 & ® & & B+ & &+ s s 3 s s 9

OO NSNO~NMOO~ANOMOMOW

06838308226841107

s & s & s 2 0 » L A L
00232302001061911
— —{

83575760226‘552172

LI T T 2 T R R T LR Y R B R R ]
MNP AFOON~~AFO~AD
: - NN o~

* 2 s e & s s s e s s e e v 0 s .
- — ~ 24 ] ™~ = ~N

L ] ¢ & ¢ ¢ 4 & o a ¢ & & e 5 & B »

NS ALFOORNAAMO XD
o™ -t

2

12345678903456
: o e B |

w

h O
- 9

100

290

CoODCOODNOOVOHOMNOI~.

280

Frequency x1000 Of Firm Load Curtailment And.Load

Curtailed In Step Of 10% Each :

COO0MOmMO9TCOBOLOMNO M

250 260 270

‘Load Curtailed (In % of Total Load)
330 340

210 220

Bus yF.L.

OO0 DO0OO0O0OO0O0~AMOCOOWOr™

e & & B * B &+ 4 B B = T 4 s+

CO00DCOOODOOOQOO0O

OLOOOSOCOOONOWORD

s # & & & & s 2 5 = s 8 * 2 @

0000000V OORNCOOOO

QOO0 QOOMNOONOCMOMOTI™

» L) L] L] L e L] L ] . * . L - L L] L L]

00000 COOOONONO~NO

CODOOCCOMOONOWYWOOO

L] L) . L] * . L ] L) ] . L) . L * . L]

OO0 CO0O0OAHMOMHOMNON

OOoOOMOMOTOONODROMO®

L ] - » L L] * * L] L] L L . * L ] . & L]

0000 CORDOOMNO-MOITON

COMMRMMROOOONHNO AT~

L * * . [ ] - L] L L] - L L] L] L] L] L]

COQOOOCOOOmMOMNONOM

CONVNOCO e NMEOMMM™

» - - * . L] L] . Ll - L d L L . L] L L d

00010101001020704

04828209112627372

a & 8 @ 9 *+ 8 & 8 8 & 0 & &+ b = @

00121201001040m07

CNEHANONMEENNON OO~ N®

PO O R I O L L I T I
HONMANMNMANQOQORFANMN~HO
. -~ - ~

MNOOOMIMOYERNANMN~O

» - L] *» @ L] * » L L L [ ) m * [ ) - L]
VWL OYO~ROROLOWOONN~OMY
L) o~ ~ o~ v

N A NN~ NNO~OT N
L ] * * - [ ] L] L] - » - - L] - L ] L] . L ]

HOMNMONMANODOWVMAMNNINAHO
i

20 1

i8 1

HNNSNO~ONO M TN
y —{

=
—t - L




207

Table 5-26: Maximum value of load curtailment in MW
for the IEEE RTS

BUS. MLC (MW) Contingency Description

for System Components Qut Probability
Load (MW) - Generators Lines
21400 Gl G2 G3 G4 Ll L2

1 81.2044 21 22 30 31 0 0 0.0000019
2 78.7756 25 26 30 31 0 0 0.0000019
3 135.7733 21 29 30 31 0 0 0.0000079
4 74,0000 0 0 0 0 4 8 -~ 0,0000002
5 71.0000 0 0 0 0 3 9 0.00000Q1
A6 136.00Q00 0 0 0 0 5 10 0.00600007
7 42.7415 13 14 15 30 0 0 0.0000027
8 163.6479 13 lo 29 31 0 ¢ 0.0000062
-9 84.8676 116 17 29 31 0 0 0.0000078
10 94,5668 ‘16 17 29 31 0 0 0.0000078
13 265.0000 16 17 31 ¢ G 0 0.0000865
14 194.,0000 0 0 0 0 19 23 0.0000002
15 317.0000 12 29 30 31 0 0 0.0000162
16 81.8471 12 30 31 32 0 1] 0.0000075 .
18 333.0000 -29 30 31 0 0 0 0.0003703
19 128.6227 29 30 31 32 0 0 0.0000156
20 128.0000 29 30 31 0 0 0 0.0003703.

— e — O .tk sl D D A A il el e S s i T — D .y ——— — . Y ————— — vials D T P Vi o Sl Al

connected 1load. All buses in the system experience firm load
interruption, Buses‘9 and 10 are the most reliablé bﬁses in-
~ the system as both of them have the minimum frequency of load
curtailment of 0.63 failures per year. The frequency of firm
load curtailment is also minimﬁm for these bUSeé as seen from

Table 5-25,

5.7 Summary
A comprehensive study of the effect of contingency level
and load variation on the adequacy indices has been presented

in this chapter, It has been stressed that calculation of two
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sets of iﬁdices, individual 1load point indices and overall
system indices, is necessary and that one cannot substitute
for the othe;.,Drawing any conclusions about the adeguacy of -
any load poiht from the - system indices may give erroneous

results,

The individual 1load point indices are very dependent on
the selection of a load curtailment philosophy. Depending upon
the relative priority given to the buses in a system, the load
can be curtailed accordingiy, whenever there 1is a capacity
deficiency in the system, The selection of a particular load
curtailment philosophy is a - management decision. The
intefpretatibn of the individual load point indices_shquld be
done in conjunction with the load curtailment philosophy used

in the algorithm.

The load curtailment philosophy discussed in this chapter
is‘ quite flexible, The load interruption éan be localized in
the neighborhood of a disturbance or it can be distributed
throughout the system by assighing a proper load curtailment

pass.

The effect of the contingency level on load point indices
and overall system indices has been discussed for the 6 bus
test system énd the IEEE RTS. It has been observed that thé‘
effect of higher level oﬁtage contingencies is not uniform at

all the system buses. In the case of the 6 bus test system,
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calculation of the Ist level contingency provides reasconably
accurate results for load point 6 but for othef load points,
calculation of higher level contingencies (up to the 3rd
level) is necessary. On the other hand in the case of the IEEE
RTS, calculation of the 4th 1level outage cohtingencies is
necessary for both bus indices and system indices., The
variation ih the adequacy indices from oné contingency level
to other contingency level is also non-uniform for each bus.
This depgnds upon the 1load curtailment philosophy and the

relative location of a bus in the system.

Similarly, it cén be seen that the effect of load
variation on the adequacy indicés for the 6 bus test system
and the IEEE RTS is not uniform., Obviously, as the system load
decreasges, the indicés also decrease, The two sets of indices,
the annualized and the annual indices, are presented for both
the systems, The annualized indices Calculatéd at the system
peak load do not convey accurate information regarding the
absolute quantitative evaluation of a power system, In this
case, the calculation of annual indices is necessary. The
proper sélection of a load step in the modeling of the lcad
curve is gquite important while calculating the annual indices.
In the case of the 6 bus test system, the four step load model
provides reasonably accurate indices while in the case of the
1IEEE RTS,Vit is not really necessary to donsider a thirteen
step 1load model. The seven step load model gives accurate

indices.‘This is due to the fact that the contribution of
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lower system load steps is negligibly small.

The probabilityrand'the freduency of curtailing the load
at a bus in a system decreases as the amount of 1load
curtailment increases., As the number of componénts under
oﬁtage in a contingency increases, so does the severity of the
contingency. The probability and the £frequency of the
contingency, however, decrease, In this chapter, a brief
description of the variation in probability of failure and the
frequency of failure as a function of MW load curtailed at

each bus is also presented.

The studies presented do not consider common cause
outages or station originated outages. Calculation of common
cause outages and station originated outages is necessary
prior to considering further higher level outages. The
contribution of c¢ommon cause outages and station originated
outages is quite significant. The‘computation_time involved in
incorporating these  outages 1is also 1less than the time
required to solve higher level independent outage
contingencies., Moreover the calculation of higher level
independent - outage contingencies is nbt significant as
compared to that of common cause and station originated

outages. This is discussed in the next chapter,
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CHAPTER 6
STATION ORIGINATED AND COMMON CAUSE OUTAGE EVENTS

6.1 Introducﬁion

The reliability evaluation of a bulk power system
normally considers outages of generatingl units, transformers
and transmission lines only. Station originated outages can,
however, also contribute significantly to the adequacy
indices. Recent attention by power utiliﬁies and educational

institutions!¥s 28, 29, 34'_35 to the

role of protection
schemes in system disturbances supports the idea of
considering component outages of the bulk system due to.
disturbances in switching stations and sub-stations etc..
Sub-station failures such as breaker failures, station
transformer failures, bus-section failures and protective

system failures are a major cause of multiple component

outages.

Landgren and Anderson36 calculated that over 40% of the
multiple line outages are caused by terminal related
disturbénces in the Commonwealth Edison Company's 345 KV éower
system, it is, therefore, imperative to consider station
originated outades in the adequacy evaluation of a composite
power system. This reinforces an earlier observation made in
Chapter 3 that it is not advisable to consider higher level
independent line outages and ignore common cause or multiple

outages due to station disturbances. Consideration of common
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mode failures and station originated outages may obviate the
need to examine higher level independent 1line outages, thus

saving computation time.

In the past, reliability experts have not devoted much
attention to station originated outages in a composite powerr
system due to the lack of data on statipn'originated outages
and because of the complexities involved in the analysis. The
contribution Vof these outages, however, have been considered
by two distinct approaches:

17 of various

(1) A comparative reliability eﬁaluation
substations and switching stations by:solving failure events
resulting from the station elements only. The total failure
rate and the outage duration for a particular station
configuration is calculated assuming continuity of the power
supply to the load cenfer as a success criterion.

{(2) By simpfy increasing the failure rates of lihes and/or
generating units affected by the outages of the station

28

components®, The increment in the failure rates is to

reflect the outage effects of terminal station components,

Both approaches do not include the full implications of
the station originated outagéé in a composite power system{
The first approach doeS'not'notmally consider outages in the
generating stations. It neither considers thé alternative
means available to satisfy the load in the case of a fault in

a substation, nor checks the quality of the power supply at a
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load center. The second approach is correct if the outage of a
terminal station component results in the outage of one
element (transmission line or generating unit etc.) of a
system. However, when two or more elemenﬁs in a system are
unavailable, which is a frequently encountered situation in a
practical - system, | the approach assumes an unrealistic

independence between these system element outages.

The correct approach is to regard the terminal components
as separate elements of the system and by considering outages
of these components, evaluate the adequacy of the system using

an A.C. load flow for each outage contingency.

This approach is, however, not fea51ble as the CPU time

e . ;n e R BRI b bk bAoA\ 3 el . Atk Bk e rre s

requ1red to solve all the cont1ngenc1es is enormously large as
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the number of station components 1s large ln a power network
A numerlcal evaluation of the station orlg1nated outages u51ng
Markovian models suitable for including the effects of these

outages in the adequacy analysis of a composite generation and

e . et

transmission system is described in "EEerence {24]} This

approach calculates the probability of an ocutage event arising
due to station disturbances. The approach, however, does not
decide whether an event is a failure event or a success event

i" .
and therefore, KE;N“iggglf,mcanngp calculate other adequacy

R T iilhis il SRR T,

indices such as t the expected load curtailed, expected ene;gy
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curtalled and total number of voltage violations etc.?
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This chapter preéents a practical approach to incldding
station originated effects in composite system adequacy
evaluation. The digital computer program for composite power
system reliability evaluation has been extended to calculate
the effects of the station disturbances on the adeqguacy
indices. The effect of the outage 1levels with and without
common cause line outages; and of the lcocad wvariation on the
station originated outages for the 6 bus test system and for

the IEEE RTS is also studied,

6.2 Station Originated OQutage Models
The outage of a breaker, bus-section, station transforméf

or a fault in the protective scheme may result in outages‘of a
generating wunit(s), transformer(s), line(s) and‘the.isolation
of load feeders in a network. The adequacy - evaluation o¢f a
contingency‘ resulting due to the station disturbances
invariably involves an assessment of its effect, 1i.e. outage
of the generating units, lines, transformers and/or load
feeders. Qutages of the generating _unité, lines  and
transformers may, therefore, arise beéause of any of the
following causes:

(1) Independent and/or commoﬁ cause failures of the
components. o

(2) Outages due to the failure of station elements.

ek e web @y sek

It- has been assumed that these two events are independent

ket

and mutually exclusive, therefore the total probability of an

.outage contingency is the total sum of the probabilities of
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each cause, i.e.,

P(Components X and Y are out) = P(Components X and ¥
are out due to their own internal failure given that
all the station elements are operating)

+ P(Components X and Y are out due to the outages of
appropriate statioﬁ elements given that all other

system components are operating)

The frequency of the outage contingency 1is calculated by

adding the frequencies of these two events.

As noted earlier,'the probability and the frequency of
components X and Y being out due to their own internal failure
are éalcuiated-using_the Markov models discussed in Chapter 2.
The probability and the freqﬁency of components X and Y being
out because_df station originated outages are calculated using
the modelé discussed in Reference [24]. A list of the outage
events considered in this study is as follows:

{1) Active and passive failures of the breakers,

(2} Failures of the station-transfdrmers.

(3) Failures of the Bus-sections.

(4) Faiiure of a station transformer overlapping the failure
of any other station component.

(5) Pailure of a bus-section overlapping the failure of any
other station component.

(6) Pailure (passive or active) of a breaker overlapping the .

failure of any other station component,
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(7) Failure (passive or active) of a breaker or failure of a
- transformer or bus-section overlapping the maintenance of any

station component,

The active failure of a breaker is an event that results
in the removal of certain other healthy station components
from service. Active failures include compbnent faults which
cause operation of ¢circuit breakers or disconnect switches.
All component outages which do not remove any healﬁhy
components from service are classified as passive failures.
These include undetected open failures and components out for

repair etc..

The maintenance outage of a component is the removal of
the cpmpbnent from service for preventive maintenance only,.
_ The maintenance outage rate is the average number of times in
a year that a component 1is taken out of operation for

preventive maintenance.

The following assumptions wé;e made in developing the
Markovian models for the outage events noted earlier in this
Section.

(1) Probability of a stuck breakef when called upon to
operate is assumed to be zero.

(2) Probability of overlapping outages for three or more
components is assumed to be zero; as this probability is quite

small,
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(3) A component is not taken out of service'for‘preﬁentive
maintenance if it results in the outage of a.curreht cafrying
.component; -

"~ (4) Pailure bunching effects due to adverse weather are not

*consxdered in the study.

After developing the Markov models, the probability and
the frequency of a station outage event is calculated; The
effect of this outage event on the operétioh of system
components, i.e, ‘generating units, transformers and
transmission lines, is examined. A list of outages of the
system components and the associated probability and fregquency
of these eventé is prebared. This output serves as input to

the composite system reliability program. A ‘general 1list of

the comblnatlon of System components removed from service due

sk P AT R T A G ) ST U DA

to station disturbances is as follows-
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(1) One generating unit Ls out.

(2) Two generating units are out,

(3) Three generating units are out.

(4) Four generating units are out.

(5) One line/transformer is out.

(6) Two line(s)/transformer(s) are out,

(7) Thfee line(s)/transformer(s) are out.

(8) One generating unit and one line/transformer are out.
(9) Two geﬁerating units and one 1iﬁe/transformer are out,

(10) Load feedér(s) is isolated.
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The contribution of the above contingencies except for
the outage of thrée lines (No. 7).' the outage of the two
generating'units and one line (No. 9) and the isolation of the
load feeder ({No. 10) is taken into account by adding the
probabilities and the frequencies to the probability and the
frequency of the respective contingencies resulting from the
independent failure of these components. The remaining three
ouﬁages are calculated separately. The digital computer
program for composite reliability evaluation has been modified
to calculate all the previously noted outage contingencies., In
the following section, the effect of station originahed
outages and the‘effect of common cause outages on the adequacy
indices are studied. The effect of the load variation on the

station originated outages is discussed in Section 6.4.

6.3 Study Of The Effect Of Common Cause And Station Originated
Outages

A comparative study of the contribution ot common cause
cutage events and station originated outage contingencies to
the adequacy indices has been made in ‘this -section.

Independent outages of the generating units up to the 4th

levél\and of the transmission lines up to the 2nd level are

considered. The failure events were terminated at the 4th

level in the case of generating units and at the 2nd level in
the case of 1lines. The four cases studied to compare the
indices are as folloﬁs:

(1) Independent outages only.

{2) Independent outages and common cause outages,
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{3) Independent outages and station originated outages,
{4) Independent outages, common cause outages and station

originated outages.

The common cause outage data for both the 6 bus test
system and the IEEE RTS are given in Appendix D. A five state
common cause outage model discussed in Section 2.8 was
utilized for these studies. The station configurations at each

bus for both the systems are described in Reference[24],
The following is a brief description of the study on the
6 bus test system and on the IEEE RTS.

6.3.1 The 6 Bus Test System (Figure 2-1)

Adequacy studies were conducted for a system load of 165

MW. The individual bus loads at this system load are.given in
Chapter 5. The selection basis for this system load is -that
that for the four step load model discussed in Section 2.5,
the system load of 165 MW gives the annualized indices which
are close to the annual indices for this system. Table 6-1
- gives system indices for the four cases described ‘earlier.
Common cause outages of lines 1 and 6 and of lines 2 and ?_aré
considered in this study. The increment of the indices in each
case with respect to case (1) is also shown in Table 6-1. The

.

effect. of common cause events is less pronounced when compared

et Y amd ok e e .
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to that of the station orlglnated outage events, The

. R o B

tremendous increase in the indices after 1nclud1ng station

originated outages is due to the contingencies resulting from
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Table 6-1: System indices for the 6 bus test system
with/without common cause and station
originated outage events

Case (1) (2) (3) (4)
Independent C,C. Outages 5.0. Qutages Cc.C. and s.0.
Qutages ‘ Qutages
Actual Actual Incr. Actual Incr. Actual ‘Incr.
Value Value w.r.t. Vvalue w.r.t. Value w.,r.t.

(1) (1) (1)

jﬁgulk Power Interruption Index (MW/MW-Yr.)
0.11736 0.12620 1.08 0.36053 3.07 0.36858 3.14

Bulk Power Energy Curtailment Index {(MWh/Yr,)
1.20329 1.26357 1.05 = 4.16697 3.46 4,21948 3.51

Bulk Power Supply Average MW Curtailment Index
(MW/Disturbance) :
17.58381 18,38408 1.05 23.84413 1.36 24.07452 1.37

Modified Bulk Power Energy Curtailment Index .
0.00014 0.00014 1,05 0.00048 3.46 0.00048 3,51

Severity Index (System-Minutes)
72.19699 75.81400 1.05 250.01800 3,46 253.169201 3.51

AVERAGE INDICES

Y ——— ———— ———— — —

Av, No. of Hrs of Load Curtailment/Load Pt./Year
2.49905 2.65902 1.06 6.09219 2.44 6.24859 2,50

Av. No, of Load Curtailments/Load Pt./Year
0.22452 0.24156 1.08 0.51442 2,29 0.53108 2,37

Av, Load Curtailed/Load Pt./Year-Mw
3.87060 4.16461 1.08 11.89744 3,07 12.16327 3.14

Av, Energy Curtailed/Load Pt./Year-Mwh :
39.68430 41.69795 1.05 137.51009 3,47 139.24295 3,51
Incr. = Increment ' C.C. = Common Cause
$.0. = Station Originated Av. = Average
Pt. = Point '
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the isolation of a 1load because of a fault in the station
components. The probability and the frequency of a 1load
isolation is relativelf high as compared toc that of a higher
level independent outage contingency. Moreover, in the case of

a load isolation contingency, the entire load is curtailed,

6.3.2 The IEEE RTS (Figure 2-2)

As seen from Chapter 5, for this system the annualized
indices at the systeﬁ load of 2400 MW are close to ﬁhe annual
indices for the load model diécbssed in Section 2.5. These
studiés have, therefore, been conducted using 2400 MW as the
system peak load. The individual bus 1loads for this system
load‘are given in Chapter 5. A 1ist? of the circuits exposed
to common caﬁse outages is as follows:

{1) Lines 12 and 13
(2) Lines 18 and 20
(3) Lines 25 and 26
(4) Lines 31 and 38
(5) Lines 32 and 33
(6) Lines 34 and 35

(7) Lines 36 and 37.

Table 6-2 shows system indices for the four cases noted
earlier in this chapter. The increment in the system indices
in each case with respect to case (1) is also given in Table
6-2. The effect of the station originated outage events is
more pronounced as compared to that of common cause outage

events as seen from Table 6-~2, The major contribution of the
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Table 6-2: System indices for the IEEE RTS with/without
common cause and station originated outage events

case (1) (2) (3) ' (4)
Independent . C,C, Outages S.0., Outages c.C. and S§5.0.
Qutages _ Outages
Actual Actual Iincr. Actual 1Incr. Actual Incr.
Value value w.r.t. Value w.r.t. VvValue w.r.t,

(1) (1) : (1)

- - - — S S . S T /T A AT S S G S S S e S S P A R N S SR P P S L N SN S S S s

IEEE INDICES

Bulk Power Interruption Index (MW/MW-Yr.) .
0.08579 0.10308 _ 1,20 0.13666 1.59 0.15803 1.84 "

- Bulk waer Energy Curtailment Index (MWh/Yr.)
1.18503 1.30798 1.10 . 2.05153 1.73 2,24482 1.89

Bulk Power Supply Average MW Curtailment Index
_ (MW/Disturbance)
92.81903 100.34611 1.08 104.54426 1.13 110.09784 1.19

Mocdified Bulk Power Energy Curtailment Index . -
0.00014 0.00015 1.10  0.00023 1.73 0.00026 1.89

. Severity Index (System-Minutes)
71.10200 78.47900 1.10 123.09200 1.73 134.68900 1.89

AVERAGE INDICES

D WD .y - — —— - -

Av, No, of Hrs of Load Curtailment/Load Pt,/Year
8.71335 9.,14968 1.05 9.56775 - 1.10 10.19681 1.17

Av, No., of Load Curtailments/Load Pt./Year
0.67052 0.73267 1.09 - 0.72322 1.08 0.79649 1.19

~ Av. Load Curtailed/Load Pt./Year-Mw |
12.11181  14.55229 1.20  19,29249 1,59 22.31119 1.84.

- Av, Energy Curtailed/Load Pt./Year-MWh
167.29817 184.65901 1.10 289.62839 1.73 316.92191 1.89
Incr. = Increment C.C. = Common Cause
$.0. = Station Originated Av., = Average
Pt., = Point ' '
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station originated outages comes from the contingepcies
resulting either from fhe isolation of a 1load or from the
removal of two or mére large generating‘units because of a
‘fault in the station components, The inclusion of éommon cause
outégeé'results in two more split network situations:

(1) Outage of lines 36, 37 and 29 curtails total load at bus
19 and 20, |

(2) oOutage of 1lines 25, 26 and 28 creates capacity
‘deficiency in the separated network having buses 1 to 16 and
buses 19, 20 and 23, Most of the buses in the network
experience 1load éurtailmeht. The amount of the load curtailed

(MW) at each system bus is shown in Table 2-10 in Chapter 2.

" The number of load curtailment contingencies increases
from 365 to 414 when common cause outages are considered. The
combined effect of common cause and station originated outages
is quite largé. The severity index is approximately 1.9 times

its the value for independent outage events,

It can be concluded both for the 6 bus test system and
for the IEEE RTS that the effect of station originated outages
is quite significant. This indicates that before cﬁnsidering
computationally expensive higher 1level independent outage
contingencies, calculation oflcoﬁmon cause outages and station
originated outages is highly recommended. The effect of the
station ofiginated outages and of the common cause outages on

the adequacy indices 1is not uniform when the system load is
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varied, This is discussed in the next section. -

6.4 Effect Of The Load Variation On The Adequacy Indices

In Section 5.5, the effect of load variation_on the
adequacy indices due to the independent outages was discussed
in detail. In this section the effect of the load variation on
the system indices due to the independeﬁt outages, common
cause outages and staﬁion-originated outages is described for
both the 6 bus test system and the IEEE RTS. The independent
outages for the generatiﬁg units up to the 4th level and for
the lines wup to the 2nd level are considered. The
contingencies at the last level are terminated. A brief
deséription of the effect of the 1load variation for each

system is as given below:

6.4.1 The 6 Bus Test System (Figure 2-1)

| Table 6-3 gives the system indices at four system peak
loads, 185 MW, 165 MW, 145 MW and 125 MW. The absolute value
of the system indices is increased at each load when compared
to the respective values given in Table 5-17 in Cﬁapter 5.
This is due to the inclusion of station originated outageé and
common cause outages. As-seen from Table 6-3 and Table 5-17,
the decrement in the indices with a decrease in the system
load with common cause events and station originated events is
not as large as it 1is when only independent outages are
considered. This is due to the fact that at lower loads the
contribution of the independent outages decreases rapidly.

However, the contribution of the station originated outage
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Table 6-3: System indices for the 6 bus test system at
various locad levels including common cause and
station originated outage events

¢1) (2) (3) (4)
System Load in MW - .
185.0 165.0 145.0 125.9
- Actual Actual Decr. Actual Decr. = Actual Decr.
value value w.,r.t. Value w.r.t. Value w.r.t.

(1) ) (1)

e v sl d S T W S e

Bulk Power Interruption Index (MW/MW-Yr.)
0.43591 0.36858 0.85 0.36089 (.83 0.35914 0.82

Bulk Power Enefgy Curtailment Index (MWh/Yr.)
5.54343 4,21948 0.76 4,04635 0.73 4,03523 0,73

Bulk Power Supply Average MW Curtailment Index
(MW/Disturbance)
25.44570 24,07452 0.95 21.49544 0.84 18.47754 0.73

Modified Bulk Power Energy Curtailment Index -
0.00063 0.00048 0.76 0.00046 0.73 0.00046 0.73

Severity Index (System-Minutes).
332.60599 253.16900 0.76 242.78100 0.73 242.11399 0.73

AVERAGE INDICES
Av. No. of Hrs of Load Curtailment/Load Pt./Year
12.39566 6.24859 0.50 = 5,49044 0.44 5.45832 0.44

Av, No. of Load Curtailments/Load'Pt./Year
0.76177 0.53108 0.70 0.49304 0.65 0.49217 0.65

Av. Load éurtailed/Load Pt./Year-Mw
16.12859 12.16327 0.75 10.46573 6.65 8.97856 0.56

Av, Energy Curtailed/Load Pt./Year-Mwh
205.10701 139.24295 0.68 117.34430 0.57 100.88081 0.49
Decr. = Decrement C.C. = Common Cause
S.0. = Station Originated Av, = Average
Pt. = Point
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events and of the common cause cutage events does not diminish
as quickly. The main contribution 6f the station.originated
events, as noted earlier, comés from the isolation of a load,
therefore irrespective of the system load level the entire

load is curtailed.

6.4.2 The IEEE RTS (Figure 2-2)

Table 6-4'gives the sysﬁem indices after including the
effect- of station originated and coﬁmon cause outages at four
éystem loads, 2850 MW, 2700 MW, 2550 MW and 2400 MW, Table 6-5
gives the system indices at these loads tor the independent
outage events without inciuding the effect of station
originated outages and common cause outages. As seen from
Tables 6~4 and 6-5, the absolute value of the indices with the
station ofiginated and common cause outages increases at each
system load level. As is the case with the 6 bus test system,
the decrement in the indices with a decrease in the load when
considering common cause and station originated outages is not
as large as Vit is when only independent outages are
considered. This is due to the fact that as the load
decreases, the contribution to the adequaéy‘indices comes
mainly from the isolation of a load, Faults in the station
components are - largely responsible for the isoclation of a
load. However, load is also isclated when lines terminated at
a load bus are removed., No system bus experiences total load
curtailment for the outage of one line only. The number of bus
isolation contingencies with the inclusion of common cause and

station originated outage events has increased from 48 to 104.
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Table 6-4: System indices for the IEEE RTS at various
load levels including common cause and statlon
originated outage events

(1) (2) - (3) | (4)
System Load in MW :
2850.0 2700.0 _ 2550.0 2400.0

Actual Actual Decr. Actual Decr, Actual Decr.
value value w.,r,.t. Value w.r.t. Value w.r,t.

(1} (1) (1)

—— —— - sl S A A L et il S i e W il WAL el D S L S S A el S M L e il i o o S S S A S

T v S —————— ——— ——

Bulk Power Interruption Index {MW/MW=-Yr.) : :
.3.71753 1.47203 0,40 0.46006 0.12 0,13666 0.04

Bulk Power Energy Curtailment Index (MWh/Yr.,) |
51f57207 20.87945 | 0.40 - 6,.,32895 0.12 2.05153 0.04

Bulk Power Supply Average MW Curtailment Index
- (MW/Disturbance)
168.41957 158.73817 0.94 58.05872 0.34 58.05872 0.34

Modified Bulk Power Energy Curtailment Index
0.00589  0.00238 . 0.40 0.00072 0.12 0.00023 0.04

" Severity Index (System-Minutes) '
- 3094.32398 1252.76697 0.40 379.73700 0.12 123.09200 0,04

AVERAGE INDICES

B S — S Ay — —

Av. No. of Hrs of Load Curtailment/Load Pt./Year
258.,24514 101.67792  0.39 79.23013 0,31 9.56775 0.04

Av. No, of Load Curtailments/Load Pt,.,/Year
19.95304 7.62601 0.38 6.11028 0,31 0.72322 0.04

Av,., Load Curtailed/Load Pt./Year-Mw
623.23340 233.79334 0.38 69.00830 0.11 19,29249 0,03

Av, Energy Curtailed/Load Pt,/Year-mwh
8645.90723 3316.14795 0.38 949,.34283 0,11 289.62839 0,03
Decr. = Decrement C.C. = Common Cause
§.0. = station Originated Av., = Average
Pt. = Point -
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Table 6-5: System indices for the IEEE RTS at various .
locad levels without including common cause and
station originated outage events

T W A T i L S — - T — i A A S i — -

(1) (2) (3) (4)
System Load in MW

2850.0 2700.0 . 2550.0 2400.0
Actual Actual Decr. Actual Decr. Actual Decr.
value - Value w.r.t. Value w.r.t, Value  w,r.t.

(1) . (1) (1)

A — ks sl i e S Y Sl S i — o —— ] Y S — i ———— — — — s . — i " ——— . — T i A S S ——

IEEE INDICES

Bulk Power Interruption Index (MW/MW-Yr.) '
3.69497 1.43433 0.39 0.41150 0.11 0.08579 0.02

Bulk Power Energy Curtailment Index (Mwh/Yr.)
51.16785 20,23907 0.40 5.50024 0.11 1.18503 0.02

Bulk Power Supply Average MW Curtailment Index
(MW/Disturbance)
167.67130 158,89359 0.95 53.80362 0.32 92.81903 0.55.

Modified Bulk Power Energy Curtailment Index’
0.00584 0.00231 0.40 0.00062 0.11 0.00014 0.02

Severity Index (System-Minutes)
3070.07105 1214.34399 0.40 330.01401 0.11 71.10200 0.02

Average Indices

Av., No. of Hrs of Load Curtailmént/Load Pt./Year
255.69083  101.86563 0.490 79.,20758 0.31 8.71335 0,03

Av. No. of Load Curtailments/Load Pt./Year
19.81285 7.63679 0.39 6.11366 0.31 0.67052 0.03

aAv, lLoad Curtailed/Load Pt./Year-Mw ,
619.45007 227.80481 0,37 61.72573 0,10 12.11181 0.02

Av, Energy Curtailed/Load Pt./Year-Mwh
8578 14062 3214.4409 0.37- 825.0358 0.10 167.29817 0.02
Decr. = Decrement C.C. = Common Cause
$.0. = Station Originated Av. = Average
Pt. = Point
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The prdbability and. the frequency of the isolation of a bus
due to a fault inlthe station components is higher than the
values due to the removal of the associated transmission
~lines. Therefore, the contribution to the adequacy indices of
the bus isolation contingencies when common cause and station

originated outages are considered is quite significant.

6.5 Summary

The inclusion of common cause outage events and étation
originated events significantly incfeases the adequacy-indices
as shown in this chapter., It is, therefore, necessary to
examine the common cause and station originated'outage ‘events
prior to considering the inclusion of higher level independent
outage évents. Thé total computation time does noﬁ increase
very much with the addition of station originated outages and
common cause outages but can increase tremendously with the
addition of high level independent outages. The. probability
and the frequency of an outage event decreases as the depth of
a contingency 1level increases. The contribution of the
contingency to the adequacy indices also decreases, although
thé severity‘associated yith the contingency ihcreases. It has
been demonstrated in both the 6 bus test system and the IEEE
RTS, that the relative contribution of common cause and
station or{ginated. outage events as compared to the
independent outages is more pronounced as the system load

decreases.,
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CHAPTER 7
CONCLUSION

Composite system reliability evaluation in a real power
network is .a complex problem and is computatiocnally quite
exéensive. The inclusion of station originated outages makes
it further complicated. It may not be worth attempting to
solve very large networks with the present available
techniques. The solution of a large network either in parts or
of an equivalent smaller network can, however, always be done
with the techniques described in this thesis., The only
limitation to the solution of large power networks Iis 'the
enormously high computation time and storage requirements.

The basic algorithm can be used to solve a systeh of any size.

A contingency enumeration approach is used to assess the
adeguacy -of a composite generétion and transmission system.
The oﬁtage models and the state space models for the component
outages are also reviewed ' in Chapter 2. Split network
situations are solved by using é simple algorithm without
occupying any additional memory storagé for the Jacobian
matrices. This algorithm was successfully used to solve the
split network situations in all three test systems described

in the thesis.

It has been emphasized in Chapter 3 that as the size of a

system increases, consideration of high 1level outages,
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particularly generating unit outages, cannot-bé-ignored. It is
also desirable to cdnsidéf high level transmission‘line'outage
éontingencies. It ié sh@wn, however, in Chapter 3 tﬁat it is
not worth attempting to include high 1level independent line
outages and to ignore common cause and station originated
outages, This phenomenon is also explained in Chapter -6. The
contribﬁtion of those high level outage contingencies which
are not solved is included by terminating a last. level
contingency. It is pointed out in Chapter 3 that the
termination of a contihgehcy atrlower levels.may.fnoﬁt @rovide
‘aécurate- results and should ndt 'be attemptéd aé'a.general‘
rﬁle; In order to reduce'cqmputation'timé for large hetwdrks;
_sorting of identical generating units ' is a very,éffeétive-”
prdcédure. The.percentage‘saving in the éémputa;ion time due
to sorting‘lOf-ﬁhe identical_units incréases, as'tﬁe depth of

the contingency level increases,

Bué voltage violation and non-convergence A.C.‘Ioad,'fiow”
situations are -féw of the major problems encountered in the_
adequacy evaluation of a composite system. These situations,
 however, can be alleviated by rescheduling the generating
units and injecting réactive power (MVAR) at thé voltage
violating buses. A heuristic simplé algofithm-ﬁor‘determiﬁing
the maximum rating of the VAR supplying device at a bus is
described in Chapter 4. The technique is found to be effective
in removing voltage violations and non-convergent brobiems

from a system., A quantitative evaluation cof these situations
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gi?es an estimate of-the severity of an outage event from a
voltage violation point of view, | |

Individual load poiht indices are necessary to. identify
the weak points in a system and to help establish optimum
response of the system wunder -steadyr state conditions to
equipment invesﬁment. . These ihdiceé also serve as infeed
valﬁes for determining the adequacy of a distribution system.
Overall system indices provide a measure of global adequacy
which is useful in the comparison of one system's performance
with that of another system. These global indices are more
appealing to a system manager, while individual 1locad point
indices are more useful for a system designer. In Chaéter 5,
 both indices are discussed in detéil and the effects of Ehe
load curtailment passes, system load variation and the
‘lcontingency level on these indices are discussed. One "of the
most . outstanding conclusions from this chapterris that the
~interpretation of the indices should be done in the domain
within which they lie. It is not valid to draw any conclusion
about the adequacy of a system or of different parts of é
syétem without a correct intérpre;ation of ‘the load
‘curtailment philosophy.-Both sets of indices are valuable and
they db not replace eaqh other, The judgement of the adequacy
of a load point should not be done simply from the overall

system indices.

In real situations, the load at each bus and hence the

system load does not remain at a constant value throughout the
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year, Calculation of the annualized indices by assuming that
the peak load of a system remains constant. for the entire
period | of study gives inflated values of the system
unreliabjility. These indices can be useful when comparing the
retative performance of two systems or when studying the
effect of alterations in a system. Calculation of the annual
indices is highly desirable in order to obtain an appreciation
of the absolute pérformance of a system, This, however,
involves large computation time. The time can be reduced by
properly selecting the optimum number of load steps used to
model the_load curve. In the case of thg 6 bus test system and
the IEEE RTS, the contribution of 1low system loads to the
adequééy- indices is negligibie. As shown in Chapter 5, the
annual adequacy indices for the IEEE RTS using the seven step
;oad model are almost equal to the indices calculated using .
the thirteen stép load model. The appropriate number of load
steps may, however, be different for each particular system

under study.

The effect of common cause outages and station ofiginated
outages is comparable to that‘ of high 1level independent
generating unit outages at the 3rd and 4th level both for the
5 bus test system énd the IEEE RTS. This, therefore, suggests
thét it is advisable to examine common cause and station
originated outageé prior to considering further higher level
independent outages. As noted in Chaptér 3, inclusion of

independent oﬁtages for the generating units beyond the 4th
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level involves tremendously high CPU time for a practical
network. The contribution of these independent outages may not
be significant as observed‘in Section 3.3, The inclusion of
station originated outages and common cause outages, however,

does not increase the computation time to a great extent.

The effect of system load variation on the system indices
with common cause and station originated outages is
non-uniform. It is observed in Chapter 6 that as the system
load decreases, the relative contribution of these outages
becomes more pronounced as compared to that of independent
outages. This, therefore, necessitates the‘ examination of
common cause and station originated outages when calcﬁlating
either annualized indices at low values of system 1load or
annual indices to asseés the system performance in absolute

terms.
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APPENDICES

I'Appendix A - Data of the 6 bus test system

Base MVA = 100

Table A-1: Line data

A A S S S D N T S il s . i el s S W WD ABS s A S Y L M A W S —— - - - -

0.200

- s

Line Buses R X B/2 Tap Current Failures Repair
Ne. I J Rating per Year Time
{p.u.) (hours)
1 1 3 0.0342 0.1800 0.0106 1,00 0.85 1.500 10.00
2 2 4 0.1140-0.6000 0.0352 1.00 0.71 5.000 10.00
3 1 2 0,0912 0.4800 0,0282 1.00 0.71 4.000- 10.00
4 3 4 0.0228 0.1200 0.0071 1.00 0.71 1.000 10, 00.}L=%?G
5 3 5 0.0228 0.1200 0.0071 1.00 0.7 . 1.000  10.00
6 1 3 0.0342 0.1800 0.0106 1.00 0.85 1.500 10.00
7 2 4 0,.,1140 0.6000 0.0352 1.00 0.71 5,000 10.001}|
8 4 S5 0.0228 0,.1200 0.0071 1.00 0,71 1.000 10.00
9 5. 6 0.0228 0.1200 0.0071 1.00 0,71 - 1,000. 10, 00 _
Table A-2: Bus data
Bus Load (p.u. ) P () Q v \Y v
Active Rgactlve G Max Min 0 Max Min
1 0.000 0.000 1.000  0.40 -0.30 1.05 1.05 0.97
2 0,200 0.000 1.200 0.50 =-0.40 1.05% 1.05 0.97
3 0.850 0.000 0.000 0.00 0.00 1.00 1.05 0.97
4 0.400 0,000 0.000 0.00 0.00 1.00 1.05 0.97
5 0.200 0.000 0.000 0.00 0.00 1,00 1.05 0.97
6 0.000 0.000 0.00 0.00 1.00 1.05 0.97

——— . iy T N ————— " —— ——— —
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Table A-~3: Generator data

D T  —  — t—  — —  ———— ——— ——— —y " —— ——— —— i " ———

Unit Bus Rating Failures Repair
- No. No. (MW) per Year Time (Hrs)

1 1 40.00 1.10000 - 120.00 Y2
2 1 40.00 1.10000 73 120.00

3 1 10.00 1.10000 120.00

4 1 20.00 1.10000 {120.00

5. 2 5.00 - 0.50000 87.60

6 2 5.00 0.50000 87.60

7 2 5.00 0.50000 87.60 ‘
8 2 5.00 0.50008ﬂ=,m 87.60 — > =Y
9 2 5.00 0.5000 87.60

10 2 5.00 . 0.50000 87.60

11 2 5.00 0.50000 .| 87.60

12 2 15,00 0.50000 87.60

13 2 20,00 - 0.50000 87.60

14 2 20,00 0.50000 87.60

15 2 20.00 . 0.50000 87.60

l6 2 20,00 0.50000 87.60

A . S A P T G AP S T TR A D S} W SRS A VEY D Sy S D T TS SR S S T WP S Sy e wus e SN R S S S W T R B
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II Appendix B - Data of the IEEE RTS

Base MVA = 100

Table B~1l: Line data

A i S T S D A T S A . > D P D D D S i . v P A G S b D T VD WD W P S P AP S ———————

Line Buses R X B/2 Tap Current Failures Repair
No. I J ' Rating per Year Time
‘ (p.u.) (‘hours)
1 1 2 0.,0026 0.0139 0,2306 1,00 1.93 0.240 16.00
2 1l 3 0.0546 0.2112 0.0286 1.00 2.08 0.510  10.00
3 1 5 0.0218 0.0845 0.0115 1.00 2,08 0.330 10.00
4 2 4 00,0328 0.1267 0.0172 1.00 2,08 0.390 10.00
5 2 6 0.0497 0.1920 0.0260 1.00 2,08 0.480 10.00
6 3 9 0.0308 0.1190 0.016} 1.00 2.08 0.380 10.00
7 3 24 0.0023 0,.0839 0.0000 1.00 5.10 0.020 768.00
8 4 9 0.,0268 0.1037 0.0141 1.00 2,08 0.360 10.00
9 5 10 0.0228 0.0883 0.0120 1.00 2.08 0.340 10.00
10 6 10 0.0139 0.0605 1,2295 1.00 1.93 0.330 35,00
11 7 8 0.0159 0.0614 0.0166 1.00 2,08 0.300 10.00
12 8 9 0.0427 0.1651 00,0224 1.00 2,08 0.440 10.00
13 8 10 0.0427 0.1651 0.0224 1.00 2.08 0.440 10.00
14 9 11 0.0023 0.0839 0.0000 1.00 6.00 0.020 768.00
15 9 12 0.0023 00,0839 0,0000 1.00 6.00 0.020 768.00
i6 10 11 0.0023 0.0839 0.0000 1.00 6.00 0.020 768,00
17 1012 10,0023 0.0839 0.0000 1.00 +6.00 0.020 768.00
18 11 13 0,.006%1 0.0476 0.0500 1.00 6.00 0.400 11.00
19 11 14 0.0054 0.,0418 0.0440 1.00- 6.00 =  0.390 11.00
20 12 13 0.0061 0.0476 0.0500 1.00 6.00 0.400 11.00
21 12 23 0.0124 0.0966 0.1015 1.00 6.00 0.520 11,00
22 13 23 0.0111 0,0865 0,0909 1.00 6,00 0.490 11.00
23 14 16 0.0050 0.0389 0.0409 1.00 6.00 0.380 11.00
24 15 16 0.0022 0.0173 0.0364 1.00 6.00 - 0.330 - 11,00
25 15 21 0.0063 0.0490 0.0515 1.00 6.00 0.410 11.00
26 15 21 0.,0063 0.0490 0.0515 1.00 6.00 0.410 11.00
27 15 24 0.0067 0.0519 0.054601.00 6,00 0.410 11.00
28 16 17 0.0033 0.0259 0.0273 1.00 6.00 0.350 11.00
29 16 19 0.0030 0,.,0231 0,0243 1.00 6,00 0,340 11.00
30 17 18 0.0018 0.0144 0.,0152 1.00 +6.00 0,320 11.00
31 17 22 0,0135 0.1053 0.1106 1.00 6.00 0.540 11.00
32 18 21 0.0033 0.0259 0,0273 1.00 6,00 0.350 11.00
33 18 21 0.0033 0.0259 0.0273 1.00 6.00 0.350 11.00
34 19 20 0.0051 0,0396 0.0417 1.00 6.00 0.380 11.00
35 19 20 0.0051 0,0396 0.0417 1.00 +6.00 0.380 11.00
36 20 23 0,0028 0,0216 0.0228 1.00 6.00 0.340 11.00
37 20 23 0.,0028 0.0216 0.0228 1.00 6.00 0.340 11.00

38 21 22 0.0087 0.0678 0.0712 1.00 6.00 0.450 11.00

——— — ol S — ———— o — —————— ——— T —————— - ———— T i —————— T ————— ;. o ) o >
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Table B-2: Bus'data

— e o S - — —— S — b S by S — — Y S — i —— e e e

Bus Load (p.u.) P
Active Reactive

L) - e . - - o -—- - o s e D Y P i Y

1.080 0.220 1.720 1.20 =-0.75 1.00 1.05 0.95
0.970 0.200 1.720 1.20 =0.75 1.00 1.05 0.95.
1.800 0,376 0.000 0.00. 0.00 1,00 .1.05 0.95
0.740 0.150 0.000 0.00 0,00 1.00 1.05 0.95
0.710 0.140 0.000 0.00 0.00 1.00 1.05 0.95
1.360 0.280 ~ 0.000 0.00 0.00 1.00 1.05 0.95
1.250 0.250 3,000 2.70 0.00 1.00 '1.05 0.95
1.710 0,350 0.000 .0.00 0.00 1.00 1.05 0,95
50 -0.360° 0,000 0.00 0.00 1.00 1.05 0.95
1.950 - 0.400 0.000 . 0.00 0.00 1.00 1.05 0.95
0.000 0.000 0.0600 " 0.00 0.00 1.00 1.05 0.95
0.000 0.000 0.000 0.00 0.00 1.00 1.05 0.95
2.650 0.540 5.500 3.60 0.00 1.00 1.05 0.95
14 1.940 0.390 0.000 3.00 -0.75 1.00 1.05 0.95
15 3.170 0.640 .-2.100 1.65 =-0.75 1.00 1.05 0.95
16 1,000 0,200 - 1.450 - 1.20 =-0.75 -1.00  1.05 0,95
17 0.000 0,000. 0.000 0.00 0.00 1.00 1.05 - 0.95
18 '3.330 0.680 4.000 . 3.00 =-0.75 1.00 1.05 0,95
19 1.810 0.370 06.000 0.00 0.00 1.00 1.05 0.95
20 1.280 0.260 0.000 -0.00  0.00 1.00 1.05 0.95
21  0.000 0.000 3.500 3.00 =-0.75 1.00 1.05 0.95
22 0.000 0.000 2.500- 1.45 -0.90 1.00 1.05 0.95
23 0.000 0.000 6.600 4.50 -1.75 1.00 1.05 0,95
'24 ~ 0.000 0.000 0.000 - 0,00 0.00 1.00. 1.05 ~0.95

———— ——_ —— - —— A o - ——— — T — . — —— kS iy ol S o e . —— v — — o - -
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Table B-3: Generator data

——— — —— —— T —— Sy o — —— i il — ——— T ————— — o — v —— o 2 —— iy —— —

Unit Bus Rating Failures Repair
No. No. (MW) per Year Time (Hrs)
1 22 50.00 4.42000 20.00
2 22 50.00 4.42000 20,00
3 22 50.00 4.42000 20,00
4 22 50.00 4.42000 20.00
5 22 50.00 4.42000 20.00
6 22 50.00 4.42000 20.00
7 15 12.00 2.98000 - 60.00
8 15 12,00 2.98000 60.00
9 15 12,00 2.98000 60,00
10 15 12.00 2.98000 60.00
11 15 12,00 2.98000 - 60,00
12 15 155,00 9.13000 40,00
13 7 100.00 7.30000 50.00
14 7 100.00 7.30000 50.00
15 7. 100.00 7.30000 50,00
16 13 197.00 9.22000 50.00
17 13 197.00 9.22000 50.00
18 13 197.00 9.22600 , 50.00
19 1 20.00 19.47000 50.00
20 1 20,00  19.47000 50.00
21 1 76.00 4.47000 40,00
22 i 76.00 4.47000 40.00
23 2 20.00 19.47000 50.00
24 2 20.00 19.47000 50.00
25 2 76.00 4.47000 40.00
26 2 76.00 4.47000 : 40.00
27 23 155.00 9,13000 40.00
28 23 155.00 9.13000 ‘ 40.00
29 23 350.00 7.62000 100.00
30 - 18 400.00 7.96000 150.00
31 21 400,00 7.96000 150.00

32 16 155.00 9.13000 40.00
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III Appendix C - Data of the SPC system

Base MVA

100

Table C-1: Line data

A S s vl ool i oy e ———— T A S A A i WY S T . T D S i " ity ANl S W il A S e el i S e A AR ol N S alley A ol

Line Buses

No,

I

'R

J .

x,

B/2 Tap Current Failures Repair

Rating per Year Time

(p.u.)

( hours)

A s S D e Tl S s il A D D . YR A M Y S A S " gt T T T T N Sl ol M . sl il e My s i il QA s i s R D ey e s WA

0.07360
0.06110
0.00000
0.01890
0.06217

-0.04020

0.04014
0.006000

- °0.00000

0.02880
0.00000
0.00000
0.05170
0.08640
0.06770
0.00000
0.00000
0.07230
0.10510
0.03830
0.03970
0.03970
0.00000
0.00000
0.05400

0.28380 0.03835
0.23540 0.03175
0.03050 0.00000
0.06960 0,01010
0.23956 0.00000
0.15220 0.02095
0.15209 0.00000
0.02970 0.00000
0.02940 0.00000
0.18690 0.02420
0.04040 0,00000
0.03270 0.00000
0.19860-0,02670
0.33380 0.04520
0.26080 0.03530
0.037:0 0.00000
0.03710 0,00000
0.27860 0,.03770
0.23820 0.02940
0.14710 0.01970
0.15880 0.01965

0.1 .0.01965
. 03000 9.00000
03030.0.00000

0.12170 '0,01495

0.06140 0.23060 0.031890
0.05150 0,19810 0.02670
0.08700 0.35200 0.04335
0.08700 0.35200 0.04335
0.00000 0.02650 0.00000
0.00000 0.02650 0.00000
0.03730 0.14340 0.01930
0.04380 0.09930 0.01225
0.00000 0.04000 0.00000
0.01550 0.05960 0.00795

S S Tl ol e R N e o e e o el e e e o ol

- [ ] L d * - - » - L ] - L] - - * L - - [ ] - L ] L] L ] L L] - - [ ] L ] * L] L) L a [ ] L]

0.5100

0.51000
0.08800
0.51000
0.51000
0.51000
0.51000
0.08800
0.08800
0.51000
0.08800

0.08800

0.51000
0.51000
0.51000
0.08800
0.08800
0.51000
0.51000
0.51000
0.51000
0.51000
0.08800

0.08800-

0.51000

0.51000

0.51000
G.51000

0.08800
0.08800

0.51000
0.51000
0.08800
0.51000

. o — —— ———— — ———— —— — L " — ——— — — ——— — —— ——— ———— = ——— ) —— Y —— —— A ——— v W . w——— S

Contd.

to page
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Line Buses.

No..

I

J

0.09213
0.09120
0.00000
0.09191
0.03660
0.07610
0.08690
0.00000
0.06870
0.00000
0.08500
0.02100
0.02100
0.01690
0,02630
0.00190
0.00360
0.,02490
0.01510
0.00650
0.01730

0.01070

0.01490
0.00660
0.02330
0.01730
0.01730
0.00830
0.02540
0.01430
0.02087
0.26979
0.20143
0.01400
0.07479

0.03195

0. 42315
0.35210
0.04100
0.35478
0.14070
0.17170
0.24290
0.04100
0.26480
0.04000
0.23760
0.12140
0.12140
0.10960
0.16990
0.012006
0.02360
0.16220
0.11340
0.04880
0.14300
0.07160
0.12090
0.05360
0.15600
0.13990
0.13990
0.06730
0.13490
0.10740
0.10776
1.40478
1.00157
0.1590S
0.60670
0.27886

245

0.00000
0.04760
0.00000
0.00000
0.01885
0.02105
0.03095
0.00000
0.03570
0.00000
0.03030
0.22530
0.22530
0.11000
0.16935
0.01205
0.02365
0.16860

0.21885

0.09360

0.14550

0.07035
0.13095
0.05805
0.15050
0.15215
0.15215
0.07290
0.13175
0.20690
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

T A D Sl S s i s s ., s il A D A il e

rating per Year Time
{p.u,) (hours)
0.950 0.51000 2.50
1.490 9,51000 2.50
2.370 0.08800 12.50
1.640 0.51000 2.50
1.330 90.51000 2.50
1.300 0.51000 2.50
0.210 0.51000 2.50
2,370 0,08800 12.50
1.640 ,.51000 2.50
2,370 0.08800 12.50
0. “™0.51000 2.50
7380 K/o 66000 3.75
8,350 0.66000 3.75
3.330 0.66000 3.75
2.450  0.66000 3.75
2.990  0.66000 3.75
2.990 0.66000 3.75
3.100  0.66000 3.75
4.290  0.66000 3.75
7.100  0,66000 3.75
2,720 0.66000 3.75
2.500 0.66000 3.75
4.500 0.66000 3.7%
4.500 0.66000 3.75
3.100  0,66000 3.75
1.600 0,66000 3.75%
1.600 0.66000 3.75
4,500 0.66000 3.75
2.370  0.66000 3.75
4.000  0.66000" 3.75
9.990 0.66000 1.00
9.990 0.66000 1.00
9.990 0.66000 1.00
9.990 0.66000 1.00 -
9.990 0.66000 1.00
9.990  0.66000 1.00

S S L S D S ) L SR L . S ) D ) — — — D Y A Y P Dy S Y . S et}
g il Y ——— .
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Table C~2: Bus data

Bus Load (p.u.) Pg
I A ¢
1 0,760 0,105 1,500
2 1,452 0.413 0.000
3 0.051 0,005 0.000
4 1.655 0,351 0,000
5 0.860 0.061 0.000
6 0.950 0.060 0.000
7 0.303 0,037 0.000
8 0.293 0.008 0,000
9 0.456 0.072 0.000
10 0.000 0,000 0.000
11 2.%240 0.873 0.800
12 0.565 0.217 0.000
13 0.509 0.120. 0,000
14 0.142 0.028 0.000
15 0.579 0.092 0.000
16 0.980 0.251 0.000
17 0.035 0.015 1.890
18 0.468 0.076 0.000
19  0.598 0.115 0.000
20 '1.35%8 0.357 0.000
21 0.071 0.010 0,000
22 0.789 0.064 0,000
23 0.424 0.086 0.000
24 °0.141 0.013 0.000
25 - 0.638 0.059 0,000
26 0.000 0.000 6.000
27 0.000 0.000 9.000
28 0.697 0.237 0.000
29 0,000 0.000 0.000
30 . 0.041 0.000 S5.600
31 0.000 0,000 0,000
32 0.000 0,000 0,000
33 0.000 0.000 2.400
34 0.000 0.000 0.000
35 0.000 0.000 0,000
36 0.000 0.000 0.000
37 0.000 0,000 0,000
38 0.270 0.039 0.000
39 0.000 0.000 0.000
40 0.000 0.000 0.000
41 0.000 0.000 0,000
42 0.000 0.000 0.000
43 0.000 0,000 0.000
44 0.000 0,000 0.000
45 0.000

0.000 2.500

-0.000 0.000 1.00

.1.600 -2.000 1.05

0.000 0.000 1l.00

1.050
1.050
1.050
1.050
1.050

) BD 138
 REGIN138

KENNE138
CONDI138

- TANTA138

YORKT138
PEEBL138
BANKE138

- WEYBU138

BEATT138

QE 138
WOLVE138 -

ELSTO138

- 'HUMBO138

TISDA138
PA 138
cc. 138

" HAWAR138
ERMIN138

N8B 138
LANDI138
SC 138

ASSIN138 .
- CHAPL138
- PASQU138

BD 230

" REGINZ230

FS 230
KENNE230

- PR 230
- CONDI230

YORKT230
SR 230
BEATT230

QE A 230

QE 8 230

WOLVE230
CODET230
CcC 230
sC 230
ASSIN230
ROBLN230

TPAS 230

RESTO
HYP 11



A ot o il S el il S S Y SED D GED GNP SN SN IS GED GRS S SN SIS GRS R S amp vl bkt e e S G S SED SN P AED D Sy S Sy W

Failures
per Year
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Table C-3: Generator data

34,0000
34,0000
34.0000
34.0000
34.0000
34.0000
42.0000
42,0000
63.0000
63.0000
63.0000
100.0000
100.0000
100,0000
142.0000
142.0000
142.0000
280,0000
66.0000

66.0000

15,0000
20.0000
30.0000
280.0000
280.0000
62,0000
62,0000

: 96,0000

70.0000

2.50000
2.50000
2.50000
2.50000
2.50000
. 2,50000
8.40000
8.40000
2.20000
2.20000
2.20000
20,60000
20,60000
20,60000
17.90000
17.90000
18.90000
21.20000
29.70000
29,70000
21.00000
21.00000
21.00000
21.20000
21.20000
5.10000
14,80000

23.60000

65.40000

Repair

Time (Hrs)

Nl sk i S e A S S S SEY W S A W — N . W A ——— i

7.00
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1V Appendix D - Common cause data

Table D-1: Common cause data for the 6 bus test system
and the IEEE RTS

- el kW S A A A A S G S i ol ol A A ki i mh el G el el B A U Sl el D - M VI S W

Common Cause(C.C.)

Lines Failure Repair
Exposed Rate Time
To C.C. { hours)

6 Bus Test System

1 6 0.150 16.00
2 7 0.500 16.00
IEEE RTS
12 13 , 0.500 16.00
18 2% 0.500 16.00
25 26 0.150 16.00
31 38 . 0.500 16.00
32 33 0.500 16.00C
34 35 0.500 ‘ 16.00

36 37 0.500 16.00

T —— — i} T ) A T D il U s — o o —— o — T I} " v ——
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