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ABSTRACT

This thesis has criticelly exanined, coupered and
developed three apnronches Yo powsr system securiiy
aspegsnent €1z, security indices through lierkovian
approsch, fault tree enclysis and pattcrn recosnition
techniques. The proposed security indices based on
loed shedding end volters fluctuction are a distinct
improverent over Potton's security index, Suitable
computer locic is developed to identify the buses ot
which load is to be shed and the amount of load
shedding. The use of the indices ere illustrcoted through
a plaming problem. Foult tres analysis is applied for
the first time in computing & relizbility figure at nodes
of an interconneected power systex. In search for zlter-
natives pettern rgecognition technique is explored to
identify power system state - insecure or secure claas.
Four technlgues, two based on deterninistic and the
remaining on ststistiocal enprosches are studied angd
compaxrad with regerd to thelr sultebility to reccogniage
powor system patternas. The stetistical technique with
egtimated pdf is foumd to he the most suiteble, The
use of patiern reco mition is demonstrated by computing

kvar injection necessgary for a kvar deficlent systenm,



x1d

A Mnk Lestwsen patitern recognition technique and
securdty index is established and a global security
index 1is proposed.



Chepter~1

INTRODUCT IOK ¢
1.1 G334 ZHAL INTRUDUCTIOQINS

Ultimote objective of powsr system control is to
meintain cortinuous electric supply of acceptable quality
by tekingz suitadble messures zninst & set of probable

disturbanoee both &t plannin: and operetion st: 188,

Various aspacts of laryge scele disturbances should
be considered durin: the pleaning stege itself., (hile
planning for future expansion of the system, a suitable
configuration should be worked out such thnt generation
and transmission capacities are sufficient to meet the
expacted demend in future. To ensure system security, it
is neoecpary to perforr s auuber of security relsted
studiss which cen be grouped as long term planiing, oper-
ational plenning and on«line owgretion. Thus security
assessnent problem is of great significenee to an sleectrie
utility system and hes naturally recelved a wide =ttention
smongzst the power system analysta. Tha present thesis
axanines this problem oritically and exheustively eand
brings to beor upon it some of the latest techniques of
raliability =ssessnent.

12 OUILING QF THZ THBSIS:
Chapteor II begins with s eritiocel review of reliability

models end security assssument. A suitsble reliability



model of standby generator is then devised which has been

used extensively in the theels to compute pover system
security elongwith the two-state rodel of normally operating
gencrators, Furthser, a modification is incorporated in

terms of lozd dependent fiilure rate in the two-stete modsl.
The chepter then goes on to review the existing literature

on security sssecsrent wherein load end voltege indices are
used for this purpose. The problem, however, bescomes highly
complex when trensnission lines sre involved, bhecause repested

load flow solutione under contingency ore necessary.

The euthor in this thesis has proposed modified loed
security index wiiiech is applicable both from global and
local bus point of view, Voltage security index is calcue
lated after load security index :nd is found to be mecning
ful from local point of view only. These indices represent
e step forward from the Patton's sscurity index. In Patton's
model for security, the siate probability is weightaed by
a factor Q, which for a determinietic load takes a value of
one when a state resulis in a breach of security. This leads
to a higher estimate of risk involved, as in prectice load
i8 shed by a certain percentage to improve the stote of thse
system under contingency. - The proposed loasd security
indices raco:mise this faot by introducing a weighting
factor which accounts for the load shedding under contingency.
o0 speed up the solution d.c. loed flow for active and reace
tive power has baean edopted. Suitable computer logic is

developed to discover the gquentum of loesd sheddins needed



and its proper loc: tion.

The use of load sscurity indices hove been demonstrated

in planuing problen for a 6-bus power systen.

After the computation of load securlty indices, the
voltage profile of the system iz scanned. In case eny
bus voltoze is found highoer than the desired vslue, the
reference voliege of the slack bhus is reduced and load
flow is recomputed, Using the results of the bus volteyas
obtained from load flow solution the voltege eecurity index
is computed at each bus. ihenever the value of the index
becomes more than the specified limit, necesssery amount of
local kvar injeetion is found out by using precelculated
sensitivity metrix.

Of late fault tree anelysis has been used extensively
in reliebility litersture, In chopter III this techuique 1s
adopted for the first time to the author's knowledge to
compute probability of fallure to meet a load derand in a
power systen, During the process of adoptation a simple
radial problen is atterpted wharein laad flow is obvious.
Later the tachnigue is axtended to a 3-bus system where
loed flow caleulations become neceseary to identify possible
failure modes, Suitable computer progrumme is daveloped
to translate feult tree into reversce polish exprasssion and
finelly to Boolean feilure function comprisinz terms which
are gonerally not disjoint, 4 modified a2lgorithm is then

worked out to convert this function to a set of disjoint



terms facllitating the probability evaluation. Compared
to Beunett's approach the present sl-orithm needs lass

computetion time and stora:ae.

Improvemgnt of this method over liarkov's technique
to asgess reliebility is then argued. It i8 noted that the
fault tree has to b8 genercted menually for a given system,
but once & tree is forred only minor modificetions cre

necessary when the systenm confiuration is changed.

“hile the previous chapters hove advanced security
index and fault tree methods of power syetem reliability
evzluation, cherter IV is devoted to edoptation of pattern
recognition teckhnigues to distinguish vetween secure and
insecure stetes of a power systern by means of decision
surfaces, These technigues heve recently attrected the
gttention of some power system snalysts. The chepter starts
with a survey of pattern recognition techniques, There is
a maltiplieclty of techniques mostly heuristie avelilable in
the pattern recognition literature. Basically all techni-
ques attempt to evolve a hyperplane or nonlinear surfcce,
termad decision function, In order to eepnarate the pattern
clesses., The waight vector of a decision funetion is
either generated through iterative process or by directly
exploiting some statistical properties of the labelled
patterns, These patterns, known as training saet, are
generated by adjusting load level at verious buses along

with equipnent outage for each load, The elenents of a



pettern vector, which togather constitute 2 & ate of the
power systerm, are mamltude end rhese & 3jle of bus voltages,
totcl sective and resective power losses, total active and
reactive power reserve, total ective and resctive load, etc.
Four powerful techiiques -~ two besed on deterninistic snd

ot/ ar two on strtisticcl epproaches, are then studled in
detail for their sultablility to recognise power sysiom
petterns, Decision functions det riuined by these mathods
cre then compersed on the besis of exeoution time, stor: je
requirement and clasulfic. tion efficlency. Decision
funetions thus found can bs sultably used for on-ling and

off-1line clrssificctio of the powar eystem patterns.

7hile the nsttern recomnition techniques hnve great
potential for on-line studies tlieir use is iliustrated in
this thesis for & espoeific off-line plauning »roblem wherein
quantum end locetion of kvar injection are determined for
a kver deficient system, In tacklins this, the statistieal
tachnique wiich is the most efficlent for rower systems

is used.

In a later pasrt of this cheopter Patton's security
indgx ond the decigion surfaes, obtained from statistiesl
epproach to pattern recognition technigue, are combined to
evolve & zlobal security index for a complex power system,
This index is8 more nowerful beceuse the daecision surfece

has the ability to sense the total hoe.lth of the powor systaem.



Chc =11 Pl i ouSTiel, SICURITY ToiQUGH ILDIGAS,

2¢1 L..aO3UCLTIU.IS

Power system sacurity assessn-:nt 1 & problem of
gre t practioeel importanee, It is, thercfore, quite
nrtural thet it hes atirected a great deal of research
efforts durin: lest two deczdes (9,10,16,13,25,36,43,
44 ,45,56,82,85,87,92,96,100,103,117). The ahove work
mey be grouped into two tynes - (a) optimsl sscure
loed flow or rescheduling of flow consideringz security
as comstraint, (b) projectin: system security by means
of one or more quantitative indlees. ihile nrobebility
approeches had been used (117) earlier for capacity pla=
nning requirensnt, Descieno(116) was first to epply
lgrkov process in evaluating relisbllity of seriese
perallel cascedad power system. It was s late as the
yooer 1372 that Patton (43) extended the Descieno's
approach to formulate for the first time quantitlative
indices for cvaluating steady state security. In this
cheptar this work has been further extended through
formlstion of modified esecurity indices.

During the course of the evaluation of these indices
outages of lin:s and generators which transfer the power
systen from on- 8tate 1o other have been simulated,
Hegouse of the random nature of these outsges the trange
ference can bhe viewed as discrete state continuous time

stochestic process., The sista residence probsbilities



axe determined by eppropriaete choice of reliability

models of generaztor and trunsmission lines. lLany

models (8,25,32,34,38,44,45,68,74,80,81,89,37) are
evailable in the literature, Apart from the caleulation
of the state probabilities, repesated load flow solutions
are nececsary for each contingenecy. <This chepter begins
by ceritical zreview of some relisbility models of normally
operating and standby generators, and then goes on to
reveel some nodels developed by the author along with the

nececesry computation alzgorithnas,

2.2 RELIABILITY [LODELS FOR GAIS ATORS aAlD TRANSLISS ION LINZS

Review Of Bxisting Reliehility liodels:

Ganerator and trensmission linecs during their schew
duled operation often meet chance outeges. This is aptly
described by the twoe-state model to obtain the probebility
of existence in any state., Whlle doing so 1t is assumed
ix many cases (68,74,81,89,37,116,117) that these proba-
bilities can be found by exploiting first order liarkov
process. Rigorous approach to this process takes cone
siderebla time and computer memnory for large systens,
Savaral spproximation iteclniques were davelored of which
fraquency and duration approach, initiated by R.J. Ringlee
(97) in 1968, gailned importence in the powsr systems
reliability literature (50,51,63,63,89),

Jeonomies and technologlical developrent have dicteted
the utilisetion of lerge caupmoity genereting units. Pressnt
day steam power plants cen have single unit rating in the

order of 1000 k. Such a unit may require multi boilep.



turbine construction and & large number of auxiliary
equipment end therefore, in genersl, steam powicr plante

of large cepacity may have partiecl outege (derated)

states., This 18 beceuss o unit may not be able to develep
rated cep clity due to outazes of some auxiliary components,
This was first accounted for in the reliebllity model of
ganercting unit by 3izger-steff (80) in 1369 and used
later by several others (32,35,44,50,68),

Gen:raetion reliability model is rel: tively smell
part of a bulk power system sscurity problerm, In this
present thesis the two~state model based on exponentially
distributed available and down states Las been adopted,
However, load dependent feilure rate hos been ilucorporated

in the model.

Besiec Two=State lModselt

The two statess up f.e. fully available and down
i.9, wmavailaole due to foreed outage, in which g unit
oan reside shall be trested as a ilarkov procesas, The
only practical epproach to the computstion of state i,e,
rosidence probebilities in a3 large system is to assume
thet the components, schadulsd for operetion, feil and
gat repeired independent of each other, This assumption
means that the probabilities of component states cen he
goriputed independently, then multiplied togeth-r as
appropriate to yield the entire system state probabilities.



Suppose a system hes n generators which behave
independently of each other., State space diagram of
eny suoh unit is shown in fig. 2.1. It is es-umed that
the residence tims of both the states is exponantizlly
distributed. Probebility of finding ith generctor in
the up or ths down state at any ziven time ¢, provided
i1t 1c initially at the operating state, is uiven as

¥y ) -(ci+ai)t
pupi(t) & ——— s —L— . (2.1)
a. -(o,4a. ) ¥
1°%%
pdni(t) = c, + & "oy + CH > (2.2)

wherets

gy = feilure rate of unit 1
0 = repeir rate of unit i
Typlcel state probabllity of the system oconsisting

of n nunher of generctors slone cen be found as followss

jea keB

where

A = pet of generators whioch =ore down in state 4.
B = sgot of generators whlch are up in state 4.

The time dependent probabilitice in equns. (2.1) amd (2.2)
gattle to steady state valuee practically at the end of a



FIG. 2.1 TWO-STATE RELIABILITY MODEL OF
A UNIT WITH CONSTANT FAILURE
AND REPAIR RATE.
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time ziven by

T = 31—%-5: (2.4)
Usually repair rate of = unit is much hi sher compared to
ite fallure rate during its useful life. Typical data
of failure and repair rates ere 8 X 10'4/hr. and
8 x 10~%/nr. respectively. Theee meke the value of T
to be about 62.5 hrs, .aturally eny reliebility study
whieh involves larger time then T 4.e. studies pertaine
ing to plenning tyne, eque. (2.1) and (2.2) may be modi~
fied to c¢onsider only the steady state part as giveh

balows

c

p =
upl ey + ey

a

Pint = g;-;*a;— (2.5)

Fallure of & mechine being depended upon loading condi-
tions, certain discrete failure rates are assuwaed depond-
{0 on the load levels of genecrators. This neede the
further revision of equns, (2.4) and (2.5) to the extent
of replacing proper velus of failure rate at the proper
load level., It is cleor thet the load distribution arong
the generetor muet be known epriori. For this purpose
the author hes adopted the work of refevence 16 to obtain

a unit commitment table for all loed lavele on economie



basis. This also provides the economic loading of

individual gzenerstor.

Reliehility lwdel of Staundby Geuarvrator:

Iatoods for modelling standby generators vary consie-
darably depending on the security assessment method used.
Unlike ths normnelly operaiing gengrators the two-stete
model is not upplicedle ir this case. This ip because
the stendby zenerators ere called upon to sexrve only
in case a normelly operatinz genarator is not availsblae,
or when peek load is {0 be shared between these two types
of generstors. Thus for a larger portion of time a
gtendby generator is kept in a state which may be called
es rcady for operation or reserve shut down, This state
is different from the foroced outage state of a two~state
model or schedulsd outege i.e. planned maintenaence,

A few pepers (34,38,45,74) have been reported which deal
wilth standby generator wodel. Thead wpay be classified as
warkovian and non-lierkovian isodels, each of which are
dilscussed critically here followed by a proposged model

wi:ich has bean usad to esgess the security indices.

Models losed (m lMarkov Process {34,38)s

The state space dlegrem of this {ype of model im
given in fig. 2.2. The four states identified sret
(1) in operation, (2) reedy for service (3) fall to start,
(4) felled, It bas been cleurly indicnted (38) that the



.

PG, 2.2 STATE TRANSITION DIAGRAM FOR
RAPID START STANDBY UNIT,



transition rates from one state to tle othaer can be

oblLained from field date.

This model, though convenient computationally, 1is
not suitable for highe-starting time cold reserva standby
unit, lioreover, the durstion of the state 3, i.e. fail
to scart being very enegll its probebility of occurence

is prectically zero, and hence this state can be negleected.

Petton's lodel (45)3

This 18 basicelly & two-stete model, with the resi-
dence time in the repailred stete distributed non-
exponentially, given by Weidbull, This model tokes into
accomt probability of starting fallure., Sterting time
has been considered to be zero for hydro or zas turbine
driven pgeneretors and cons.ant but non-zero or a Weibull
distributed random sterting time for steam turbine driven
generators. With the help of certein numerical & proxie
mation introduced in an carlier paper (44) by him, finzl
state probabilities are found ocut, dJoint probability of
finding normally operating generator in 4ith state and
standby generztor in Jth state has besen found out by
aspuning the events are statistlcally independent, For
& three-state model of normally operating generator snd
two=stete for the standby, total number of combined sitataes

becomes 6. This in gesncral i8 the product of 1 enga j.



&N

inalytical solution becomes exceedingly tims consuming
end tedious for thase models beceuse of non-exponential
dietribution of downtins, The method of 'device of
stages' has been successfully used (32) to tackle none
exponential distribution of repair duration. The two-
state model is basicelly inesdequate to charact rise a
standby set, The assumption made by the author of refer-
ence (45) that the standby generator can be congidered
dependent upon the behaviour of one normally operating
generator at a time is also contrary to real life. In
ganaral, a given standby generator usuelly backs up mors
than one normally operating generators. As assumed, the
gtete of standby equipment is not entirely dependent on
the siate of normelly operating components in the system.

The loed model zlso influences this.

Three~State Stzndby ifodel - Author's Nodel:

An alternative model of a standby generstor is
proposed here which l1s simpler than the Patton's model
from the point of view of computation because the resident
time 1is cesumed to be exponentially distributed. Iloreover,
the probability of sterting feilure is considered which
makes the model more powerful compzred to Billinton's,

The state space diagran of this model is shown in fig. 2.3,
which shows reserve shutdown (when the standby generator
is kept ready in a co0ld state walting to be called for

service ), 1ﬂpervice and forced out during need to be



FIG. 2.3 STATE TRANSITION DIAGRAM FOR
THE PROPOSED STANDBY UNIT.



the three different stetes. Transition r tes are consie

dered to be counstent. These ean be estimated from the

field dete and are exprecsed e8!

where :

LY

P, =

1=

(2.7)

Avarage in service time per occassion of forced
outeges.

Average perlod of forced outege during offepeck
load.

ivarage duration of reserve shut down state
betwoen periods of need excludin:s maintenance
durat ion.

Average inservice time per occassion of demand,

Probability of starting failure,

Ag the total duration of the standby genarator‘'s reguire=

ment ie short, tho trensition probebility from state 3

to 2 4is neglected. Possible reasons of trousition from

etate 1 to stats 3 aret



1. Standby generator fails to start or synchronise
becauss of certoin defeocts developed in soms of

the auxilieriess,

24 Time to synchronise 18 considered to be longer than

expected,

In both of the sbove cases there is a d=2finite risk
that system loed may not be met.

From fig. 2.3 using Chapmau-Kolmogzorov equation
the following difference aquations may be written to
obtein the probability of occurence, of any state at a

given time t + A%,

py{t+at) = (1mc=d)p,(t) + epy (%) + bp,(t) (2.8)
Py (t+at) = dp,(t) + (1-e-2)p,(t) (2.3)
p3(t+at) = cp,y () + apy(t) + (1=b)p,(%) (2.10)

The ebove difference equations are solved through
Buler's technique as the standby unit operates for a
smeller ~ortion of tire, Obviously a trade-o0ff is mode
between cecuracy and commutation time, Thesa time
dependent state probabilities attaln steady siate for
many of the plenning -roblems beceausse of larger timse.

In this model bacause of the constant nature of the state
daparture rates these can be eamslly obtained. However,
1t is negessery here to introduce a minor modification

in the forr of an additional transition rete from



the fileld data pertaining to the mean repalr duration

between the periods of need, i.e.

(2.11)

]

wheres

L = averege repsir durstion between the period of

requiremant.

To obtein the steps outlined eqns, (2.8) to (2.10)
can be converted into three differentisl equations
where the first derivative of the state occurence probe-
bilities, these =re repleced by zero to obtain the
followlug set of linear alzZebreic eguations

~(c+d) e b Pyl | O
d <(e+a) ¢ Py = |0 (2.12)
o e =(b+r) P 0

Any two of the above eqn. (2.12) along with

Py + P + Pz = 1
can be solved to yield the steady state probabilities,
These are given in equs. (2.13) to (2,15).

py = (vd + fo + £d4)/2 (2.13)

Py, = (be + be + fe)/2 (2.14)

Py = (ac + ad + ec)/? (2.15)
wherat

Z = pe +a8d +ab +20 +8b + feo + £4 + fe + bd
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Illuatretion:

For illustratinz the contribution of starting
feilure probability incorporated in the standby generator
model, sscurity of a generctingz system is oalculated for
a given load pattern of efgh%‘hour duretion. It is essumed
that the standby gencretor be avallable to help the
norrelly operating generators during the peak load period,
Patton's security model is adopted here to caleulate the
sacurity of the given syctem, The state probability,
necessery for this purpose, is calculated from the follow—

inz equations

P (t) = By (t). PS(J,T) (2.16)
J = 1,2,3,
wheres
JU = The totel number of states gensreted by the normally
operated genarstors.
k¥ = Entire systom states produced bascause of the combiw
nation of normelly operating generator and standby
sManeretor.
T = Time during whioch Btandby is required snd is zero
at the instent of starting of this unit,

During the off peak poriod k will be equal to 4
but will increasse by three times when standby unit 4e
called upon, ILoad dependent fallure rate with exponentiael
up end down model is used to calculate P,.
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For the sample problem various input date necessary
are 1isted in teble 2.9 and 2.2. The system load curve is
given in fig. 2.4. The security of the generating system
is plotted in fig. 2.5. On scrutinising this mreph it
has been observed thet the security function increases
considersbly when probability of starting failure is
considered. The edditional risk involved in the 1lmproved

model needs to be accounted for in the power system plann-

ing end operationel studles.

TABLE 2,18 ILPUT DALA OF LOWwintLY OPSRATSD GaisiATOR

Genarating Status Failure rate/hr, Repalr rate
Unit Light Heavy per hour
load load
150 Liw lormally opexr- 0.0017 0.0035 0.025
ating,
100 MW - G0 = 0.0015 0.003 0.045

TABLE 2,.,2¢ IpUT DATA OF STAWDBY UNIT

Unit P, S D 4

60 MW 0.02 18.00 hrs, 4.0 hre. 39,0 hrs.
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FIG 2 5 SECURITY FUNCTION OF COMBINED NORMALLY
AND STANDBY GENERATORS.

12 HR

OPERATIN

R



2.3 SSCURITY ASSESSIEIIX

Review Of Barlier Works

Power system, in Indie cre getting repidly inter-
connacted, Though interconnected operation ils adventa-
goous in meny reepacts, it nlso creatss problers such
as system blackouts which may result from cascaded
trippings initiated by some component outage. To over-
come such dlsastrous occurrences, the concept of securlty
control hes geined importance. Seeurity control basicelly
aims ot ensuring the normalcy of eleotric supply by
monitoring the system continuously and taking sultable
preventive mnd emergancy actions. The computer monitors
system condition and notifies operstor if ons or more
variables have crocsed threshold values set in advencs.
Repaated trial simulations zre made with new variables,
the best results adjudged by the operator is pieked up

for opesrational changes.

In most of the published reports (12,36,79) three
system stetes have baon clessified based on loed constre
aints and operating constrzints, which ere normal, res-
torative (alort) and emergency, Figure 2.6 gives the
state transitions and corresponding conirol strategies,
If voth the losd and opereting constralnis ore patisfied,
the system is said to be ia the normal operating steate,
In the emergency state the operating constrainis are not

sat{sfied while the systen trmicite to restoretive s+<ate



IRESTORATIVE

.-/- -

EMERGENCY

— CONTROL ACTION

— . il STATE TRANSITION

FIG. 2.6 STATE TRANSITION AND CORRESPONDING
CONTROL STRATEGIES.
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if loed coustraint is violated, 4is evident from £12.2.6,
the overasll objective of security esseasment is to provide
the operator with some uide lines such that he can
meintain the system in norral state, To realiss en eff-
ective strategy for carrying out this objective, it is
essential to look moxre closely into the concept of syestem
security, IThis may be defined as the abllity of a power
system, in normal operation, to unde g0 e disturbence
without going into emargency condition. On the other hend,
e normel operating system would be insecure if some dis-
turbances can teke the systen into an emergency opereting

condition,

Optimal Secure Flow:

In the field of securlity assessoment meny work heve
been reported (13,14,15,18,193,30,55,59,60,64,77,82,33,36,
100), In moet of these, security constrained optimise-
tion is used @8 a convenient frame work for discussing
epproaches t0 system security enhancement. The constrained
optimisation problem obluins the beet operating condition
whiich setisfise simultszneously loal, operating a=nd seocurity

conatraints. These cen be formulated as

Finimise
£(X,U) objJective function
Subject to
G(X,U) = 0 load constriints
H(X,U) 2 O operating constrainte
3(X,U) 2 0 security constraints (24 1)
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Thaese functional constrafinte meke the problem very much
coriplex, Gen 'ralised reduced gradient (30) has been
used for solving thie problem. For guicker solution

linearised models heave also been used (13,55,59,60,64).

Comments?

System security is commonly assessed in these cases
using some form of econtine.cy rule, Thot is, if the
systen within a certaln epecified number of contingencies
displeye wnsetlsfactory operating condition, some forr
of security control action is required. The consequences
of contingencies in the system may be evaiuated using one
line computer techniaues or may be estimested by the opsrotor
based on off-line studies of the system and experiences,
The probabilities that contingenciss causing unsatisfactory
gystem operestior are commonly eveluated, if et all, only
through operater Judgment, Thus, security ascsessment
using e contingency rule canaot zive a consistent acseso-
ment of the likelihood or probability of unsatisfactory
system opaeration in the future.

Security Indices:

The method of security assessment presented here
suppliss, quentitatively, the probablility ingredient
miasing from the contingenoy rule to create consistent
indices of system security i,e. the probability of unsatise

factory systerm operation, The besic idea of a probability



index for security cppeared first in the yser 1370

by Patton (74) wiich wes used for finding generstion
spinning reserve. In the scme year R. Billinton (63)
propoeed two reliability criteria to geaugzse the composite
power system reliability es o whole. Thase two criteriats
(1) probebility of fallurs of a bus; (2) freguency of
failure of the bus, were used for planning purposaes, The
weelk point ebout this peper 1e totai of 2n number of
indices for en n-bus power system, which is gqu-ntitatively
inconvenient for a lerge system. The system voltaze profile,
although included as one of the guality of supply of reliae

ble power, hes no direct beering on eny of the above indices.

In 1372 Pier. L. lioferi (41) propossd some indices
in terms of curtailed encrgy ond abruptly discomuected
power., (ne of the indlices is glven by the expected value
of the energy not supplied over a period of a year, assuming
that the edjustient of the load to =vailebility is carried
out without any transient, The entire index is evaluated
by liontecarlo simulation, and according to the author's
clain it needed 100,000 trials lasting almost over an
hour for a relatively small problem. Ioed shedding is
being done in an indlscriminating way Just to moteh the
aveilability with demands. TLoed 1s shed for the less
importent load first. liow, 1f a trensmiesion line termie-
nated to a bus which supplies wore importent load sots
overloaded and direet connection to the bue supplying
less jimportent loed is not there, then the author feels



the efrect of load reduction will not be immedisztely
falt in t 8 overloaded trencuission line and hsnce may
need higher quantum of load shedding than actually
noeded. lloreover it 18 not cleer how this index cen he
used for plan;dng purnoece, FProbebility of outeges

ere not implicit in this method. Also the voltage dip

of the system 18 not considered for the risk eveluation.

Staedy sta.e security assessment is dofined eas
followst given sufficient system diote either through
direct measurerents or load flow studies and a list of
contingencies with their probebility of occursence
determine some indicse w iech can project the picture of
system security. Contingencies may include loss of
generation and trens:issjon fecillities. Possible problems
include generating unite opersting at their reactive
power limite with a coneequent deviation from their
scheduled voltage; trensmiession line overloeads, generator
overloads, voltage out side the normal limits at any bus,
lost of thesa conditions will require corrective zetion
by the operator, Cl arly, more abuorrel sre the condition
the greater will be the corrective action required, and

less secure was the original eporating state.

A printed output from & planning logd flow progrem
ie clesrly not sultable for presentation to an orverctor,
It would be, therefore desirable to present to the

operator a set of numver or indices which in some way



measures the security of the system in the sense deseribed
gbove. In tils seetion indices =re developed which
mesaure the vulnerebility of the system in terms of load
volte e outside thelr normal)l Mmits and line or gensretor

ovaerloads,

security asgecsmant for e group of gzen-rators
connected to & bue supplyin: loed diifors counsiderably
when transciecsion linss ere involved. This is bacuuse
flow in traosviscion linas are unknown until loed
flow solutions ere completed., It 1s felt that one single
index is inedequate to assess the security of a composite
pover syster. In this work two security indices have
bean employad for a combinid gemeration and transmission

systen,

antire powsr systen transite from one state to the
other, resulting from the ramdom outages of generstors
et generating ovuses and the lines interconigeting then,
This trensition may cause tho systenm to travel from a
secure ntate to insacure or emargency state. Tor planning
purposes the syster designer has 1o be provided with
suitable figures of merit to Judge several slternative
dasigng. Thass should be choseu suoh that the system
axhibits a definite level of sscurity in the advant of

gome probable contingencies.

Seowrity function a9 proposed originally by Patton
(43) 48 :ziven g8t

30
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5(t) = f Py (%) Q,_(t) (2.18)

where Pi(t) is tle time depandent ciete nrobability

of t 3 systen wi.le) can be ovaluated from the eqm.(2.3).
Qi(t) is the probebility t.at the ith state causes a
bresch of security. In this context Qi(t) may be either
zero or one if the loed 18 deterministic. Steedy state
breachaes of security mey result beceuse tha usystem 1s in
e perticular suate at a given time or loed level. iere
siole of the systen ig definud to be a particular oper-
ating configuretion, consisting of certein ~enerators
running, certeaein generstors unevailable, certeln ganeree
“ors on standby, sore tranemission linee ere in service
yet other rre out, ete. Steady state bresches of security

includeas

1, eteady stats voltage at load buses outside
the tolerable limit

2. Bteady state over load of transimiscion lines

3, insufficient gensrating capacity (real angd

raactiva).

The security function calculated from eqn. (2.18)
i8 comparad with an upper limit of iInsecurity and when
the velue of this function exceeds the upper limit, in
gome future time, & control action 18 initiated depending
on the leed time evellable to keep the system within the
securs limit,



Comment:

For detorumdinistic load, if at any state 1, loead
18 greater than the gencration, Qi(t) is taken as
unity and consequently the cstimeted risk is higher then
the actuel. In reel life howevaer, ilnetead of conveying
that the load ceanot be met with probabillity one, a
vart load can still be met by shedding o proper percentage

of loed, under contingency.

For e bulk powar systenw it is felt that single index
is truly inedequate s8 it fells to bring out seccurity
of suprly ot any bue.

It hes been assumed that the standby ~2enerator is
availenle with nongero probability as and when & normaily
operating generator feils, This nerely indicates that
sterting time 18 taken to be a ranﬂomivalue. In reality
nowever, it is misleading, as the stert-up time is foalrly
a constant value with & smaller value for ges or weter
turbine driven generators or = larger value for steam

turbine set,

In cass of lower security velue only contrelling
action considerad is the ciange in generating schedule.
This eapproach while ohanging flow in a line to some extent

may not provide =z wejor relisf for over-loaded line,

From the above discussion it is imarative that a
new approach to sscurity index must be evolved., Recognis-

ing the foect of load shedding under contingencies the



security index for any stete may be obtelnsd by wel hte
inz the state probebility by a suiteble factor besed on
the smount of load shedding necessary. Ihis approeach

zives & more realietlo figure of security.

Repsaved load flows sre an essential feature for
the celeulation of the abeve proposed welghting factor,
under differant contingencies., is a result of certain
overlapping gensrator outages or overlepping gencrator
and line outages, transriesion lines becomos overloaded,
such that no tremeniesion relief cen be nossible other
than curteiling loads at certain buses even though
enouszh gemerstion cepeseity is available in the system,
In order to sseass the amount and location of the load

to be shed suitable computer logic has to be developed,

Ze4 PROPOSID LODHLS OF SECURITY INDICKSs

Loed Sacurity Indices (LSI):

As mentioned previously security evaluation by
the proposed methods needs repsated load flow solutions
to check equipment overloading and bus volteges. In
such studies saving in computation time is more importent
than accuracy. It is precisely where d.c. load flow
scores wore over the a., 0. Furthernore, less memory is
required in csse of d.c. flow, In this work the d,e.
flows for active and reaoctive power are suitsadly adopted

using the rodels advenced balow,
PL + ¢ By &
4 = - (2.13)
T
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- QI + By 3
i - k _ 1 e 7 8 (2.20)
- i i

PIL = liet real po.er at bus k

1' = odifled net reactive power at node k

% = Phase angle et bus k

3y = Deviation of voltagze at node k fLrom the
nominal.

The detsils above equne. (2,.19) end (2.20) slong with
sensitivity matrix formations ere discuesed in Appendix
A, It may be mentioned at this stege for greater
ecouracy at the cost of computation time and wmenory

constent metrix method (46) may be adopted.

At mopt two simultansous equipment outeges are
considered, as it is felt morc than two do not contritute
significantly to the risk. However, if needed, computer
logic can be sultably modified to include such cuses.

ILSI for the ith bues is formulated es
Sy = 2% pgple)e ® pple')e ® pga(1)e = p (10D
&, g'el, 1en, 1ren,

(2.21)

Mg = total number of gen:retors in up-stete
Ng - total number of generators in down-state
M1 = total number of line in wp-state

N. = total number of line in down-~state.
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For e simulcted outege casse tie computer prograrre
scens sll busees to seo wnother the load cen be supplied
satiefactorily. ihis requires tinct none of the termi-
nating linse or the generato:s aore overlocded. Wken a
genarator gets overlosded and doeshot get relieved by
rescheduling of generetion, & scell portion of loed at
all buses are shed to improve the situation. LlHowever,
t0 relieve tha overloaded lines partial load at spscific
buses oi1ily need to be shed. A bus-wise weighting feetor,

in this case, 18 expressed as

) PI, 3
i=1

i= 1.2,...,11
whereas

PI1 = ligt power demand in 1ith bus

LSL = Totel load shed in i1th bus,

Pactor ey ie chosen to charscterise the lmportance

of tha 1t bus load which gtterpts to meesure un-
sgtisfaction of the consumers and ie a subjective mansge~
rial decision., BEBsuation (2.22) zivas a messure of the
local LSI. A zlobal ind:ex of seocurity is then exprassed

as a lineer combination of looel ISla,

GLSLI = Z Si (2.23)



Voltage Security Index (VSI)s

It is important thct voltage profile of a power
system should be within a epecified tolerable bhand,
+vhile this hes been recopnised by come reliability
analystes (43,63) its effect had no direc* impact on
their reliablility models. It is well known that lack
of kvar deficienoy at any bus leeds to ths deviaiion
in the voltege. In this section a modified index 1is
edvenced which senses the devietion of actual voltage
from the tolerable one, This has been used later to

coumpute local kvar requirewents.

Some forw of index based on voltage profile of
power system has been reported by Dewey (%6) in 1371,
Hoferi (12) in 1375 and Savulescu (2) in 1376.

Dewey's liodel (56)3

In this case index besed on the actuzl voltege of
a bus is calculated with the help of a suitable nmodel
such that the value of the index becomes ons for thre
tolerable renge of voltages, and less then one otherwise.
A linesr combination of these bue indlces sre made to
obtain an overall index which is then suitably weighted
by the probability of contingencies.

Noefri's liodel (12):
Here two indices have been proposed one is based

on yearly oenergy curtailment end the other on weighted

36
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value of tine yearly enzrgy supply. Latter index hos
been referred as .olitage irrsgularity factor. Ihe
suthor hus used sows fory of reactive linear flow o

calculute bus voliaces,

Savulescu's liodel (2)1

Recantly en article appeared while writiag the
thesis wherein the author has tackled the problem of
avolving auantltvative indices ebout ver-voltage rele-
tion of power systeme. Three indices are advenced in
thie paper: The Loes Ssusitivity Index (LSI), Reaetive
power Trensmlttance. Index (RPII1), Steady State Stebi=-
11ty Index (SSSI). The RPII aprears to be the off
diegonal elements of the B8Q/9V submairix of the
Jacobian and SSSI appeors to be the diagonal elements of

the szme subnatrix,

Corments

A sinple index o8 proposed by Dewey is not at gll
convenisnt to consider any corrective action or sltere
native desisn strategy, since it is strongly felt that
voltege indices sre predominenily meant for resetive
loed adjustrent or addition of reactive units st

specifiec husces.

Noafri finally usesa his first index to chooge
suitable var addition et some buses, The intended use

of voltage irregularity index 18 not properly estabiished.



Purthermore, the first index is based on yearly energy
curtallment obtained tirough load shedding teechnique.
From the experience of load shedding it can be stated
that an unnecessary lerge load reduction is resulted

meking the method unsuitable.

The lineerised indices proppsed by Savulescu cen,

howsver, be sultably used to conirol the reactive power,

Voltege Security Index - Author's ilpdel:

For a given contingency when it 1s found thet some
lines ore over-loeded, load shedding is cerried out to
relieve these overloaded lines and local seocurity index
is calculeted. The bus volteges axre then scen od. Sven
after load shedding this value may still be out side the
perciesible limit, Ae proposed LSI is incepable of
considering this type of insecurity, & separate voltage

security index is evolwed.

then e contingenecy occurs the voltage profile of

the systen 1s likely to chenge to one of the followingz:

a. bus voltage chanzes but remain within an aceaptable
band.

b, bus voltage is less than the minimum acceptabls
velue, Vma

e, bus voltege axceede the meximmm 1limit, Vo,

VSI should be euch that its value beecomes zero for cage

(2) and a pesitive quentity otherwiea,

38
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A nomiial) voltage Vn is defined, thie 1s taken
to be 1.0 p.u. The threshold voltege beyond which
supply of load lacks quallty, 1s ziven as

ST Vn—\'m (2.24)
e VeV

I V, is the voltoge of ith bus, then deviation of
this voltage from mominal vzlue is

m
Avi = Vn-vi for 71 £ '} (2.25)
= V-V, for v, > V

Welghting factor of the ith bus for the entire Spectrunm

of voltaze is exXpressed as

0 v, gV
.ivi = V{vn ewqe Vi (me
fynt e L/ (2.26)

Voriation of ;y with the voltage is shown in fig, 2 4

which i8 expressed osi

Wu = (3m-v1)2

A 4
ong = (Y = 8)°

The probability of the ocourence of the contingency is

(2,29)

then multiplied with this weighting footor to get VsI
for the ith Dbus,
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wheret

j; = BSystem state correspond to the Jth conting-
oency which hes resulted in either a voltage

dip or rise,

P(BJ}n Correeponding state probebility.

Application Of These .lodelss

Iocal end zlobal LSlIs gpart from being used to zive
a zuide line to the operator for operatiounel purposes
heve 2180 been used here as a reliability criteria for
the exp-nsion of an already sxisting system. Power system
planning is an widely discussed (51,69,102,105,113) topic.
In meny of the nbove uwentioned literatwre the planners
made use of some gnalytical technigues such as egononie
disgpateh besed on louws formule and mathematical. prograrming.
Pa the best knowledge of the author, Billinton (51)
applied some reliability criteria for the first time in
4371 for transmission planning., Nothing, however, was
mentioned about the addition of naw generating cepecities,
A composite powor system planner has to enswer the

followinz questions, for short range planning.

1. %het should be the criterie of adding new generators 9
2. Vhet should be the best locetion of thisg sdditionel
generation 7 Can it be e new bus eltogether 7



%. \inere to adl. new transmission lines ?

st of the soove gi.stions cen be wnswered through
gome ecounomical model. In reelity rellability aspect
must be considered slonz with economic ouns. In the
present work ouly the reliability angle of planning is
digcussed, It has been fownd that the global LSI is
more sensitive to generetion contingency wherees the
Iocal LSI is sensliive to line contingencies which
teings in relief to overloaded lines. These properties
hewe been exploited in this tiesis for a suitable

expzunsion pattern,

Computer Ioiics

Figs 2.8 gilves a functional flow chert on whieh the
entire logic of tlie evaluation of the security indices
ere baped, This flow chart hed been furt er extended
to0 slow how these indices sre used for a short range
planning probvlem. Some of the sallent points sre written

bolow:

1. Coumpute unit com-itvent table for all load levels
on economic basig.

2. Simulate first gemerator outages, then line outages
end finelly a combinstion of gen:rator and line
outasen, caloulating their respeciive probability
of occurrence.

3« Caloulate load flows ond chack for any overleeding

of genorator at the sleck bus for eaech continzeney.
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AdJjust genzration on other buses 10 relieve over-
loadin_ in step 3.

If overloading is not relisved shed small portion

of load in all buses. Calculete load I{low to
recheck if slack bus overloading is relisved.

Repeat loed flow end check for any line overloading.
In cese & line is overloaded, check ths directiom

of power flow in the overloeded line. This helps

to locebe the bus whers load shedding will relieve
the overloadinz of the line.

Caleulats locel and zlobal L3Is,

If zlobal value of LSI exceeds the meximum limit,
new genceretor ig sdded to the existins genarsting
buses one et & time to select the proper bus which
results in minimum ~lobel LSI,

Iocal velue of LSI is checked to sse if line asddition
is required, aAddition of proper line will make the
looal value of ILSI minimum,

Chack system voltage. If any bus voltege is higher
then the limitin: value reduce the refercnce veltsge
to bring this bus voltege within limit. Compute VSI.
If VSI of eny bus oxceede a preeelected limit,
eolculate the kvar needed for the bus using pre-
calculated senslitivity matrix, such that VAl 1 brought
back to the tolerable reglon.



Logie Of Identifying Bus For Load Shaddings

Vhenever a ganerator or a group of generators get
overloasded frection of load 18 shed at each bus but a
salective load shedding is done in case of line over
loadinz. Vhenever e contingeney is simulated the flow
subroutine is cclled to detect the lines whioh are
overloadad. At this stage the nrogram 12 directed to
f£ind the direction of power flow in the overloaded lines.
It 18 attempted by properly monitoring the phase angles
at both the enda of the overloaded lines.

Precisely if line -3 is overloaded, the program
sheds a fraotion of load at bus J 1f

idea1
for all EJ. bi <0
or for all 63, & >0
or for ell &, <O given 6, >0 (2.29)

the load reduction is repeated until the line flow is
within normal. Before the execution of load shedding
ptorts a chack ig mede to verify if any other line
terminating at the bus J 18 also overloaded, In case

no such line exists load is finally shed at the bus J,
But 1f in the provious search it is found that a line J=k
is also overloaded e similar oheck 1s made a8 given by the
inequelity (2.29) to identify ths direction of power flow
in the overloesded line J-k. This finally ensebles one



t0 shed load either at the bus J or at the bus k
J
depending on whether power is flowing from J to ¥k or

in the reverse direction respectively,

L] 5 Ve :_ 'y : { . ’ . I3 v..“;n.) 4
2.5 VU f£35UL0 1
R

To evaluete snd 1lluotr te the appliceation of the
various securdiy indicee & 6-bus interoonnected powar
evatem L= conoideved vl ich is shown in fig. 2.9,
Requisite syaten dota avre displayed in the tadble 2.3a
exd £.3b., 71ds range of loced ie corsidered at different

buses.
TABLS 2,38 Gali 31ATOR A4
Capacity 100 kW 150 1w 60 MW 100k

4 % 107 /nr 2.0x10%/mr  0,9x107%hr  4x10™%/nr

Failure rave-
8x10~ 4y  5x10~%/mr  2.0x10~%/nr 8x10™%/nr

Repair rate 8x1072/hr  5x107°/br  8x107%/hr  Bx10™2/mr

React ive
MVYA Timit 30 45 20 30
T ABLE 243b LINS DALA

- 26 =3 Bl 4B Guf 1-6__
Rate IiO/hr 82510-4 53‘-10“4 B}Z‘l(').'4i 7110"4 61(10-4 61{10-4 1x10™

Repair 0.25 0.15 0015 0.15 0.:5 OU25 0.25
Rate lio/hr




I - |
Y i !
FIG. 2.9 SAMPLE W E R YSTEM,
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Logds are essumed to be astimcted before hand and only
the expectad velues of the loed levels are considered
et each bus., Repeated loed flows are carried out for
aach generator outaze, line outaze and generator and
1ine outazes, for & given load level., All the indices
are calculated once in esach evaluation eyele, which is

defined to be the period from ome load level to tha

othar.

Table 2.4 gives the load of tie entire system,
local and global LSIs. It also indicates the nmaximum
tolerable globel LSI., This limit actuelly may be fixed
up considering cost of relisbility and to a large extent
reets on menegerent's deoiesion., It 48 observed from
this tuble that the locd level beyond and ineluding 280
IiW gives risc to the velues of global LSI wiidoh are
higher then the tolersble limit. A 100 Ww unit is added
to the existing list of gencorators. For all loed level
the effect of its addition on the global LSI is studied.
It 15 foumd that the global LSI is reduced to zero for
all ooneidered load levels, whaen this unit is added to
bus 4., Thie is displayed in the table 2.5, Addition of
gensrator, however, has not much influence on the loeal
values of 1SI. In thie case also a ceiling has been
docided ot 1.5 X 107°, Lines are odded, one at a time,
between the bus at which LSI 18 higher than the upper
limit and other. In this cese parallel lines esre avoided
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beczuse it is folt this may chenge the feilure rate

of Buch lines becauBe of proximity effect. Table 2.6
indicetes the risht cholce of line addition. Use of
VSI hae been made in decidiug the quantum of kvar loed
neaded at the desiredbus. An estimate of kvar injection
necessery ias found out with the help of sensitivity
enalyvsis. This process is carried out only when there
is no scope of improving the system voltaze through
rescheduling of the kver loed. Taeble 2.7 shows the VSI
at each bus corresponding to some total load levels
(VL) It also points out the higher VSI values in bus
3 and bua 5 indicating the need of extre IWAR load

in these buses, These are found to be 33.9 and 25.9
liVAR respectively for the bus 3 and bus 5,

2.6 COLCLUSIQONSGS

In thie chapter new light has been thrown on
gecurity of a bulk powser system, from both generation
end transmission point of view. In the process a new
reldiability model of standby generator is evolved, and
the ingreased risk of considering sterting feilure
probebility in generation security function i1s esteblishad

through a suitable example.
A modified security index, which takes into ascount

the corrective action through load shedding, has teen
developed and is used slons with the VSI for Judging
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URITY I..DsKs

s

P

j&

Sr. Y8l x 10'7__

HNo.
Bas 1 Bus 2 Bus 3 Bus 4 Bus 5 3ug 6

1. 00.000 00,000 00.547 00,000 00.445 00.000
2. 00.000 00,000 01.607 0©00.000 02,82% 00,000
3. 00,000 00.000 04,286 00,000 17.748 00,000
4. 00,000 00,000 05.403 00.000 19,313 00,000
5 00.000 00,000 59.311 00.000 83.543 00.000

the security of & bulk power eyatem., Repeatative load
flows are necessary aes it is nover epparent at the
etart what effect the line failures have on system
pecurity. Suiteble computer logic has been developed
for sscurity checking involving load shedding during
contingencies and other correciive measures based on
VSI., The use of computer loglc is illustrated through
a power system exomple in which location of gencrators
and 1lines to be added have been worked out based on
specified maximum velue of global eénd local LSI respec-
tively,
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Chapter—III POV oYuPd.  S3CURINY DUROUGH FAULT
TRAE AUALYSIS

3«1 IN. .ODUCTiONs

ileny prectlicing engineers in order to ov-lucte reliaw
bility model their systems usinz probability map(118)
reliability diegrars ete., Almost around 1361 the concept
of fault tree analysis was originated by L.A, Watson to
oevelucte safaty of the leunch coutrol system while 1t
wes populorised by J... i.aasl. Since then this technie
que has been repsatedly used for safely analysis of
systems (1,3,4). Only from 1370, it ie epplied for cale
culatinz system reliability (7,21,22,23,54,62,63,67,76,
78). Fault troe ancslysis is a powarful tachaique for
reliability evelurtion of engineerin; end management
seysten which provides the analysts with quantitative
interpretation of failure consaquences, trade-off studies,
systen slterations, etc. Computer alded fault tree analysis
(7,63), has made possible for system analysts to venture

upon complex system reliability evaluation,

In this chepter this technique has been suffessfully
cdopted to evaluate probability that a given load dewsnd
at & bus of a power system, camnot be met, Suitable
computer algorithm is found to {ranalete the feult troe
into & staock of informetion consiesting of operands and
oparatore which is then trenaforued into a sum of products,
Leter Sennett's alorithm 15 suitobly nodified and adopted
for the purpese of final probabilify eveluation, A raiis)



power sysiem is first considered to illustrate the tach-
nigue which 1s later extended to a 3 bus interconnected
power system, where loed flow problem is a prerequisite

to the ultimate probability snalysis.
3.2 LETHODOLOGY OF FAULL TR2E3F ALALYSISS

System reliebility can be expressged in terns of
probability of success or fallure tirough either tis-sets
or cut-sets approaches. Reliability disgream, slthough
servinz a similer purpose, fails to bring out the richness
of loglcel combination that is avallable. 3esldes, there
has always b2sn a confuslon in the reliability diasgram
about the meaning of the words, series and perallel, leny
people teke them in their circuit-informstion or powar
flow sense rather than in the lozical sense in which they
are constructed. In case of the fault tree analysis, the
probability of failure is written in terms of element
feilure rodes. fTherefore, the system failure 1s represented
as a combinztion of different failure modas using suitable
logio symbols. (Gencsrally digital logic gate synbols are
used). The fault tree diagram then, is really a mixture
of logical syrbols end a flew chort. In pertieulsr, fault
tree analysis provides flexibilities which renges from
equipment analysis to overall system snalysis incorparaiing
ell the influencing elerents on a totel system basis, The
deduetive approach used in this technique is partieularly
useful for evaluating design conaisteney and reliability,
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for judgin elternatives., It readily allowe snalystas
to cons8ider the raie et wiich falilures or eveuts e
detected after they occur and the rates at which they

are restorsd to normal,

The methodology develnped here criticelly reviews of
gone works performed in fault tree =znalysis, In order
to discues this, some basic definitions muat be under-

stood. These are presaeanted below:

1. dvents A previously daefined and specified oceurr-
ance within the systen, It may be defined
at the sysiem or component level, Ixa.pless
(a) Bus fails as line supplyins power is
faulty, (b) Bus faile beczuse voliage is low,
and (c) Circult breaker puts a line on.
sote:r For the present work, the events cre
defined such that they are binary in nature,
An avent does 1ot have to causs failure, it
cun be normel functioning of the systen,

ivents are further clessified into two, as riven below:

2., Fault ivents An event in which one of the two states
is an abnormal occurrence, resulting in
some type of failura,

3., liormel Events Ain event in which hoth states ore
expected and intended to occur et a specified

time, A normal event could possibly becoms
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a fault event with efflux of time. dxemnlex
opereting and economy shut down states of
a2 menerator.

4. DBasio Lvent: An event that occurs at the slement level,
An eleuent here refers to the srallest sub-
division of the anelysis of the system, For
axamplet: gen~retor outege is a basic event
so for o8 an enttre power syster 18 concerned
but powsr interruption at a bus is not a
besic event. In short, for any event, if
feilure and repair rates are available, 1t
can be treated a8 a basic one.

5. Head Zvent: The event at the top of a fault tree
wirich is analysed through the remainder of
the fault tree. 1his is gencreally & resultent
fallure which removes the systen from normel

operation.

Po understond the rnrocedure, it is helpful to get am
overview of the gen:ral fault tree approach. The congtruction
of a fault tree originales by a process of synthesls and

enalysis. This can ba observed by the following stepwise

outline,
Synthesiss

1. Determine at the moat genersl lavel, all eventis that

are to be considered as undesirable for the normal
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operation of the syster under study.

Suppose that the systenr und -» consid ration is
‘operation of an alternator', then a few undesirable events
may bes
B, Faulty sxcltation syotem.

b, Vecuum in the condenser not proper.

c. Steam ejector is not operating,.

d. Pllot exciter terminals opasn circulted.
e, wuan:rator iz getting overheated.

f. Hydrogen cooling system 18 malfunctioning.

2, Separate these events into mutually exclusive groups,

forminz groupe sscording to some common relationships,

Apong the above listed 6 avents it is possible to
obtain three mutuelly exclusive groups esch with two related

events, such as a,d - b,¢c - g,f.

%« Utilising the comron relatiomnship, establish one avent
that encorpasses gll ovents in each group. This event
will form the head svent and will be cousidered by a
geparate fault tree.

Analysists Top Jowvn Approach.

4. Selact one heed event, which is to be prevented.

A system may have more than one head evente e,g, mor: than
one load points in a power oycten,

2, Deternine all primery end pecondaory events thot would

eannae the hoad event.
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3« Determine the reletionship between the causal events
and the head event in terms of the Ald, 04 and L0R
Boolean operators.

4, Repaet steps 2 and 3 for each causal event thet nseds
$o be developed further.

5. Continue to reiterste steps 2,3, and 4 until gl)
events arg gither in terns of basle svents or it is not
deesirabls to develop the event further.

6. Diagrem the events using the symbols discussed in
the next soction.

7. Parform quantitative anclyvsis.

This stepwise procedure may be treated as the basins
algorithm to bulld a fault tres, The common relationship
mentioned in eynthesis steps 2 and 3 is the key to proper

orgzenisation,

3,3 SYMBOLS USED IN FAULL TRERS

Pault tree diagrems are very useful, for both quanti-
tative end qualitative analysis. In order to use the
diagremns to thelr greatest adventages, accepted stsndard
symbols are given ia this section. It is, however, noted

that not sll of thesa may be present in a single tres,

1. Rectaengle: A fault event usually resulting from the
combination of more basie faulte acting
through logle gates,

2., Ciroles A basie component of fault.
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Dismond: 4 fault event which is not developed
further beceuse of insufficlent d: ta,

Triangle: A connectinz or transfer symbol.

Up side down triangle: . simllarity transfer - the
iaput is similar but not identicel to the
like fdentified input.

Houees in event which is normally expected to
ocoeur.
AND Gote: Two or more inputs end one output characw

teriee this symbol. In order for the event
immediately above the symbol to occur, all
the input eventa must occur.

OR Gates Like aWD zate multiple inputs and one output
are required. In order for outpnut event to
occur, at least one of the input events mst
occur,

Conditionals In many situations, strict 3oolean

AD or OR AND and OR functions are not appropriete,

Gate For exanmple, in some ALD situations sequence
of event is important, Als0o, there may be
an BXCLUSIVE-OR (XOR) gate where one or
the other input would ceuse the outrnut
avent, but if both occurs simultaeneously
the sutput event does not occur, In the
present work, howesver, thess types of gates

are ot aencountered,



All of the mbove eymbols =re ziven in fig. 3.1.

3.4 RSVISW OF JaRLIZR JORKS
Relevant litersture in fault tree is critically
reviewed here keepingz in mind the computerisation of the
wethod, ae it 1s feolt the development of neceesary soft-

were is the backbone to the furtherence of fault tree

application,

Shoomen's m-thod (78)3

This peper treets the fault tr-oo epproach basically
in a similar mamner as the rellability graph method, It
has been shown that the fallurs probability oblalned throu:h
fault troee analysis leads to success probability as obtainsd
by the tie-set approach, if one mukes use of Deliorgan's
theorem at the finel s.age. ‘hile agresing with this
proposition, it ean be said thet the hallmark of fault
tree approach is not fully reallsed in this paper. loreover

this epproach may fall for a large and complex systei.

Crausetti's approach (54):

Fault tree has bran used here a8 sn affactive tool
which provides a convenient formet for probability evalue-
tion, system analyeis and trede-~off studies. Simple rules
are spplicd for each logical gate such se probebility
of the output event of an ALD ‘ate 18 egual to the product
of the probability of its input events and the probabllity
of the output event of an OR gate is approximately the

sum of the probebilities of ocourrence of iis input events,
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This may lead %o substential error in a cumulaetive way,
Boolean substitution and reduction techiique is used %o
convert a complex tree to a simplified tree consisting
of baslc evente leadins to the top event. It only helps
in removing redundaney but does not meke the logie
diegrem free of dependence which misht ereep in for &

complex system.

One of the basic purpos:s, i.s. to determine the
dominent path which contributes most to the final failure,

is lost beczuse of restructuring of the tree.

Veseley's hathod (67):

The analytical technique used here for the probebllity
evaluetion ie based on Kinetic tree theory. Unce the fault
tree is drawn this techuique can be used to obtein the
minimal cut-sets (eriticel naths) of the tres elonz with
the following statistics:

(a) The probability of no fallure to time 4.
(b) The probability of being in a failed stote at time .
(c) The expectad number of failurss to time ¢,

(d) The failure rate at time ¢,

The time dependent informations given in the above list,
are obtained for each component for minimal cut-set, and
finally for the top event for ithe feult tree. The program
written for this purpose can handle upto 2000 gates only.

It is not clear how the redundancy of ths inputs is

accounted for.
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SIRAFT Technique (63):

EIRAFT is a fortran progragf;hich formulatess the
simplest lozic expression for each secondary event in
a fzult tree in terms of iis bmsic events. Jach secon-
dery event 1s expressed as the union of the intersections
of basic evenis. 7The redundancies ere eliminated by
insuring that in a particuler intersection a basic events
appears only once. This faect hes been aceornplished by
exploitin, the pronerty of the prime numbers a8 expresced
in the unique factorisetion theorem of number theory. The
event number in this rmethod hee been sscigned by numbers
such that any new asddition to the tree does not alter
previous event number, The number of dizite of the iden=
tification number indicetes the level of the fault tree,
lfowever, it has two serious limitetions: (1) total
number of branches going out of any node cannot be nore
then nine, (2) level of the tree has to be restricted
to six for & medium size computer., Furthermore, the
author's smsumption thai: the eliminstion of redumdaney
(wiich is mistokenly counsidered in this paper as depen-

dency)in the secondery cvents lrade to nutually execlusive

gvants 1s quite doubtful.

Koen and Carnino’s lethod (23 )@
This paper applice some form of pattern recomition
to solve the fault tree problem, IThe teehniques of

pattern racognition follows from the recursive definition
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of a tree. 4iny subtree represents a logical connection
betwe:n ite basie avents, to which a unique mathemztical
formula exista reletin; .athematically the probabilities.

It ip claimsd thet thaese types of subtirees eppear frequently
in the mein tree of any fault tres disgras. The author

has listed 14 such patterus aloay with their respective
probability expression, List proces._ing technique is

used for this purpose, On spplication of thess known
patterns repeestedly, a tree is reduced as for as possible
to £ind the probability of the ¢ r event, The method is
novel but is subjeoted (o many limitations., Principal
amongst them ares (1) a 1ist sirueture ouften reguires
wore etorege in the computsr t.an an array does, since

the pointers as well ecs the data thersslves rust be stored,
(2) en entry cannot be amcoessed direetly by using a
anbzeript but mudt Le found using sppropriate pointer,

(53) progremming in fortrsn 1s not possible as claimed by

tha author.

Bemmett's spproach (7)3

snong all approaches consgldered previously this is
the rost versetile as it cen take cazre of logic gates
14k» L0k, IAND, 10T, XOR spart from the cowmon AND end OR,
Furthormore, with some eheorbtion rules ths redundency of
the system can b2 completsly sliminated. This ia per-
formed at the ond of each oporation to avoid a globhal

complementation at the end of the Tinel oparstion.
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These existe certain discripancies in one of his alzorithms,
meent to convert the terrs of e sum of produets into

disjoint events.

The present thecls maokes use of the concept of
reverse polish expression proposed by Beanett for power
systen reliability computaotion. This, being a new
approach in the field of power syotem literature, is

discussed at this slege in grester deotail,

5.5 ALALYSIS OF FAULT T s

Reverse Polish uxpressiont

The central theme on w.ich this mnalysis 1s beased
i3 the reverse polish expression (rpe) written for each
secondary event as a function of the basic event. This
is achieved by establishin’ & librery to maintain the
rpe for common type of logle gatas. aActually AlD aad OR
‘eteg ar: sufficient beczuse it is possible to =xXprass
the output of any gets by either ALKD or OR t.rough sultable
transformation. Tahle 3,1 shows a sultable library for
guch purposs for two or thrse input gates, Jith the help
of Dellorgan's theorem the coperator types have been reste-
ricted to abowe mentionad *wo gates only. This also helps
to ovoid glohal complermentation witich is time consuning,
The converntion fdlowad for rpe requirss some literals
followad by en operator and finally an index. This is
the rpe of any single gate except for invert. The index

immediately followin: an operator specifies the number of



TA3LE 3,1 RAVAERSE POLISH 2XP:.BSSI0N FOR SINGLE GATS

W W NN N

Input AliD
Input LAID
Input OR
Input 1OR
Input AND
Input OR

N NN N

[N

XgK, AD(2)
" i; ié orR (2)
= Xy X, OR(2)
=E122mm@)
= Xy Xy Xg AND(3)
= X, X, Xy onr(3)
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preceading literals to be operated by that oparator.

The complete reverse polish expressioun for the entire
tree can be obtained by workinz back from the top event
with Buccessive substitutio. for secondury eveat inputs,
This proecess is illustrated with the help of & both

end fed power system shown in fig. 3.2. The top event
{(Z) 1is the interruption of the loazd connscted to the bus

where generator D is connscted. Hpe for tiis is given

bglows

Z = DiB OR(2) anD(2) aC or(2) auD(2) (3.1)

From egn., (3.1) final expression of Z ean ba obtained
with the help of suitsble el orithm developed afterward,

The un acked ex ression becoras

Z = AD + BCD (3.2)

Development of a ganeral purpose =zl orithm is based on
the way eqn. (3.1) is transformed into eqn. (3.2) for
the goove problem, Therafore, the execution detail of

this is givan here step by step,

The rpe generated for the tree of fig. 3.2 48 stored
in & stack in left-down-right-up manner, A pointer seens
the stack until it oomes across an operator with sone
index 1. At thie stoge preceeding litarals or terne
(functions of literals) or combination of litersls snd
terms totalinzy 1 1in nunber sre operatad by the oparator,

An sssantial feature of the process is that intermediate

68
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Z= Xy Xo AND (2)
= DXz AND (2) AC OR (2) AND (2)
- DAB OR (2) AND (2) AC OR (2) AND (2)

({C)

FIG. 3.2 (a) PHYSICAL SYSTEM (b)) FAULT TREE OF SYSTEM fa),
(c) DEVELOPMENT OF RPE FOR ABOVE FAULT TREE
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results involvingz the A4uWD op rator are elweys converted
into their cguivalent uniom of intersections (UOT) format,

Table 3.2 shows the verious ste ;s of this process.

TABLE 3.2 STATE OF Wil APASSSION AFTSR 3ACH OPSKATIOU

Z = DAB OR(2) wiD(2) AC OR(2) aupn(2)

Stack State Initial FPirgt First Second Leogt

. OR AlD oRr ALD
3 B C
2 A A+ B A A+ C
1 D D AD+BD AD+BD AD+BCD

The above table illustrates the operation of OR and AND
getes, specificeally the UOI at the end of each AuD
operation resulting in the expressions (AD + BD) end

(AD + BCD)., Svary time an AND or OR operation is carried
out, a Bezxch is made to remove louical redundancy if

present in the resulting UOI, using certain ebsorption
rules outlined below.
Ak . © (3.3a)

A. A . A (B-Bb)
A+ A = A (3.30)
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-

AB + AB - A (3.3d)
. * AB - - (30 56)

These identities except for the tiird one ars used exhaue
stively in the subroutines ALJOP end OROP the structure

of which will be discusped lcter.

Repeated Operators In Rpes

The derivation of the rpe directly from a structure
often leads to an edjacent operator of same type. ‘hen
this occurs they can be reduced to a sinsle operator with
a sulitable composite index. In genersl if n such similar
operators exist with indices 11, 12,...,in a generalised
rule has to be evolved. A elmpler case is explained here
which czn be extended to encompacns the general case,
Congider the first two operctors AlD (11) and AND (12),
when the preceeding 11 literals are AinDad they form
one couposite term which now is one of the operends for
the AND (i,). Conseguently the combined ection of the
abeve two consecutive ALND zates ls represented by a
pingla AsD gate with an index (i1 + 1, - 1). Thus for
the n repeated ALD gates, the filnal index is

n
£ 0= (2 &)= (n-1) (3.4)
ke=1

The reduction of the repsated :ates reduces the computer
pemory end exegution time baucause the length of the
stock reduces and repseted sxaecution of the AIDOP or

OROP subroutines sre avoilded,
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Computer Implonentetion And Data Organdsctions

The process wihich 8o far has been discussed requires
peny 1list construetion and item search, One of these
liets 1s dynenice in nature w.lch etores the operands end
the current exprescion at the end of ezch operation., The
word dynewmic rcfers to the faet thet the content of this
list is ;ariable subjected to il.crease and deercase
during the course of ecxecutlon. A{ any otaze if the dyne-
nic pointer of this 1ist points zero it impnlies the compe
letion of the enalyris, This is used as a chock for

terminating the prozramme,

3,6 COLPUT.R ALGORITIHI. FOR UOI:

The progess deseribed earlier for obtaini. z the
Booleen funetion for e simple tree ie converted into a
generalised algorithm wiilch can be used to handle trees
of any dimension. ZIThe ovarsll atructure of the alpgorithm
in o flew chart form is given in fig. 3.3. The following
subseotions 18 mainly devoted to the various aspects of

this flow chiart along with other two principal subroutines,

ldatn Algorithm:
1a The xrpe is stored in the POL which 1 an one dimen-

sionel array. The left most itenm of this occcupies the
top position of the llst, Iach iter is 'popped out!
from the POL end i8 tested for op rand or operator type.
Since the nodes of the tree ars ~iven dizital wvalues

en oporand is distinguished from an operetor by providing



FIG. 3.3 MAIN ALGORITHM FOR UOI
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negative sim before ths latter. A dynemie array STLACK
is creatad which holds the operands and resulting exprew
sgions. Pointer of tie STACK is initialised to be 1 et
wileh the STACK stores gero, .vary time an opsrand is
transferred Ifrom the PUL to the SITACK, the value of the
pointer is incremented by the number of operand plus one.
it this stege progranme mal®@s the current velue of the
atack to be minue one. After ORJP the resulting sexpre-
suion 1g completely stored in the stack as a siagle tern.
In this case the current value of the pointer 18 &neremsnted
by & number which 18 equal to the numb:r of 1its els,
present in the expression plue one. Value of the staek
at this storage locetion beconee negetive of the number
of literals pregent in the exprecsion. For exarple, let
the eurrent valua of the pointcer be 5 and ths ool an
function to be stored 18 AC + 1DE, then the latest value
of the pointer will be 34641 = 10, This is because the
above Boolean function haes six litsrals including the
plus sign. The velue of the stack at this atege is -6,
Tha negative values stored in the SIACK sarves dual

purposest

Qe It discriminates two consegutive operasnds or
expregsions .

Be It iunstructs the corputer sbout the numbar of

lifterals procent in the exprossion immedlately

balow,
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2e Vhen en operator is found in the POL, its index

is found out. This is a simple task because the last
digzit of the number ascigned to t..48 operator is the
value of the index. Likewise the first digit will convey
about the type of the operator. The index end tie type
will deoide evout tie number of operends to be popped

out of the STACK for »iDing or ORIng. Lvery time the
oparands are popped out for t e ebove purnoses the
pointer is decremented by a suitable eount. & simple
way to ensure for carrect decrement is to see that the
velue of the SIACK after decrsnent will be aither zero or

some nggzetive number,

D After the AND operation the coutrol is trapsfe:.red
t0o LNDOP sutrroutine followed by OROP, In case of (R
operator the requisite operetion is completed end the
result ie transfarred to OROP subroutiane. Finel expre-

ssion from the OROP subroutine is stored in the STACK,

Subroutine ALDOE3
As ment Loned previously this subroutine appears in

the main progracme whenever an &40 operator is aeerched
in the POL, Since the index of this operator is varisble,
provision 18 made for multinlying -nly two UOIs et a time
within this subroutine., Two UQ0Is token out of the STACK
are terporarily stored in two arrays. These two along
with tbeir respective numbor of literals (variable)
condtitute the input to this subroutine. The basie
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gtructure of this is s own in fizg, 3.4. Two major

functions of tiils routine are discussed bHelow!

1. The plus sign in the Jooleen function is represented
by blenk, A pointer scans Td 'P1 or Til'P2 until 1t

comee across the blamk. The difference of the value of
the pointer from tle earli r blank to the present one
minus one gives the dimension of the terr. To guard
against the possible sinsle term ->resent either in TELIPY
or Tuip2 the present vulue of the pointer is aolweys
corpared with the maximun dimension of I3iP1 or Ts.p2.
This is indicated when tiis polnter attuins this without

coming ecross e s8ingle blank.

2. when a tern of I8 P21 ie multiplied with another for
from T.3iP2, the product unay contaia logleal redunduncy.
Unlees these arae waeded out, final probability vao ue

baecomes erroneous., This function is achileved in the
subrouvtine ARANGZI., If a literal and ite complenent are
present in the multiplied term the subroutine sl.owe zero

as the output. Thie is again carried out by ssarching
technigque. The subroutine finds the lesst and the

meximum velue present in the product terw. Then it arrenges
the terms in the ascendi.ig order wittout repeating eny
litersls, at the same tima it continues to secan for a

pailr of connlementary litarals. This process while removing
logicel redundanoy helps to establlish the terms of the
ANDOP output in their ascendi.g order, whioch becomes

useful in the 0LOP,

In case the index of AuD gate i8 greater than two,
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STORE UOIS IN TEMPY
AND TEMP2
SEARCH FOR TERMS IN TEMPI
[ = 1
SEARCH FOR TERMS IN TEMP2

——

SELECTITH TERM OF TEMPI
|

1
PUT ITH TERM OF TEMP

JTH TERM OF TEMP2

AND
IN LIST

CALL SUBROUTINE ARANGE
TO REMOVE REDUNDANCY

NO

( wETURN TEMP )

FIG. 3.4 FLOW CHART OF ANDOP
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the result of ANDOP i.e. TSLP is trensferred into TEIP1
end the next UOI is popped out of the STACK to be stored
into TELP2, These two grrays are szain fed to . DOP.
The proeesr ie repeated until the value of the index

is resched, In cese ANDOP results, in a zero value, the
POL is8 searched for OR ope~ator, If no further OR
operator exists the progrexme 1is terminated and the
declered result is zero, This 1is 1llustrated in the

followin; equationss

(132 + CD3C + BDB) = O (3.5)

Phis result is mainteined irrespactive of further AND

operators, since:

0.(terms efter further AlDinz) = O (3.6)

Alternatively, non zero recsult is obtained if even @

#3inzle OR operator exists, sinces
0 + (terms ofter further Oiting)

= (terms resulted in ORing) (3.7)

OROP Algorithmi
QROP is a straight forward spplication oi three

absorption rules given in equu. (3.30) to (3.5e). The
prineipal flow chert is shown in the fig, 3.5, The flow
chext shows the special ca o of a logicel 1. The melin
featuraes of this subroutine orgendsation are discusged

belows
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prr— : |
ASGE ! RDER CARDIMALITY ]
REMOVING RFDUNDANCY
I = 1
|
b4
' LECT TITH TEEF )F TEMP

' [ ——
! '
A "

( FETURN Lil GUTRPUT )

FIG. 3.5 FLOW CHART OF OROP
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1. For the efficient implementation of these absorb-
tion rules it 1 necessary 1o arrange the terms conte
ained in a UOI in the ascendin: order of cardinality.
Two arrays are creeted from the UOI. The first stores
the number of literels in epech term of the UOI vhile
the saecond one stores their startin: positions. The
first erray 1is searched for the minimum number., After
obtcining the desired number the least term is lifted
from the UOI to a temporary storsge, while the hizhest
integer number permissible in the computer is stored in
that location of the first array. The nrocess continues

till 211 the location of this array is filled with the
highest number,

2. Application of the csbsorbtion rules =re treated in
two pheses., In the first phase ith and the jth terms

are compared on the basie of eqns. (3.3¢) and (3.3e).

As the terms ere erranged in the order of asce ding numbers,
these couparisons baecomes faestsr., Comporison of the first
literal from cach term will indieate whethar ebsorbtion

is necaessary or not.

3. 4 slight aifficultyarisos if the answer to equ. (3.3d)
bescomes positive, because the result not only removes thse
Jth term but also reduces the ith term by one litersl. It
is not nacesaary to readjust the cardinality bscouse thisg
would shift the present ith term to some other Space

causinz & repz2at operatlion almost egeln from this point,
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4. When the result of the O0R0P becores 1, the mein
progrenme searches for further 4uD operation in the
POL. If no such operator exists the final result becomes
one, In ecase of any further .iiD operation the result
devictes from unity. Thess are clear from the following

equationss
A + A = 1 (3.8)

1 + (terms resulting from ORing)
=1 (3.3)

1.(terms resulting from ALDing)
= terms resulting from A.Dinz ' (3.10)

ixpression such as eqn (3.2) represents the logical
behaviour of the gysten input-outout relation., The

following section presents the interpretation of this as

probability relationship.

3,7 PROBABILITY BKPRAS.ION FROU UOX:

So fer the UOI expression has been derived purely
from the point of view of loglcal infornation flow fron
source to sink. If probebility is to be obteined from

tnis, certain modifioction may be nece:sary.

Heny published work and clgorithms (5,118) exist
to convert a Boolean function to a suiteble expression

to feollitate probability evaluation,
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10 appreciate the effect of thiils consider the

3oo0lsen exXpré.csion obtained for the tree of fig. 3.2.

Z = AD + BCD
This funetion ie plofted on a Karnaugh map in fig. 3.6,
This mep has been reinterpreted ss8 probebility map in
the referaence (118) whore 4,3,C, D rapresent the basic
events with individual probshilities of occurrence q,,9)

q, end qg while probabilities of nonoeecurrence being

P.s Dyps ©tC. On this basls probebility of the top event

7z from fig. 3.6 is the probability of the sum of the
events -y to E5.
P [2] = P[By] + P[Ey] +...4 P[3,] (3.11)
where events i, to i from fig, 3.% bacomes
= 4,3,C.D
B, = A.,3.C.D.
Ex = A.B.CeDs
pe A.B.C.D.
= A.B.C.D.

Oon substitution of the respective probability velue
into eqn. {3.11) one obteine

P(Z) = quPpPolg * 1a0pPaly + IPpd,95 + La%h%edq

+ paqbqoqd (30 12 )
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Jquation (3.12) 1s the cennonicel forr of the original
Boolean expression of (3.2). Disedventege of this is
that it contiins meximum number of disjoint terms end
requires more menory. Gince all the terme have to be
expanded with respsct to the other time required for
solution will el®o be high. Graphical technique used

by Hurley is limited to & meximum of 3 basic events whieh

is fairly small.

On closer scrutinisation of filg., 3.6 it 18 noticed

that the event J4 occurs twice in the terms AD and ACD,

An slternstive epproach will be to modify the Booleen
terme until they represent a disjoint groupin; andé yet
evoiding either the canoniecel forw or subtraction of ths

corr.on erea, The objective is to achieve this by maximum

aumber of term, and one of the possibilities in tiis case

is to group 4y o J3. 54 and ES’ This would

chenge 2 %o
AD + ABCD
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7 w A8 ¢ A.de‘.i)o (3-13)

RAquetion (3.13) represents a valid alternatives to the
full cenonicel form ziven by eqn. (3.11).

So fer two published work (5,7) are evellable whiok
neve considered the &v0ve problems through alsorithrie
approach. These itwo algorithms are raviewed eritically

here which will be followed by the author's rodifications



Aggarwal's iethod (5)3
This method consists of rewrdti:; the 3o0o0lemn

function in an asceuding order of caxdinelity, First
term 1s taken @s it is, the second term is expanded
about veriasbles w ich have occuraed in first but not in
second, and thus this term is rewritten such that it ig
disjoint with the first term, Then the third term is
teken to convert into disjoint with raepact to all

previous terms. (These are already disjoint), The nrocess
ig repecated till all terms are over,

&n exarple is considered to illustrete term disjointing

procedurs, consider the 3oolsan function

Z = AB + CD (3.14)

dxpending CD over 4B
CD(A + 3) = ACD + aCD

Step 13
Step 23 Check wheth:r terms of step 1 are disjoint

with respect to AB. The term ACD g not disjoint.
Gtep 3% ACD (B + B) = ABCD + ABCD

Total terms at the end of 3rd step are
4B + A3BCD + ABCD + ACD

Step 43t  Apply absorption rule,
The term ABCD is absorbed in 43

So the final disjoint terme of 2Z gre

% = AB + ACD + AKCD
(3.15)
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Author's Comment:
The method 1is straight forward, If there are n

terms in ¢ dJoolean function this approech nceds a minirum
of 1 +...+ n=1 disjointing attempts, !ajor flaw

in this cese is the reproduction of = logicel redundent
term resulting in the enplicetion of sone absorbtion rule.

Thie needs more time as well es memory,

Bennett's Approsch (7)3
This approuch utilisec a theoren and gives 2 batier

procedure which can be ilmplemented in the computer to

convert terms into disjoint,

The theorem states that any two coanjunctive terms
T1 and T2 will meke a disjolnt grouping if their exists
at least one litersl in T1 wiiose complement ocowrs in
Tz' A generelised -rocedure 18 riven below ,
Procedurs: If ?1 end Tj are two ternes whoss relative
complement T, = '1‘1/':‘J ig defined by a nonoupty set
(x1,x2....,xn), then the cbove terms ean be counverted

into a collection of dinjoint terms with the help of the
following expansion.

Z = Tl r TJ
If the term Ti containg more literals than IJ’ it is
posaible that mors tarws may be generated through the
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ebove process., Therefores, while implementing this procedurs
it is neceesary to chack the terms for i{ts cardinality,

Bquation (3.2) is ueed to illustrate this

Z e BCD ¢+ AD
'1‘1 = BCD
Ta = 4D
Reletive complement i.e. T,/T, is (BC). Applying the
above procedure one can get
2 = BCD + BAD + 3CAD (3.17)

If terme are interchanged to makets

relative complement of T,/T, bscomes (4). So disjoint
torne are,

%2 = AD + ABOD (3.18)

Both ths eqns. (3.17) and (3.18) are valid diejoint
expression, but eqn, (3.18) la preferrable for loast

number of op:rations and memory,
In brief Benaetia elgorith: for disjoint terna is

given below:

1, Reed the given UOIL, total nimber of terms = N

2 I = 1
% Jd = I + 1
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4. Salact Ith term T(I)

Se Seleet Jth term I(J)

6. 4Lre T(I), T(J) disjoint ? If yes goto 7
If not goto 8

7. J = J+l. Go to 3.

8. Apply disjoint process, position any addiiional
terms according to the cardinality and up date N,
Goto 7.

9. Is J greater them I 7 If yes goto 10
If not goto 5.

10, I = I+41

11, Is I greeter than (li=1) ?., If yes print out the
terms aend stop. If not goto 3.

Author's comment:
The strength of the above algorithm lies on the ease

of computerisation to convert the teruws of an UGOX into
mutuelly exclusive bused on the expansion process, which
pekes the elgorithm more useful compered to Aggerwal’s,
However, this alZorithm requires morec memory and time

as indlicated by step 10, besczuse it is possible to
inorement I by en emount wnich is egqual to the literals
present in the conplement of Ti and T;' since all

terms oreeted by the above process will be disjoint,

After the generation of the additionel terms in the step

8, when these are rearrenged acoording to their cardinelity,

there i8 & ohence that a particular term may be missed
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where s

= rate of depsrture to higher load
= vrate of departure to lower load
= varieble locd

= gliven load level,

HNCI‘

b

Feult tree for the system of fig, 3.8a is shown

in the fig. 3.8b. Fellure to meat the load at bus 3

nes been sgelected as the top event. [The fault tree
of the zbove figure is constructed based on the fcilure

mode of the systen. Overload status of sither a line

or a generator has also been considered here es a
foilure mede for the gdven equipment. It ie to be noted
here that the state of overloed of en equiprment is
assumed to be a randonm event, though this depends on
gvstem load and other equipment state, For example when
B exoceeds certein value, the state of

the load on bus

the line may change from normal to overlead given the

other line is In & state of forced outsge. This cen

pe stated mathemetically a8

p(1line 2 gote overloaded |line 3 is out)

92

- P(LY Xy) (3.20)

The tree of fig 3.8b is read in the computer to give

an rpe a8

; = AB AND(2)AS AiD(2)BP AND(2)OR(3)CD AND(2)

c

G Anp(2 )DH AND(2) OR(4) (3.21)
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Since the syoterm ldad flow is obvious under contingeney,
for & glven load, some values of ths above Ixpe can be
eosigned zero after ihe coryresponding UOL is obtudined.
ihe resulting UVI from the conputer output is

7 = A3+ A2 + BF +CD + CG + DU (3.22)

Gepnerator, lne and load data for the system of
fiz. 3.8e 48 iven in the teble 3.3, Three load lovels
ere considered as (1) less then 10 U¥, (2)vetween 10 LW
and 20 i, (3) liere than 20 kW, Frow the system confi-
fon 1t can be seen thet overloading of lines and

gureat

generators axe not posible for the cese 1 emnd hence

2, F,G end H are made zero in the equation (3,22).

Alcoritm of disjoint events is then applied to obtain

the probebility ¥
case (2) when generator B (oes to foreed outage state

adad.

het thies loed cennct be met. For the

generstor A gets overlo

DA3LE 3.3  SYSLL DAIA

Generator A Uenerator B Line ¢ Line D
1x107%  o05x107t 1x107% 2z 907t
4x 1072 4.5x 1072  0.15 0.2

10 MW 20 uw 20 kv 20 Mw

Feilure rate
Repair rate
Cepacity

Feilure and repalr rates are expressed per hour,



axoept for thi
e 8 no other equipment cezn get overloaded
b 8 re £ loa . e
renge of load, Therefore, LH,0 and H will
continu
e to be gero and the nrobabllity of event F
be obtained from the eque. (3.20). Only when 1 -
. en loed
exceed 4
8 20 , €l of the equipment cen go to overl
orload

atate, Frobebllity val
ues of 2 eand 1}
oed are listed

ip Teblo 3.4. Fieal disjointed events ore
- ]

lloBfl F UP _.Jd’ .';‘ ','T 1 i "y

Ioad level P(L) P(Z )::10':5
L < 10 MW 0.003 0. 3506

10 < L < 20 0.430 47.469938

L > 20 0.567 235,68463

b = AB + AﬁE + EBF + K.'B.C.D. +* -A-UBQCODI? o AEGDE

+ N

o4 .;':. ":).UQDQ.FOHD

Bus Interconnected Power Systemi
1ocio wise rodiel and interconnected systems
1 are

axcept that for thelatter case 1
oad

Threse

almoet taenticals
+ obvious end prior atudies of loasd flo
we

flow is no
w11l only reve

one such mode

a1 some of the additional failure mogd
_ _—

w ioh 18 not eonsidered in the nrevy
, ous

54

ﬁ.C.'ﬁ.G. + -A—.B.G,ﬁ.i.(}. + A.‘ﬁ.c.ﬁ.ﬁ G. + E 3 E
RS LE 4 .D.H.

+ A.B.C.DJE.He
(3.23)
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different load ranges,

TABLS 3,6 PROBABILITY OF TOP BVANT

Probability of top event x 10->

load level

L <10 Lw 0.3306
10 <L < 20 49.26€85

L 2 <0 240.613400

An exhaustive stste-probability computations are

never atterpted to essees powar syctem reliability,
ginee it hes been essumed thet similtenaous contingency

more then two does uoi contribute significantly to the

#1101 probability value. However, tor greater accuracy
when ell the states pre considered the memory requirs-

utation time becomes prohibitive even

mont and com:
In fault tree analysis

for small sigze power syster.
one needs to find out only the minimol cut-sets ang
henca con utation timo and mewory requirerment are areatly

reduced without 8
age & mechaniesd way of formins o fault

yple, wiich 8 vicwwd WU ¢ slirong point

cerificing sccuracy.

At this et

tree i noT posd
a cnelystt, as nonmachcnisation

gmongzst the fault tre
intimate feel sbout 2 rfaflure modap

in feet leondo to @
ryater et errore, 0.0 ti
of tro ~ouezrned EYI1I%e urt ere, 0:2¢ tha faylt



tree ie mneratsd for a 8ystem, miior alterstiong "

needed when the syster expansion takes plage,

3¢9 COuCLUSIOIISS

The chapter hes described & procedure fop anelysing
the fault tree structure, considered to be a combina.

torial lo:ic network to produce o corresponding 3oolean
exrregsion. It has further shown how thig exXpression

can be interpreted as s rrobability relationship after
g simple disjeintness teet. 4&n improvag &1zorithn hag
been proposed here which requirec leas WBROYy :nd 1p
faoter. To the author's knowledse thiz is the f£2rgt
sttempt to tackle power system reliebility rroblem through
fault tree aunalysis, It 18 poscidbls to use this techni que
to find the probablility of not meeting tle 19ag at each

bue of & multinede nower syster,
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uli SICURITY TIROUGH PATT MmN

Chepter-IV  POWiR SY3
R2COGLIZIOL SCIVI JUZSs

4.1 L TRODUCTIONS
Reco mition 1s re erded a8 2 bhagie attribute of human

bedin~s, 28 well as other living organisms, pattern may

be regorded as & quantitative deseription of an objcet
411 1iving bodies perform acts of recognition ot every

instant of their waking Hves, Ihey recognise the objects

eround them end ect in reletion to them, Human bein- is

a very sophistloated information processor, partly because
it poesesses e superior pettern recognition capabilities,
rattern reco:anition concents are being lacreesingly

recoonised as &b important facior in the desipn of modern

,piged information systemg, Interest in this ares

corput:
1g still growing at & rapid rate, havin- bean » subjeet

of 4 nterdiseiplinary study and research in the flelds
of engineerings ptotistice, physies, linguisties, psychology,
nedicine, meteorclogys eta.
3asically when the buman mind perceives g pattern
i+ mokes en 4niuctive infercznce end as ociates thig

spal cOXe ts or clues which it hag derived

with some (BR
paﬂt experienoe. Thus probler of pattern

om 1 ¢
fr we regarded as one of discriminating the

comition may
roee Lot between individuel pabierns but between

datas
inmput o seareh for features Or invariant attri.

classes via 5

) s of a population.
o the mombel’s pop
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ihis chapter decls with the genoral techrique
s of

the patteru recognition after defining this probl
em

formelly through nenatical models. It then
zoes to
review soma technlques of genereting decision suxf
ace
cos up four difforent methods for compering thei
elr

1

and teal

guitebility €2 r :cognise power system patterms

okl RECOGL ITIONe

V@THODOL)GY OF PAT
'1.e study of pettern recosnition probleme is the

eopy and technigues for the dasign

4.2

developrent of t
cepedie OF parforming a given recognition

gcific gpplication. The concepts for aut
Qe

gnition depend on how the pattern
ised and defined. When a pattern

of devioces

task for & BP

metic patters reco
classes &re ghurocter
arrctu
all of 1t& memberes the desi

In cese the pattern class exhibits

oneapte

propertYu

,rised bY comnon properties shared by

clacs i8 ob
gn may be besed on the common

property €
the deeign may bs based on this

elustering
o description of any system or

an be treaved & 8 point inEuclidian space

Basically @

object znd ©
rty coneep®e!

2 CIBEE Of

orties whie

patterns ia characterisad by
n zpe shared by the individusl

cation can be caerried out by pmceaﬂing

- TheBo cormon properties may bhe
the couputer: yhen an unknown pettern is
n '
{48 features are exirected and
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then compzred with the stored features. "he recogniti
or

Bohane will classify the new pattsrn as belonzing to the

pattern clase of siluilar features,

Clusterin; Coneceptat
In meny cases the lndividuel member of pattern

cleps tends to cluster eround some point. Depending

whether the clusters ore distinetly spaeed apert in the

overlepped near the boundary, Various

pattern spece Or
techniques cen pe used to classify the patierns to roelative

1t 18 evident that the methods used for the

clasees.
o of clusters sxe simpler.

formex tyr
The basic deeign concent of automatie patterm

n se describaed above may be implemented through

recognitio
This is based on claasification

mathematical gpproachs
rmuletaed meking use of common property

rules which are f0
Thie spproach 1is subdivided inte

end clustering concepts.
two categories! jeterministic end statisticel. ©he formep
aprnroach is paged on 8 nothematieal frame work which 200s
not employ the statistioal properties of the coneermeq
Tterotive techniques based on mingmyp._

pattem classess
ve function are the exarple of this

tion of certuld objeotl
gp tne gtetistical approach 18 formulated ang

typea. where

derived using ¥
bﬁﬂed on tha

optimu” claogifier when pProbability

. Bgat15t1°al proporties of the patterng
Jayes elassificction ruj,

mis rule y‘ieldt.‘ an
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density fusction (pdf) of each pattern clase and pro=-

bability of its occurrence are known,

llathematicel Formuletion Of The Problemnt
et £ end Y be Ny end N, number of patterns
belonzing respectively to classes a:1 and w2 in

n.dimensional 3uclidien Space. Ths problsn of pattern
recneuition 18 to device a surface S{(x) whieh will

esengrate these +wo clesses in some optimal senee, Given
an unknown D

able to cetegdr

attern in the seme 8pace the surfaece will be

i1ge it into thke rroper class. The clasgi-

7icetion 18 pased on the following lozlies

> 0 % belongs to @,
(4.1)

s(x) {
¢ 0 X Dbelongs to @,

onie probles oon b extended for multiclass situstions by

couputdng gurfcoes 0 sistinguish class 1 from class J

a8 given belows
5¢3 x) = Si(z) - 53(3.) (4.2)

for j 6% 1.2,3!" ’u

1 #13

y ie the total number of clesses,

gni‘t ion rroe
above formulation it i@ clear that bagically

au8t

pettern iec0
prow the

ots - (1) daveloping decision surface as

4t hos tWO aspe



evident from ogne. (4.1) or (4.2), (2) using it. ‘the
al recoonition occurs in the use of the rule, The
fined in the training process by the labelled

acou
nottern is de

sorples, In mathematicel patiern recognition, a ~iven

rule ehould be able 40 classify a pattern quickly, alth
’ ough
considerable time may be required to derive the decisio
Yo

rule. These gtoges of the pattern recognition, as described

rbove, cen be

block disgrematic ap
nyuical systen pattern

perforued gsequencially. PFigure 4.1 givee a
proech to this problem. From & given
g gre obtaeined either throush meem

p
auca;ont by means of certain sensing devices or getting
them trrough computer simulation. Ihis set of raw data

is termed s psasurenent Bpace, that i8 a pattern sample
alues of all the mezsurerents, corres

given by specific ¥

to & point {n t:io 8y aoe. Pettern space may be

ponds
ament Space or may require soms stoges

.1 to peasur

{dentic:
ing or may be a subset of the measursrent

of preprocesﬂ

BpoCS
led &8 characteriset ion

are geisction, Given a pattern, before

or fect
~nde oconcerning this, 1t is always

any decision con
sonvendent and pecessary 0 convert the patiern intoc a
The

get of fea;ureB-

geotures, thus salected, ars of

i ch contain sufficient inforrmetion to

Lower dimensios ™
cory claseification. These features are

perform autisfac
veriables X ,



FIG. 4.1
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RECOGNITION
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g 18 called the pattern vector. Thus the cheract
X 8risce

tion problem can be Btated simply as findin- x feat
from g which attribute more towerds the classi;icationures
of the pattern. This mey aleo be viewed as a mapping
problem froi raasurenent space to feature space with a view
to reducing t¢he dimension end helping clesoification,

In & supgrvisod clessification, some patterns te
rrad
ore selected from each of the imown

gs labelled pamples
Phe decislol
thase 1ebelled outplif.

, purf-ce i.o. the cleseifier is

clacs8s.
This nrocess i8 known

trained by

as sbatraction.
pretation of the problem is axcead

coometricol inter

je but il]_uatrative no shown in figs, 4.2 to 4.5

ingly eimp

In case t91°

nearly sepsarabls, the decision

classes &r¢ ¥
othorwise this will be & non-linear

be 1ineery

surface cep
ewlise 1inssre

gurfece, OF piec
Case I
In this cuse aach cles® 1e 1inesrly eepcrable from
the other BY & oingle surface & ghown in fig. 4.3. For
t
sxmipley 1T 52 uknown vyactor % = (xq+ %)% causes
.y ¢ @ end :&Q))Otmnmiﬂbelo
5, (x) <O 542 ——
claﬁ'ﬂ wz‘
Cgoe 11! ”
45 cose 950 ass 18 Uneerly separable from
Sl ?!‘é%é'-'-ll (combi
¢ raquireﬂ ¢ nation of M olassss

1638
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teken eny two et a time) decision surfaces. Advanta
. 82e of

thie is that indeterminent orea i8 very much reduced fr
om

the previous ON8. Aquetion (4.2) represents these type
of surfoces.

in figo 405 the two claﬁBeB of patterns exye not
In such cassgs the decision aurfaces

linesrly seperable.
are eithsr nonlinear OT
soion foTr theee decls

piecewise 1linear. General

ion surfaces are given ae

expre
t:=
or
n n

4.3 ¥ i
A host of gechniques ostly heuristic sre avaflable
in the pattarn reco«nition J4terature. Soma of these are
reviewed critically'in .0 subsequent pages.
peoision Surfacd py LinesTt progran (71,84,32,115)¢
1inesr progr amning mathods, guarentee the optimality
of tha given 1ine function. This has been applied for
115) sherein, only 8 siviels sat of

g
static cases (38
a _ gven ond in dynamic caze (71) wherein

o3

ctors
ve ed by the current one,

pattern
that asimplex algoxrdthm een

108



n

finimies I wx, +v
l 11 - A | Io ' 2 b

subject to:

b + J J
1 + - J J
T (wi - "1) xy £ =b 1f xj belongs to w
i=0 2

where b i8 an arbltrary positive number,

Commrants

This technique has been applied Buccessfully for
clessifying vectors which may not be linearly S8eparable
dowever, comnutetion time here is mueh more compared to

the other techuiques of linear classifiers as the number

of pattern vectorse are nuch more than the dimension of

Furtherwore, this tecluuique has to store the

the vectors.
simplex teblean requirdng thereby additional memory,

Polynomial piecriminent Function (106):
This is & mothod of determining nonlinear surfaces
which ie besed on Bayes' decision rule. 1Ihis has avoided
storsge and large amount of mathematlical operations ag
required by othe However, the
estimation of probab

veeotor belonging 4o certalin
sunction which 18 required to poesess & Bpheriesl

» method using Bayes ' rule,
114ty density function for the sample

clecsg 18 brsed on an inter-

polation
symretirye.

10
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In this thesis, however, the nonlinear surfeces

ere ger reted by usinz eertaln orthonormal functions

whieh produces the weight vector in much simpler way

Potenticl Function Approcch (29,37,40,42,72,88,95);
Potentiel function hes been used for linear clesgifie
: r

cucoessfully when the classes are linearly separable, Thi
. 8

hes also been exvended to overlapping clesses when used
Decision funetion is

along with stetisticel approaches.
Prineipal diffi-

made to chenge as the training preceeds.
culties ere the selsction of proper potential fuyction and

corputetional aifficulties when epplied to a large set of

labelled samplaB.
Stetisticsl spproach (23,37,40,72,30,102,113,120):
In classical pettern recognition problems this has

been usad extensively. lostly the decision surfaces are
Beyes! minimex and Naymen-Pearson

generegted by using
Tt i8 esoumed that probabllity of occurrence

gtratezies.

of each class is known, eng the conditional pdf of g

g either known or esiimated, In

pattern given & class 1
most of the cesss 1t results in & lineer or nonlinear

sion surface without going into iterative process.
roach is suitable for overlapping patterns.

104,110,114,121 )3

deci
This app

Iinear Decision runection (73,935,
This is & relatively simole epproceh derived from

perception glgorithm. The various methods

the pionzering
decision function differ from the

belonging to linea¥



point of view of definingz proper performance eriterin
Sacause of the recursive rolstion of the wairht vectc;
this method requiree lecst storege and convergin. rotes
of this approach can be controlled through certain PEr e

meter. The meti:ods work at thoir best oaly for 1linesrl
exrLy

sepcreble oclasges.
Four powerful toehniques have been selected hare

for deteiled study in determining their suitability in

recognising power systeu patterns. The necessary nathemae

tical treatrents ere given in the following section

4.4 DEIERMINISTIC APPROACIHS
If it is nossible to oblain a nedimensional weight

veotor which will male the eqn. (4.3) grocter then zero
for a set of veotor X belonging to @, and less then zero

for the other vectors of class &, then the vectors are
gald to be congintent. In such cases iterative procedure
ng welght vaeetore =re invariably used, In

of determini
the ebove cpse the patiern belonzing to clased, may be

multipited by % to make

for 8ll X (4.5)

ght and pettern vactows respec-

where w and X 0©¥8 weol
If there &re altogeth:r N number of mbttern
ning to either of the two classes the eqn.(4.5)

wx 20,

tivelyo
vectors belo
may be restated o8



b
-
™D

n

P 0 Wy 20
(4.6)

X, 4

for i= 1' Zgao’-'

where
Wy = Jth alenent of vector u
X4 jth alerent of 1th pattern vector -9

nere Algorithms
nd 1ts veriatione oonverge when

&«

Lo: gt loen

The perceptron
jderation 8re gaparable by the

ges undeér cong
deacivion gurface.
e al'orithms 8
gomat ime® wond
rly separable.

classes ere 13149%
pithm derived {n this sectlon, in eddition

the clas
In nonseparable situation
]

Bpeciiied
h0w9v9r, thest mly OBCillﬂtea for & large
arse whether or not the

training set on?

1'he al.;or
onverse?

g for sepa:ahle clessas, aleo pointe

t8 operation thet the classes under

to being €

parly geparables if this 1s

16 unique faature wakes this zl-orithm

aratiod ol not 140

pe cesee

conald

ausifier design.

indeed ¥
petiern? el

tool
(4,6) 1 ay b2 written

a valuable

(4.7)

n matrix who B8

where :
pattern veetor,
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an li=dimension vactor with poaitive

lo

elenents only.

W = (n+1)=dinension weight vector

Consider the eriterion function.

J szll.‘-:f.z-.;llg (4.8)

gnitude of the vector (Xw - b).

jnimum values whenaver aqn,

{ndic: 1386 the ma

ion achievad 4te m

where J

The funct
(4:7) 18 gatisfied.
o average or m2
with respect to W end b

eritorion runation 18 esctueally

proportional t en of the squere error.

J

e gradient °F

i
& - (12-% Gk
%% i (3-—;«.}3) (4.10)
4 ined minimun of J means
Since ¥ i° not constrd
(4.11)
Pall ' % B ) = 0
. (4.12)
or " —}'.# p
where?
2 2
F - T U
b -
gﬂneralisad jnvarsed of £
g’ o meend " geecont procedure of
on the otnerhﬂnd gich ¥ genoting toration counts
typo



blk+1) = b(k) + 8b(k) o
.13

where 4ith cowmnonent of the vector ob(k) is

(x w(k) - b(k)), 20 if (aef w(k) > b, (x))
a, (k) = t 1
0 if (x w(k) < b, (x))
(4.14)

The above expression ccn be compactly written in vector

form by
op(k) = ¢ (X (k) - pl) + |X w(k) - 2() |) (4.15)

where ¢ 38 @ positive sealer constant.
(4,12) end (4.13) one can zet

Frow €Qqnte
ulket) = b o b(k+1)
1 ((x) + gb(x))
x# k) + x ¥ (k)
- u(x) + ¥ gh(k) (4.16)
(4.17)

retting &(k) = % w(e) - (k)
raprecents the error ct kth iterction.
then formed which oan be used

a]_gorithm 1“
o final welght veoctor.

succeseivaly o find t!



1.

3e

4.

De

6.

Ta

8.

Fe

10.

kaica

Read the augrented pattern veclors balonzing to

the troindng cat of clesees 0, end Wy Head

tha slenente of the vector D

Obt in the generalised inverse for the pattern

metrix  Ze

n count to D8 1 i.06. k=1,

Assumnd jteratio

w(k) and _e_(k) fron the following

Calculnte

ctor gnd b &8 in the following

axpre? -

LY (a(x) + | <))
) oo (gl + 12D
nent of erraor vector are

= 3k

check ¥ the
gative 1f ye®f goto g, If not goto 8.
negé
Check whether erro¥t yactor 18 Lithin o tolerable
et
limit I pot roto £. 1f yes oto 10
1enping. Step the
ges are over
Pettern cl
1 rOffZ (e e t
int oloht vaotor end call exite
Pr

<N



ddaptive Linsar Clascifier:s
ihe deteils of the adaption algorithm ape best

brought to light through introducing the concepts of
pattern error and pattern error funetion, Assume that
en observer is presented with a two~catecory pattern

clessification problem and for each category @, there

ere N, labelled samples. The norametsrs of the

clascifier must be obtainable throush these Semrples,

As a first step, it wight be assumed thut g per-

foctly adapted classifier would give sore number b,

a8 & desired output for euch sample in Wy+ The classifier

can echieve this only 1f the set of squation

‘w = D (4.18)

P>

are consistent. Here b 1is a vector whose first 31

N 9
components sre B, and next I, components ave b..
The matrix X° is given by
K
1

=1

-t

(4.19)

l:«x
- ale o

r&;.




where X, 18 (i, x n) wnatrix whose rows correspond

to the nattern vectors from®,.
matrix J‘_it, i{n fact, represent augrented pattern vectors

very rows of the

If eqn. (4.18) is not consistent, then the pattern error

hes to be definad. dLhe error of the jth pattern belonging

to 1 is defined here as

. (4.20)

where 3
Fal
3y = Jth row of ggt belonging to cleass Wy
et f J(_e_ £ denotes a pattern error funetion
defined for the Jth pattern of class (- Then mean

error function of the sanmple patterns may be defined as

M

1 2
= Z : £
b =T ak g W (4.21)

o search for an optimum welzght vector the

Tn order ¢
(4.21) Lo minimised by gradient

errvor function of ©qn.
4n the dirsction of negetive gradient

method. Loving
of h{w) omve gots

wlke1) = g@(k) = v nu(k)) (4.22)

gye chosen %0 gelect upon the beat
onvergsnce and stabilise the

1ue Vhi{w) apnroaches

ggveral values of M
value whieh pooelorete the ¢

algorithm. Near the optimum va

Z@T0e



andure the succesas of this method the funet
ction

io
h(w) w©ust possese tie following propertys
Given two distinct (n+1) dimensional vector
&
end ¥, for whiaeh -

vh(wg ) = vh(w,) = O

it must be true that

hiwy) = n(w,) = min
1 2 min  (hlw)) (4.23)

for all W

g ~ondition & yoctor for which vhiw) = O

Under thi
will minimise h.

7o sinplify ¢ o notet
N1+ H2

jon define h(w) by

1
e— z

n(g) = . £ -
(ﬂ iy + iy 381 J(Ej ! bj) (4-24)

L

a (n+) dirensional row vector and

is
yhe above function will possess

where Zj

b:] ore real aumbere s

the property mentioned in eqt. (4.23) 1£3

(a) all fd(g) axre T0

gor all resl 2
o continuously dairferantiable,

al valued functim defined

(b) all fj(g) ar
for all real 8
(e) rJ () 48 concove upward

1.8



i<

the error of the clescifier with that patiern as the

input. Various vulues of A from the renge of 0 <
<
mex g, P

heve been tried to arrive at an opt imum,

4.5 ST, .ISTICAL APPROACHS

In the previous article the decision surfuce consjie

dered is a hyperplens. In many realigtie situations tha

pattern cleassees ere overlenping which causa the previous
approech to t:ke more trials, and sometimes time require-

ments are exceedingly high. In contrast to the dig.

adventoge of the deterministic approeceh in the statistical
approach it is not necessary to consider linear 8eparc-

bility of the input patterans, yeot an optimal recognition

can be obteined.
tue name implies, 1t takes the help of the

stetistical properties of the patterns in order to errive

at a classification scheme. This 18 optimal in the gense

that on an evereze basise, 1t has the lowest probability

of committing clessificetion errors.

onee agein without loss of generality only twow

class problex 1s considered., The conditional density
functions and epriori probabilities of the two olasses are

essumad to bs Known.



Beyes Decision Rules
Ist x be a pattern veetor which is to be claspiftieq

A decinlon rule siumply based on probabilities may be

writton asi
o
(4.28)

p(@ fx) A p(0,l ) —>x ¢ {

o

The aposteriori probabilities p(® [X) may be calculatea
from the apriorl probebilities P(oi) and econditionsal

pdf P(&l‘oi)n using Bayea' theoram,

pzlo,) P(@;)
p(® lx) = ;%5) i 4 29)

Since P(x) is comuon %0 both sides of inequality or

(4.28), the ebove docision rule can be expressed as

. €4
palog) 2] % plog) 2= a  (430)
or
@, ) p(0,) &
pely. 2 > 5—{ (4.31)
P(W, ) Wy

1(g) =

P(.’_"wz)
s ealled the 1ikelyhood ratic and s the
nypothesis testing. The term P(®,)/P(w, )
uye of the 1ikelyhood ratio for the

omes convenient to express
atio rather than as given

decision rule becomes

The term 1(x) i
basic guentity in

is the threshold val

decision. Sometime 1t bag

nogative logerithm likelyhood r

in equn. (4.31). In that case the
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)
N

- In 1(x) == p(xley) + 10 r&
)+ pley) $in B(ag)/Py)

¢
—x €
sz (4.32)

The direction of {nequality chinges because of the

negzative Bi e

1t mey be noted thet the Bayes' deeision rule giv
en

(4.23) is nothing HOTE then the implerentation

in eqn.

of decicion funetion

5, (x) = pleloy) By =12 (4.33)

ern X is agosiuned t
pettern s,(x) ? SJ(.%) gor 211 J ¥ 1. An expression

alent to €qhe
o of plgley) oF P(w,) is obtained upon

(4.23) into eqn. (4.33). Thus,

where a pett o class®, if for that

which is equiv (4-33) but doeg not require

explioit xmowledg

gubatitution of the eqlle
s,(x) = p(wyl2) v(x) Gz
liowevery pinee P(;) does not depend on i, 4t nay be
dron 9d, vielding e dacialon canctions:
(4.35)

-‘31(5) = P(wi’l )
(4.33) end (4.35) provide two aslternative

Both equal fons
P X'O'blah .

proacn to tna @@

but equimlant ap
el patterns?

~attern wvactors are

Bayes' Clagsifier For oXT
Ir it

normally di gtributed,



natrix k_,:‘ » then the nultivaricge normal den

it
tion bacomss ¥y funcw

p(x| } s 1

= 7 oxp(= 4 (x = )t o1
(En)n/"[cij/z 7@-5) g & -m))

(4.36)
where s
By = %)
_(:',1 = I ((25 - _1)t (.‘-‘S - 21)) (4.37)
ICq| = det(gy)
From the generated patierns the eqn. (4.37) can be
estimgted es
1 fi for i
m, = . N 5 or n1,2 .oy
=) —‘.—1- ) 1J - n
1 ‘:ji v t - mt
L= B™ g 30 Zig =B Iy (4.38)

The comerience metrix is positive semidefinite ang
symmetrie, With known density funetion from eqn, (4,36 )
eqn. (4.33) can be used es a clessifying eriterion. Since
eqn. (4.36) involves exponentisl term, logarithm version

i8 more sultsble for the decision funection. Thus, the

new decision function becores

8y(z) = 1n (pQzfwg) P(og) ) (4.39)
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On substituting eqn. (4.36) in the ubove equation, one
i *

- oo
2ve

0y

S,(x) = 1n P(&) - § 1n 2n - % ¢,
-3 (@-n)b ] G-m))

for 1 = 1,2 (4.40)

It is possible to remove the second term in the above

expression without chenzin the discriminating capacity

of tie surface and if the covarianes matrices of voth

the clesses ere identical, eal. (4,40) mey be simplified

as

s, =B+ £ BTy ()

ce is & hyperplans. For two-claces

The above surfa
wnetion 312(x) is ziven as

problem decision £

5y,(x) = 10 (A) ext ot (@ - m)

1 % 1 4 1
PNl S R (4.42)

wherel

A = P(, )/ )
power systens,

In many real situations, such as
r all the

g matrices are not identical fo

govarianc
elasees. This brings about & change in the axpression
Por the clegses Wy and wJ the

of the decision surface.



decision surface then becomasg

S;4&) = 1n kil -4 o 2%

1
2 rrarakag BT Tty
z(wJ) c 7 & Byl &y Q:‘EJ)

- %’ (x - Ql)t e (z - E&)

where s

£ = inverege of the covariance motrix C.

The surface given im the eqn.(4.43) ie a hyper.
quadratiec and may be expreceed as a funetion of pettern

voctor as given belows

Sp3(x) = Wy * g ko Tk v L L oWy oxox,

Ws are the eleuents of the wei_ht vector in the weight
spaoce. <Theee eleugnts ean be ccloulated directly frgp

the labelled patverns' statistics.

1 7 5d i
W = T B = B !

ks 14240098

n
Mo = 5 () (5 + W) dom (5«41

k = 1’2’.Q'n.



- 4 J J 4
P (( 51 * Oy - (}‘lzl * xik”

k= 1,2’00.11

n n
w,.= I L 2 +n (&
00 =,y oy ‘T 5 (4.45)

wheres

;%1 = element of the matrix X belonzing to eclass 4
and correspond to lkth row end 1lth colurm,

A = .r»(wi )/P((JJ )

B o= (legl/ley1)'/2

Bstimation Of Probebility Density Functions

In nany occesaions pdf 1is not lmown and nceds to

be estimated through the  ettern vectors, If S(;_:lwi)

represents the estimation of p(x|w; ), this must then

minimise the mean sguare error funotion defined as
A 2
R o= f u(x) (pzle)e= pl0) ) (4.46)

X

where &
u(x) = weighting funotion

Expanding the estimete of conditionel pdf in e series

A ® al
Bzl ) = 351 cy Ay &) (4.47)
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av a get
of basis funetions, Substitution of eqn. (4.47) in

eqn. (4.46) yields

1
Where Cj are to be detemmined, end q‘)J(_Jg)

R = J u(x) (1@(5!‘«01)--!;El
i J

: 3
' 3 @3(1))2 dx (4.472)

The coefficient C,'; should be deternined such that R
is minimised, A noecessary condition for this ise

F S

i, (4.48)
ks 1,2,i0,10
The result of the partiasl differentistion becomes
% ot
= %G iu(z)ff’;(y ¢, (&) dx
= J{u(xJ ¢ (x) plz|w) dx (4.43)

The right hand side of eqn. (4.43) clearly indicates that
1t 1is the expacted veolue of the function u(x)¢k(;) and
thie nmay be epproximeted by the ssunle average, ylelding

[ @) ) plal dax § 5 wE)P(s)  (4.50)
5 =

Substituting eqn. (4.50) in eqn. (4.49) end knowing
that the basis functions ars orthogonal with respeet to

weighting functim u(x) one zots

N
ci - 1,1 1}:1 u(z, )P, (&) (4.51)
.I’( X2

k = 1.2,...,]11
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A
ppondix C brings out the detalls of orthonormal end

orthogonel functions. Farther, if the basis functions

are chosen to Dbe orthonormal /o
g) does not depend on k it can be

becores unity for 21l

x. 4nd since u(Zz

alimineted without impering diseriminating power of th
2

So one gete 1inally

coefficients.
1 1
G‘ = T " ¢\(§_ )
. Vi 2= (4.52)

k = 1,2'oo,m

The successful applicction of the pdf and the

coafficient ¢ 4is bssed onr two considerations. Firstly
t 4

apt in nind that the gquality of approxime-

it siould be
for o choten set ©
It ie difficu
only through ¢risle one establishes

tion, ¢ busis functions, depends on

+he number De

epriori the velne .

+hie velue, such a8 jnereasing the va

1t in goneral to establish

11e of m until a
gatisfectory discrimination i ochiaved.

guitable ghoice 0
a epriori xnowledge ©
the basis functions ere purely

¢ basis functions are

Sacond 1Y,
f the conditional

to be made . Sine

£ does not €.18%

pd

chosen from the point of viow of eir simolicity of

implementatiod 23 roweinlis .ptrnonormel in the range of
crom thip anglo it is

the seuple petterit. Viewinsg

mite polynomiala
they are particul

noted that, Her cerve a8 good orthoonal
arly easy %o epply

basis functions as
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(v

end their rezion of ortiogonality is the interval

(==, ), In the one dimensioual case thase functions

given by the Iollowin; recursive relation

2re g
I (x) = 2% B, (x) + 2k I}, x
&.'.1 Hk .\'-1( ) = 0 (4.53)
for k21
with
Hocx) w 4 ond H1(x) = 2X
From a Ziven set of orthonormal funections of

gingle verisble 1.e. ( () ¢2(x)...) over the
o) a complete eystem of multiveriable

unctions cen be annily zenerated. Typieal
ziven below:

interval (=
orthonorral ;4

exemple for & two-variable cas@ is
¢y (xg0%2) a <ty () Py (xz)

P, xqe%p) = F1 (%) Fp (xp)

@3(11 vaz) '&2(&' ) ¢1 (12)

CP4(X1,32) -sz(;\'..') 4’2(12)
o b, (x,) P30

© 5% vXp)
(4.54)

n of the above procedure for n

A1l that 1s needed,
ns from ons

The extensio
ght forwird.

veriable oase 18 strai
qroups of 1 functio

45 to multiply togsther
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Veriable set efter proper substitution of tle varjahles

X4y Xpp ees 1% The resulting nevariasble functions

.1,',1 : 4,2 - 4’:1 cre orthonorial., Idrexanple the followe

ing five basis functions are given as a function of four

varieblase.

b,(x) =1 - Bylxy) Hy(xy) 8, (z5) Hy(x,)
(Pz(a) = 224 = Hﬂ(x1) Ho(xz) Ho(x3) H,(x4)

pylz) = 225 = Hy(xg) 1ig () Hy(x5) Hy(x,)

¢74(?_5) = 2%, =
P5(z) = 2%y = Hy(xq) By(xp) B (xq) H(x))

Ho (x4 ) 1y (=p) By(x3) Hy(x,)

(4.55)

where s
4’1@) = CP1(31332:1%3354)
It should be made clear that there is nothing unique

about the order in which the ebove terme are formed, Any
peirwise combination 1s gecentable for any P(x). Depend-

ing on this, terms of 8gi. (4.55) maybe made nonlinear

also.
Thhs the density funetion for classw, can be

written as

Hy : )
=1 —T’T e by(z) ¢y Ll

LIRS |

';)(xlui) =



i
kth pattern vector belonzing to class 1

> =

‘his leads to the decl
cision surface 54 (x) as

506 § m “1 (ﬁ
g)- E T )¢(x)-w(w)x1 R
Je=1 i uﬂ 1e1 IJ :;.:1

¢, ¢,&)
(4.57)

the values of the basis functions

After gubstituting
ion surfzce may be exp—

from oan.(4.55) the above decls
@8 a nonline&r function as gl

n-1 »n
L
Yoo * ’* o Skt Ey getnt 4 LT (4.56)

von belows

Tha welight vactor ¥ = (Woo! Wapr**? "ot W20 Wigree ¥ q) )
W1

is obtained from the following relationss

Yo = K1 P(94) = B2 R(,) (4.58)
for k=1
for k = 2,3...’ n+1
1 = 1,2,..' n
Wy ° 4,0 (3k1 P(w1) - Byo P(“‘z)) (4.60)
k = n#..-. a X)-1

for



i= 1’2|o.’ Neq

J - 2’3"-,11

where s

1 ol
g = = LoP(k,1)
k1l I 121 '

for k= 1,2’00'11,0-, %n(n"")

1 = 1,2 1.2. two clessss

total patterns

N =

with P (1,1) = 1.0
P(x,i) = x4

for k = 2,10.11"1
i= 1’2’rn, N

J e 1,2’ vopll

cb(k,i) = x”. xi’(j“)

for k=

J = 1.2’0l' n""

b1

4,6 PATTERI _RiCOGIITION -

n+2,io' % n(n—-1)

'O 1OW.s

132

SYSTRHS e

The reliability of preseut d.y large end interconnegteq pouﬁg

system is a complex funetion of unocertainty® of load, rangom

aquipment fallure, cost consideration and eorplation daoye

of new facilitles.

In order for the system Operator ¢o
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teke relizbility consecious operational deeision it is

necoosary to develop effective ani fot mean +o P
ge

the current state of power system, Pattern recomition

techiiques can be effectively adopted for tuds purpose,
sinee these techniques possess certain attractive feotures
unatteinaocle by the previous methods described in the
earlier chapters. Lost of thefinformation needed, in this
connaction, are obtained t:irough numerous off-line atudies,

In practice, the operator always atterpts to naintain
the syster in the normel operstin; state as disturbsnces
might cause the system to go Iinto an undesirable emergency

In the previous chaptier it has been mentiocned that

security evaluation requires some indicators., The indi.

cator could be represented by one or more decision criteris
#
same as the decision funetions gziven in eqan. (4.1). These,

in the nower syster lterature, have besn termed as security

functions.
Power syetem operet.on is striotly governed by
alectrical network equations, fThe flow pattern depends

on the load and the generetion.

gonerated power (reactive as wsll es active) and bus
It is evident that

Usually line flowa,

voltazes pose definite constraints.
the larger the set of disiturbances mors stringont will

be the security stendard, Thus, a series of seourity
functions, i.e. one for sach coutingency, can show the

type of insecurity, such as low voltage, overloeded lines,

overloedad generators, etc. and cean be instrumental in

deciding the type of security controla.



Some questions which often appears in the mind

of system operators and planners ayes

1. Is the stata of a power system securs 7
2. Does e disturbance result in insecurity ?

3. Is it possible to distinguish & kver deficient

syster from a normel one ?

It is clear that each of the above snd several other

similar questions have two answer3. The elassifier ie

designed to provide the two snswers. Thus security

anelysis can be viewed as a two-cless pattern recognition
problem,

Determination Of Security Functions
In ord-r to obtain the security funetions, a trein.

ing set of various operating conditions must be availadle,

Bach operating condition or state is specified by various

variebles such as injection ~owere, loads, generation

powe:'s, line flows, voliage rammitudes and angles, The

varisbles ere detcrmined by computations or msasurements,

An operating condition 1s termed as a pattern, All

variebles deseribing e given operating condition constitute
the go: ponent of the psttern vector X = (x,,xz,...xn)t.
An ideal training set would include in 1t all concelvable

patterns, which cover the whole spectrum of the systen

operating conditions, Ioad flow studies in thie cese

hes been made sevaral times under different contingencies

134



a8
nd load levels to 3Zenerate and lebel the tr inji
a ng set,

The n
umber of veriablss (components) constituting

B pe
pattern or a stete of a power systen can be very

large, ‘ md
ge In pattern recosnition it is enough to determin
ermine

relatively smeller numbsr of varialles wileh wi 1 be
distinetive for each of the two clesses of ratterns
Thus the atterns, which esuentlally are points in .
suclidisn space, mey not be used coumpletely for treining

the classifier. Some components of thase patterns may
a

heve eall the necessary features for correct classifi
Coim

tion. Some two dimensionel points =re shown in the fi
S

4.6 giving their projection
elong x, and X, oxes, It

can be seen that the points along x; axis are sufficj
ent

for clessifying these patterns, The inforration Avin
; , (4

by points in X, axis do not contribute anything towards

claessification,
The result of the off-line studies are scemned to

decide certain important veriables based on engineering

judgement., In this thesis a suitable subset of the ma,
tidimensional pattern vecior hes been chosen gs the

faature vector.
4.7 REVIZW OF POWER SYSTEM LITBRATURE USING PALPRRIN

T30HLTIOUS S

RECOGNITION
90 far as the lmowledge of the present authop goas

only a few publications (6,16,24,26,56) have appeared

(O]

-

A
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gttemptin: to solve power systom securily through the

nathodology of pattern recognition. Out of these
bt v

pofercnces (16,24456) deel with the transient securit
y

of powsr systems. In this section these are reviewad

cri tic Gllyo

pang end ZL-ibled's Approach (24)3

The main contribution of this peper le to demonstrat
e

the feasibility of applyinz pattern recognition technique

to security ponitoring., Furtharmore, it ventures into
the verious applications of security functions in on-line
oreratlons. Routine ontimal dispateh end fast transient
Btability'calculations have been used herefor pattern

Security functl
que and leesst squere method., ‘Thile

gencretion. ons have been calculated by
optimal ssarch technl

at optimal searel
the former takes more t¥ime compared

agresing th will be better than the

least squaxr® me thod,
to the direot (probabilistic) method proposed in this

the present autho

gy such 88 jdentiricat
It is strongly felt thet

thesis. ¢ does not agreas with one of

t1.a finding
gncy DY security

ion of type of conting-

functionse.

this would roguire enunersble trialo.

pawey 's ~pproacs (9038
¥ain gontribution of this pepe¥ is the training of

clapsifier through linear nrogramming.

af linear discriminant function ocud be eccaptad for very
If pattern

Author's clzim

ygtar operet’on.

1i¢mited caced of powsr B
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gencretions are rele.ively faw in nunber and both the

clesses are quite apart from each other, then only

linear security function boeome Successful. Furthermore
t 4

for thecse cases more efficient al jorithm such as the

propossd edeptive linear clessifier, is existing, Classi

ficotion problem becorss truly complex when patterng of

either cless are gensrated very close to the sacurity
Under such situation it has baen found that

surfacs,
ar progranring

the classes overlep near the boundary so 1line
becomes useless unless it is bein: used to genereate piece

wise linear security function. Same teelmique has been

used in the roference (26).

Tepeo's ipproach (16)3
lasicelly thie pepser is devoted to assess fust
iiethodologzies are essentially

treznsient stabllity studies,
Security fumctions in this casge are

same as the sbove.
The

generated by perceptron and least square algorithms,
paper concludes thet the perceptron slprithm is superior

to the other one, giving 100 percent claessification

This paper aleng with the previous one have

efficiency.
selected a sub set of the main pattern vactor as the

feature vector.
Main contribution of this papar is the alzorithm

used for the selection of the sanplos in the training

Using this elgorithm serples near the bound ary can

set,
be selected and a good cla sifier can be obtained,



However, 1t eppears thet there is one dissdvantese to

this iterative procedure of training. Ons of the
require-

ments of ths successful couvergence of any itersti
Ve

trainin~ is thet the atarting point should be sufficient]
g

eloser the final point wiich is baing sought. It me:nsg

initial eeparating eurfece betweon the clasees must be

ecloger to the final or the optimum surface. Apparently

the paper does not provide with any criterion for selectin
g

the initiel training set.
LZCOGIILION T30 TJUES

4.8 Cu»:Pz.-.m&’IVﬁ SLuUBY OF ATPE .
48 APPLISD QU POMAR LYSTIIS

The 6=-bus power system used eczrlier in the second
chapter has becn used to illustrete and compare all the
four methods outlined above. 3ix step load levels have
oad bus.

a- umed that the neak at

(~

been essumed for cach 1 For the worsc case
analysis further it hae been

1, bus oeccure gimiltaneously.
g have been congidered and for each of such

saot In 211 6% i.e. 126
load level

load level, 1
Thus inc

1 equipment outages are teken into consi-
juding the normal case load flow for
umher of load flow caleculations

on time is nearly 12,36 hours,

deration.

each load level total 1

are 19,552. Total comnutatl

Total power demand

eotive generatlon at slack bus,
total active and rea

rhase angle of gach bus,

senoretion at each generating

reactive
active and resactive

bus,
ctive losages,

loasses in aach line,
aotive

voltags ab a:oh bus,
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Pows  reserve, rsactive power Teserve, for hoth 1}
he

senoretin; ousss ere the componentsof the nattern vogt
2otor

which are evolueted for all of the above mentioned 1
oad

+ ' .
flow corpu:ations. From the above mentionsd ecorponent
‘ nts

of a pattern veotor soms fecturss ' ave been selactad +
o

train, finally, the eclessifier. The training sat fop
the eclecsifier is ghown in the teble 4.1, The number gf

features used in this study is five, It ig felt that

this numbcr should not be too large and yet largs snough

to ensure good representation of the petterms. 4s g

rule of thumb, this number is selected to be in the

neighbourhood of the number of genercting buses, The

number could be incresased or decreased depending on the

system, the nature of the problem aund the outcome of the

sgcurity functions, In this example the fastures gelectad

ere given in the table 4.2.
Usin; these features decision surfaees are found by

2ll the four methods., Out of total sarple patteams

gonerated, 200 samples, which are closer to the deeision
surfzea, ore selected to train the clessifier. It is

further to be noted that a system anal &t, who knows
intimetely his systew can effectively raduce eample size
by discarding states correspond to nigh load, 8tringest
contingencien aend light loed, light continzencies. It
will considorably reduce the off-lins computation tims,



F3 u g VLK;L*}RD LV J‘..{,..I-aL.G SET

TASLE 4.1
PGiA GRA PLOSS v, 2
1.941 0.6771 0.1554 1.04 0,025
1.6937 0.6212 0,2062 1.036 -0.032
1.4349 0.5614 0.2650 1.031 -0.039
1.1648 0.4982 0. 3351 1.027 =0, 046
0.5892 0.3597 0.5107 1,017 ~0.060
0.2830 0.2843 0.6163 1.012 ~0.067
0.1251 0.2450 0.6748 1.01 ~0.070
1.4316 0.5605 0.2683 1.03 -0,036
1. 1665 0.4365 0.3334 1.029 ~0,043
0,8900 0.4333 0.4093 1.024 ~0,043
0.6016 0.3638 0.4383 1.013 -0, 056
0.3010 0.2903 0, 5989 1,015 -0,063
0,.8788 0.4361 0.4211 1.026 -0.046
0,5956 0.3688 0.5043 1,022 -0,053
0. 3004 0.2371 0.5335 1,017 ~0,060
0.2786 0.2828 0,6213 1.013 -0.057
0. 1288 0.2462 0.6711 1,016 =0,060
2.9269 043061 0.0%30 1.059 ~0, 000
2.8225 0.8642 0.0771 1,055 -0,003
2,6073 0.8191 0, 0326 1,051 -0,012
2.3818 0. 7706 0.1181 1,047 -G
0.6914 0.1757 1.041 -0.023

2,0242
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Contd. .
1.6426 9.6042 0.2573 1.034 ~0,039
1.2360 0.5086 0.363) 1.027 ~0.043
0.3505 0.4401 0. 4434 1023 -0.056
0.6531 0.3677 0. 5468 1.018 ~0.063
0.3434 0.2311 0.6565 1,013 -0.070
2.2454 0. 7384 0. 1545 1.042 ~0,020
2.0031 0.6843 0. 1368 1.037 -0.027
1.7516 0.6272 0.2483 1.033 -0.034
1.3548 0.5343 0, 3451 1.026 -0,044
0.9300 0.4333 0.4699 1.019 ~0.054
0.4776 0.3229 0.6223 1,012 ~0.065
2,020 0.6300 0.1738 1.040 -0,024
— 0.6345 0.2262 1,035 0. 031
1.3633 0.5444 0.3166 1.028 -0,041
0. €70 0. 4456 0.4323 1.022 -0.051
0.9695 0.2338 0.6304 1,012 -QD65
0.050 0.2202 0.7493 1.004 «~0,072
1.6519 0.6073 0.2480 1,035 -0.031
0.8436 0.4178 0.4563 1,021 -~0,051
T 0.2717 0.7121 1.009 ~0,063
» sl 0.4519 0.4142 1.026 ~0,045
0.7040 0. 3646 94253 1,024 ~aache

0.2361 0,6556 1.01 -0, 066
0.1045 ‘

0.5459 0.5%22 1.021 =0,052

0.5477



Contd..

0.4013
0.2531
0.1011
2.6863
2.5782
2.4676
1.7501
1.2177
0.1734
0.0117
2.1376
1.5773
0. 7385
0.1165
1.8473
1.0598
0.4759
0.0038
1,2070
0.6462
0,0350
0,6470
0.0482
02.4775

0.3106
0.2743
0.2370
0.0321
0.8034
0.7856
0. 6267
0.5025
0.2478
0.2072
0.7225
0,5824
0.3328
0,2288
0.6457
0.4632
0.3213
0.2046
0.4320
0. 3654
0.2150
0. 3656
0.2194
0. 7891

0.538

0. 6486
0.6338
0.1136
0.1217
0.1323
0.2498
0.3822
0.7265
0,7882
0.2023
0, 3226
0.5614
0.7834
0.2526
0.4401
0,6240
0.7361
0, 3296
0.5537
0.7643
0. 5523
0,757
0.1224

1.019
1.016
1.014
1.053
1,051
1.043
1.03

1.028
1.012
1.00)
1,041
1.030
1,016
1.006
1.037
1.023
1.014
1.006
1028
1.019
1.003
4,021
1,011
1.05

=0,055
~0.062
-0,062
-0.008
~0.011
=0.0147
-~0,0%34
-0,048
~0.072
-0,076
-0,013
-0.036
~0.057
-0, 071
0,026
-0,047
-0,061
~0,071
-0.040
~0,054
-0, 068
«0,051
-0,065
«0.011



contde. .

0.0805
2.5440
1.4501
0.1206
2.5281
0. 1031
2.0654
0,0856
-2, 2552
-0, 1874
~0, 1398
=0,2553
-0.9433
-0.1132
-0,2981
~0,2143
-0, 2688
-0 ,.3826
-1,1319%
-2.3%2
~0,0742
-0.3680
-0,5687
0o 5333

042301
0.7360
05533
0,2302
0.7227
0.2263
0.6218
0.2185
=0, 5484
0.1408
0.1700
0.1448
-0.0846
0,0178
0.1172
0.1584
0. 1403
0.1157
-0.1538
-0, 5608
0.1313
0.1073
0,0537
0.0766

0.7134
0.1553
0.3498
0.7793
0.1718
0.7308
0,2345
0.8143
3,0552
0.3874
0,8338
0,8553
1.5437
0.8132
0.3381
0.8147
0, 8638
0,8826
1.,6915
3,032

0.7742
0,9680
1.0687
0.9399

1.012
1.048
1.028
1.006
1.048
1,006
1.038
1.005
0.836
1.003
1,0115
1,005
0,264
1,004
0,387
1.007
1,01
1,004
0.959
0.833
1,007
0.982
4,001
1.003

-0,072
-0,010
«0,040
-0,071
-0,009
-0,071
~0,024
-0,072
~0,261
-0.084
~0,076
-0, 083
~-0.138
-0,076
~0,004
-0, 081
-0.076
-0, 085
-0, 144
-0.,26

~0.073
-0.0%0
«~0, 087
~0,086



contd..
-0.0535  0.1388 0. 7535 1.009 ~0.069
~2,5833  =0.6177 3,0833 0.843 ~0,260
-0.5637 0,0687 0.6337 1.009 -0,078
~0.7491 0.0202 1.0431 1,008 —0.080
-0.7314 0.0261 1.0314 1,001 -0.088
.01.8120 =0.3340 2,112 0.947 -0.157
~0.5386 0.0771 0.9386 1.004 ~0.077
-0, 5875 0.0608 0.3875 0.989 -0.084
-0.8479 -0.0126 1.1473 1.0 -0,087
-2.139 -0. 4496 2.399 0.939 -0, 164
-0,0121 0.2126 0.7121 1.01 -0,07
=0, 1735 0.1721 0.773% 1.007 0,074
-0.3383 0. 1305 0.8363 1,005 -0.078
-2.5578 -0.6032 3,0578 0.844 ~0.264
~0.5131 0.0856 0.9131 1908 -0.073
-0.5082 0.0872 0,9082 1,009 -0.073
-1.4626 -0,2308 1.8626 0,954 -0.150
_0.3275 0.1419 0.8275 1,007 ~0,074
_0.4926 0.03%4 0.8326 1.009 -0,078
_p.7158  =0.6416 71158 LR ~Be25k
_0.779 0.0173 1.079 1,009 -0,078
_o.6808 00500 0, 9808 1.002 0,079
_q.p187  =0.32% 2, 1187 . T
0. 1700 0.7739 1.011 ~0.067

-0.1799

‘49



contd..
~0.5015 0, 0834 0.9015 1.007 0,075
-2.9279  =0,7059 3.2273 0,844 ~0.265
-1,003 -0.0634 1. 3003 1,01 0,074
~-0.8763  -0,0087 1.0763 1.008 ~0,079
~2.2427  ~0.4642 2.4427 0.938 ~0.163
0.0203 0.2103 0. 7730 1.009 0,077
~1.9557  =0.4485 2,7557 0.8639 -0.254
~0,2203 0. 1296 1. 0209 0.931 -0.102
~0.2813 0,1033 1.0819 1.0 -0, 088
-0,19339 0. 1520 0.8939 1.008 ~0. 080
-0, 7347 -0, 0282 1.434 0. 968 ~0.132
-0, 0047 0.2017 0.8047 1,004 ~0.076
-0,0732 0. 1922 0. 7732 1,008 ~0.079
~2.1280  =0.4326 2,828 0.866 ~0,261
~0.2946 0. 1184 0. 3346 0.971 ~0.103
~0, 1386 0.1704 0,8386 1.005 -0.084
~0.2785 0.1238 0.3785 1.001 ~0,087
-0. 1001 0. 1832 0.8001 1.009 ~-0.079
-0,0860  0.1873 0. 7560 1807 ~0.081
-0.6558  =0.0019 1.3558 0370 ~0. 131
-0.0805  0,1838 0. 7805 1005 ~0R07T
~2,3262  -0.5587 3.0262 0.839 -0.264
-0,2976 0.1174 0.9376 0 e B
0.2037 0. 7386 1.009 s ElS

-0.038

‘46



contd. .
~0. 1393 0.1502 0.899 1.004 ~0.084
-0.2172 0.1575 0.8172 1.009 -0.073
-0.0537 0.1387 0.7537 1,011 -0.075
-0,2080 0.1606 0.8080 1.006 -0.082
~0.8343  =0.064 1.484 0.65 ~0.137
~0.2004 0.1631 0.8004 1.007 -0,074
_2.4242  =0.578 3.024 0.842 -0,263
-0.3530 0.1103 0.959 0. 982 ~-0.094
-0,3263 0.1345 0.8263 1. 007 -0, 081
-0.1610 0.1763 0,7610 1,01 ~0.077
-0,4820 0.0826 0.9820 1. 001 -0.087
~0.3531 0. 1256 0.8531 1.009 -0.079
-0.3614 0. 1228 0.8614 1.004 -0.084
-1.1517 ~0.1405 1. 6517 0.98 ~0. 143
-0.1530 0. 1656 0.8530 1.007 ~0.079
-0.5615 0.0234 1,2615 0.997 -0.091
~0.1619 0.1626 0,8613 1.007 -0.081
-0.8106 -0,0935 1.5106 0.967 «0:133
-0.,0468 0.1877 0.8468 1.004 -0.075
_o.278  =0.5563 3.078 0,836 ~0.258
~0.1413 0.1695 0.8413 1,007 -0, 081
~0.2663 0.1412 0,8663 1.006 -0.082
0.1634 0.8537 1.004 ~0,075



contde. .
~0.5115 0.0728 1.0115 1.010 ~0,078
-1.2885 -0, 1861 1.7883 0,357 ~0.145
~0.28932 0.1335 0.8832 1.004 -0,075
~2.43Ti -0.5330 3.0871 0.841 -0.257
~0.6791 0,0163 1.1721 1.000 -0.088
~0.4360 0.0273 0.2360 1.004 ~0.075
~0,8081 0.0006 1,1081 1.007 -0.081
-0, 3543 0. 0850 1.1543 1.001 -0, 086
-0.29314 0.1328 0.8714 1.005 -0.084
-1.0364 ~0. 1154 1.6364 0. 962 ~0. 139
-0,2653 0.1415 0.8653 1,007 ~0,081
-0.0541 0.1852 0.8541 1,004 ~0.074
-1.0175 «0. 1091 1.6175 0.963 ~0.139
~0. 3307 0.03937 0.3307 1.009 ~0.078
~-0.4277 0. 1007 0.9277 1.004 -0, 085
-0,2446 0. 1484 0.8446 1,008 -0, 079
2.7545 0.8548 0.045 1.054 -0, 008
2,8537 0.8766 0.040 1.056 ~0, 005
2.6469 0.8323 0.053 1.052 -0.011
2,536 0.8083 0.0631 1,050 -0.014
2.4241 0. 7847 0.0758 1,046 0,018
2.3089 0.75% 0,031 1,046 -0.021
0.7337 0. 1088 1.044 -0,024

2.1312

148



contd. .
2,070 0. 7063 0.1291 1.042
1.9478 0.6732 0. 1521 1.04
1.8221 0. 6507 0. 1778 1.028
1.6937 0. 6212 0.2062 1.035
1.5625 0.5308 0.2374 1.033
1.4286 0.5535 0.271% 1.031
0.2518 0.2733 0,648 1.013
0.03 0.233 0. 7630 1.01
2.410 Je 7800 00,0838 1.046
2,235 0.7552 0.1041 1.044
2.17838 0.7236 0,1211 1.042
2,0592 0,.7030 0.1407 1.040
1.9363 0.6756 0.1630 1.038
1.8111 0,6473 0,168 1.036
1.4187 0. 5562 0.2812 1.029
1.0025 0.4575 0.3374 1.022
0. 7091 0.3863 0.4308 1.017
0.2456 0.2718 0.6543 1.010
0,2315 0. 7152 1.007

0.0847

-0, 027
-0.030
~0. 034
~0.0357
~0. 041
~0.044
~0.072
~0,075
~0,0156
~0.018
=0, 022
-0,025
~0,023
~0,032
-0,042
~0.052
~0.059
~0.070
-0.073

.43
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.a.':JLQ 4.2 Fi TURSS ScSLCTude

Nixed Contingsncy PGRA,

GRA, PLOSS, V,y &

Iine 1-6 out PGRA, PLOSS, 85, Bxs Oy
Line 5-6 out PGRA, PLOS3, 8y» By B
ILine 2-3 out PGRA, PL0s5y 854 O ¥
Line 3=4 out PGRA, PLOS5S, 85y 623, 3
Iine 1-2 out PGRA, PILOSps Byg Bsgr 9
Line 2-6 out PGRA, PIO5S, 35, d3r g
Line 4-5 out PGRA, PLOSS, 24 P 2
kvar Difficiency QGRa, PILOSS, 85y V3, Vs
PGRA = Active generation ressrve at slack bus,
QGRA = ﬁeactive generation reserve at slack bus.
PLG SSee Total active powar trensmisaion loss,
v, = 4th bus voltags.
o, =  ithbus phase angle.

= 8 - Bj
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Finally, a test set of petterns is generzted to
detormine the performence of ti 2 eclassifiers., It is

seen uow mich of misclaessifications are made by the

classifiers. It is to be noted that misclassification

of secure pattern to insecurs is not as much dengerous

e insecure being clessgifled a8 sscurea,. Teble 4.3
brings out all these for different me thods.

RESULLE O CLasSSINLARS?

TJ&.BI}E "-3
Treining Lethod 1 2 7 4
lic. of mig~  Inseoure 18 4 27 6
cla:sified
Petterns 2
out of Sacure 4 12 17 15
200 samples

Total 42 15 44 21

= e

reroent 2

correct = . 1% 89.5

1t is clearly noted in 8ll the methods except lio. 3

g is nore miaclassizied then the insecure.

in method 3 tho pattern voctors axe

This 18 becnuse
ed normally which may not be a

umed to be diatribut
!bblﬁ "o 3
4 ovar othsr8 from the point

asg
2l80 indicetes the

proposition.

corxrect
£ mathods 2 ol

superiority o

of view of overall

gl ion end least pore

parcentess eoLr
The above methods

sclassification.
puter gtorage, Colbe

Tha reoult

centa’® of inpacurse mi
4 on the basls of coOF

nleo comp are
n efficiency atce

are
claﬂsificatio

putatiOn time,



=
I
0

bei
ng indiceted in ta.le 4.4 which confirns the findi
ng

of table 4. W
ble 3. In pows: system it is expected that th
i 5

pattern classes would overlap near the boundary
e 1his

fact is confirmed by the study. Therefore method 4 §
g

the best for a power system,

It tekss only o fraetion of a secoud to classify

any unlnown state by the decision surface, Thus the

present techunique can conveuiently be used on-ling at
a

definite interval to adjudge the real time security of
the power system end thereby aiding the operator to take

the operating decision,

Peble 4.4 PERFORIANCI COLPARISON OF FOUR KITHODS:

Method 1 Method 2 lethod 3 Method 4

-

Iterative Iterative Dirsct Direct

1. ZType

2, Time to compute
decision function 5.8 nmis
for 200 training

3.3 mts 5 nte 2.4 mts

gcmples
3. Computer storage 2500 1300 3000 1450
44 Classificetion
gfficiency for 79 per- 32 per- 78 per~- 83,5 pe
nonoverlapping cen<, cent cant geﬁz
samples
Classification Does not Does not 68 per- 85 payn.
convergs cent cant

5
afficlency for OvV= gouverge
erlepping clasaes




4.9 APPLICATION OF %i.8 DCISIOL FULCTIONS

AB mentioned e

teclmique to aessess security of power system is alread
y

established (16,24 ) wherein it is confirmed that off-1lin
~-line

corputation needs more time, wnich can be offset to &

lerge eXtent 1f the gen rated dcielcn surface 15 used

to cerry out sore epecific off-1line plenninz study. In

section it has been used 1t
an atterpt is made to combine

this o sense kver deficlency

and, for th
probabllity of co

e firet time,
ntingency and decision surface to clve e

zlobal security of eny powar syster,

Tocal kver Injections
puring the operatliic history of powor systeuws several
ons aorlse whan Kvar

This is br

daficiency hecoras

occassi
ought about in terns of

rominont.
ltage fluetustion fo
gmpted in the past bY
gau (2} 1B this thaois it hoe

yow Yol cen be ug

yvery much P
r several buses, This

wide renginZ vo
roblem nas baen att paris (12) and
ently bY Sevule
in Chapter Ix

ne s&me pro0lelis

P
very rec
peen shown ed in attempt-

ing to anlve t

nerated certain jeh 1s proportional

index wh
ent of 1low voltage sxpari-

This

Paris £°
to energy eurtailment in the oV

enced DY any bu
x is found out ¥

clues of I
¢ is clesar from

tingencied.
finelly, depend ing

asction 18 fo:md

g unde?® certain con
inde or a1l puses and
on the Vv ndex naw xvar 1nd

out. A8 -

the above this mathod naads to

erlier on-line use of pattern rscognition

153



solv ng-
e many loed flow problems for all probable conting
o ) e
caclcs and for each coutingenoy the s e 18 repeated
2 eate

for v ™
, erious partiel loed levels. Thus total computati

| ion

work includinz the finel capacitor evaluation bzeomss

almost prohibitive. As ezeinst this the decis on surface

already generated for otl.r purposes, can be used ¢
o
ccloulate kvar requirement at some specific buses, thus
L4

sherins the consuuption of off-line time amongst them

For illustraeting t is hypothasis previously utilised

6-bus power system lias Dbeen cousidered egain. The deci

5 surface obiained by the method 4 is applied to

sio
Following steps briefly describes

tackle this problemn,

the oompuzational logieo:

1. Store the decision surfece genereted by the method

4 i.e. :‘D(.._:)l
solve load flow problem under the jiven operating

2.
condit on.

x, Check the valué of S(x). If it is positive stop. If
tpe value comes out to be negative goto step 4.

tivity matrix find approximately the

4. Using sensi
£ ranotive reschdduling or loeal reac

requirenent o
tive injection ot

tnm brings out the
power injection for different probable

B‘bep 2.
This algori requirerent, if necessary
: ]

of local reoactive
om this the best value is chosan

gystel conditions. Fr

"04



for the required bus, Thig enelysia, lixe the one

the chapter II ofr this thests, oo e rea th
VLRIITTn no

presented in
0., 5) requiring locnl reactive

gome busaes (lio, 3 and
injeetion. The required values to be Switched op

powe
HVAR end 25,0 uvar

to the bus 3 emd bus 5 are 10.5
respectively, These volues are quite comperable with

the figure already obtained in Cheapter II,

Global Security Indexs
Security of power gystiem has been 89sessed both from

the point of view of ludices and pattern reocgnition
technique. ZThe quentity Q used in Patton's Security
function (43) hes alresdy been modified by thig author to

calculate local security index, which after suitabie COMtim
The eriterts

bination gives the global security index,
used to compute security index are line and generator

overloading voltage belng used separately for VsI,
Thus Petton's model or weighting factor proposed by the
present suthor cannot sense the system security in totality,
True picture of global security index cen emerge if the
earlier proposed security function roplaces the breach of

seeurity criterion, beceuse thae security function oan
With the help of

sense the total health of the system.

security function it 1s possible to clesclfy the state
Thus the global

of power systems in & Jlobal sensg.

pecurity index is formulated a8
(4.61)

GuSeI. = £ pi.s(;)
i



1]
5 )

whores
o(z) = Security function
P.t = 1th state probability,

A 8implified flow chart is precented in fig, 4.7 for

security assesament. Principal festurs of this Proposi-
tion is that it avoids the use of mulitiple indices to
assess powsr system security, and unlike other indfees
method, 1t requires less commutation time as number of
load flow celculetion ie carried out only ones in outer
loop., The global security index as obtoinad by this
method is shown in table 4.5. The lower value of seourity

figure of column 2 as compared to that of table 2,5 ig
due to probability of a contingency appeere once in the

present formulation unlike the security.

TABLE 4,5 GLOBAL S3CURIZY TiDEX3

Globel Security index x 10“‘3

Tota% loead
level 1in p.u. -
Total generation Bxtra (1.0+30,2
g added to bug 4.5)1’ e

(3.1430.9) p.u.
0.8+J0.16 0.0 0.0
1.2+30.24 0.0 0.0
1.6430.32 0.243 0.0
1.9+30.38 0.286 0.0
2,0+J0.40 0.421 0.0
2.5+J0, 50 1.602 0.009
2,8+30.56 1. 739 0.009
3. 1430.62 1,751 0.009
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FIG. 4.7

FLOW CHART FOR COMBINED PATTERN RECOGNITION
AND SECURITY INDEX METHOD .
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where it appears uore ti
o then once durin
g summation of lo
cal

Last colunni of both the tables are identicel
This mey be

sscurity.
exeept the lest three entries in table 4.5

due to reduction in bus voltaj e which is not eccounted

for in the secupity index model.,

4.10 COLCLUSION 3
Deterrinistic and stotistical anproaches to pattern

recopnition techniques &re ptudied in deteil and their

parforman

eyatem patter
on Deyes' risk with estimated pdf is found to be the

suitable for power systems. The decision surface cen
1ine security assessment o8 well as

ces based on thelr power to recognise power

ne sre compered. Statistical technique based

most

be usad both for on=-
problens thereby offeetting the ofi-

off-line plannins
1line computation vime.
decision function bas

enuify the quantun end
kver deficlent power seystem. Finally
»

- ed on the above approach ls

uged to id
re quiren-.ent fo
a rodifled formul
xed out which fo

WOoT,
pattern rocognition ap

r o
ation oI & globval gpecurity index is

r the first time 1inks indices end

proaches.

location of kvar injection
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CILAPY SReV CO..CLOSIONS
5.1 CULCLUSIQNS

This thesis hes eriticaclly examined, coump:red
; engd

developed three apnroaches to power syster secupit
’ ¥y

asgeceient viz., security indices through liarkovian

épproach, fault tre: enalysis emd pattern recogniti
- on

technique.

For use 1n system reliability studies e 3-Btate
reliabllity model is developad which takss into account

the risk that & etandby gonerator may fail to start

Iwo security iundices, LSI end VSI which are a
distinet improvereat over rPatton's security index have bean
developed in this thesis -« LSI based on critérion of
meoting the load demend end VSI on regquirerient of voltage
level. LISI can account for both local and zlobal
security with due co.rective action tirough load shedd.

ing under contingency. The global LSI 18 infact a
lineecrly related combinetion of local Ls5Xa, V3I is to
be eveluated after LSI snd is found to be meaningful

only from the local point of view.

Avaluetion of ecbove indices requires repeated load
flow studies undor varlous contingencies and load
sheddinz wherever noceosary. Sensitivity metrix is

cdopted for rescheduling of recctive power to Improve
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Volt.. -o

rofile wy - contxn,&;ency. Lotest techaique of
“BCOUN1Sd load flows tre omploysd to COpe with the
large nw yor of ctudies nsee sary; 4ue Tequired sepgy.
Uvity -tri: 1g avalucte

tarough dirges nard.,

.28 bean developed
in; ang regotive roscheduling,

o

lon

9ad sheqg.

Suiirble cx tor lorde

for 1

ihe use of =hove indices and techniques for ¢

Perati on
and plennings studies interms of expe

ngion of lings

L Eddi-
tion of new ronereting units end recetive

3oure-s ig

1llustrated throusgh e 6-bus syctems It has been found

thet locel LSI is more sengitive to line contingeroig.

while :lobal LSI is more sensitive to generetion conting.
aucles fhese foote ecan be usefully exploited in plannin g
stadies =28 hags been demounstrated tiiroush Sample 8ystem

study.

Prosent dey sccurity literature mainly uses learkovy gan
eppronoh wherein higher level fellure states are negleetey
b:ip ) -'asamd jess propable. Io this author's knowled e
tl‘i:uthesie is the first ettempt to obtain the Prabebiltyy

(dven bus by fault troe analysig,
load at & |
of not meeting

1ter simulation of tr:e has heen mage to
Suitable comp

rse pelish expression of any top event,
errive at reve

b :en trenslated into Jooluan exXpros don,

thar b°?

whieh has fur 1thm has b-an ovolved whieh converts
t

A rodified algo



the torms in UOI into mutually exclusive ones. tThi
. 8

needs les> corputation end storege compered to th
e

an.att’c approceh.
“ault tree has to be gencrated 1anunlly through
This, however, ig

jntimets xnowledge of a aysten.

€
es once a fzult tree is reedy

not & serious drewback
syotem only rinor modifications are

for an exioting

r future expension. 1he entire

needed to account fo
onstreted through e redial network

teghnique hes Desl der
load rlows wihich then is exteuded to 2 3=

not requiring

cysten re uiring joed flow solutions To determnine

wus

failude rodes under contin
~tive this thesis hes thoroughly

2810Y .

In esarch fOX altern
torn recomition technique for thelr effac-

explored pat
tive daployment in the security of power system
of a binary answer.

chniques svailable £

agsesoin’
3y a corsful study of the

in forxm
our of these were sslected

Two of theee

mﬂodﬂate
end exmzj,nad feor TH1E noint of viow,
pdptic ni two gtntistieal, The

tgchni juae ara detorl: i
conditionel pdf of

1 techadque whorein

statistice
pattern woctor ziven sacura or insecure class 18 estimated
hos been found to bo tnd ZOLE sultable. It tukes least

- miaclﬁsaification.

n tine with piniva

computatio
on tochuique can be used both

Tre peatiern recognit
28t of the

3 off-line gtudie’

ann be G« yried

w:il?

for on-line &m
out off-line. Thae use

computational work ¢



‘62

of this teclhudque hos b
dgue } een deronstrated thr
2ugh & plannin
(4

study wi 1
Yy wiorein 1% has been geinfully employed in detorry
LT 1Tiee

ing jusntum end location of kvar injoetion in kvar g
ar defi-

clont syster,
#8 compared 10 U @ indices approsch the decigi
on
surfece 0of the patter: recoxnition techuique wutilg
sag

more completle dc.a regarding tis eystem state This

fret has been utilised in proposin; a new lobal seeq it
ity
index in whieh ths weighting leetors sre obtained by
meane of the deeislon surface, thereby linkiu; the securit
3 ¥

index and rattern recomition spprozches.

while evalociion of security indices through

nroach 18 & powsrful maethod, feult treo and

_arkovian
In

pattern reeognition do offer future possibilities,
partieular the nattern recosnition technigue offers
promizging prospect for czcurity ascaserent and for aiding
the ope ztor in _sking gufelk security conscious decisionu
as pogt of the tedious corruvtation work oan be done off-
surthermore, while the first two methode are

line.
Umited to load and volt:ge security assesarent only the

pattern recog:ition technique can easlly sensa the total

nealth of thu gy tem at any time,

5.2 SCOps Full FURTL R0kt
On the 1lines of chepter 1I time dependent security

indicae con be evolved which osn then he uced for on=



line security constreined o timal loed flow,

a worthy exercise to attempt to meche

It would U
znise t$he frult tree formulation of o power systen,
LB Lantionsd earlier puttern recogunition hes wiaer

gscope for sacurlty assescrent. Work cerxrried out in this

thesie ec:n be extanded in the direction of evolviag
suitenle decision surfaces to identify the type of fault

apart from systan security, Marthorrora, work can be
ie tion of dzclsion surfices as the pow:r

done for modif
were 1s commissioned,

gysten expands and new heard

ol 51 ]
)
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APP 3. DIXwe 4y FAST LO4D FLOW
e — e L]

Aet D.C.LOAD FLOV/:
Besicelly, the a.c. loed flow tackles simultaqeoumy

ihis thesig wionte g

at these

active and reac ive .owar flows.
simplified load flow model boecause 1t is felt th

problems could be examined s8enarately thus oininising

the commutetion time, In g power 'systex.. with g high

reactance to reuistence ratio, recl and reactive power

flows cre practiczlly independent of sach other, Real

power flow in a liue is a funetion of the differance in
' the busas connscted by yhe slven iins,

prasc <. e y
while reective power flow tixrou'h 1t manly depends ou

the diffsrence of tho volteres of the same buses,

In essence the real powsr flow betw2en any two terminals

i end J 18
Wl & (A.1)
Pig = ":Zt;g' S0 gy

This formula is & simplificction of a rore complex
lationship end disregerds the recsistive coronent, It
rela
4 ¢ 1
can be farther simplified by racognigin ; that bus

olteses in s powsr System 2rs approximately 1.Q p.u,
v é

Zquetion (A.1) bacomss
(a.2)



where:
BIJ = susceptance of the 1line Joinins busges
.1 and Jo

Since sum of the real power flow at e bus is always zero

the injected power of bus k becones

o = E e Tl (2.3)

K =2,3,..91 qm = get of nodes connected node k

So long engle & 4 18 within 30 sin &4 can be
furthr aspproximated by &, .4 expregsed in radian,

Expanding and dietrivuting the summation sigm

2 1éam By & - 1g¢m Bes 6 (4.5)

Reorranzing terms in the above equation one gets

e (4.6)

for K = 2,500 8e

Equetion (A.6) s the final form of simplified active

In 011 there will be (n~1) equations

power flow mode 1.
solved by any stendard

with as rruet.  unknown wiilieh csn bo

-

(&, |



tye
nunmericel wothod,

Along with the real powo: flow, a linear reactive
power flow model hes been used while computing bus
volte @8 or reaetive rescheduling, fhe almplifying

assumptions made Yo develop this model are listed belows

1. Small difference betweon the voltage phase angle
between two adjoining buses.

2 Smaller variation in volteze compared to = nominal
volte @ of 1.0 p.u.

Reactive power injected in any bus is equal to the

sum of outgoing reective power. Thus

-, = L 4y (Vi ~ V..V Cos (&, - &,)) (4.7)

.:.eam

for k = 2'3'03,1‘1

: 2
Approzimating Cos (& =~ &) by 1 - % (& ~ &;)° ean,

(4.7) becomes

1 2
- )Ik = Vk f Bki(vk - Vi( 1 -2'(6}: - 51) ))

y 2
= V f"‘u("k'vi* 5= (& - 8)°)  (a.8)

Expressing eany bus voltege in terms of the nominal busg

volcage one getsa:

v, = v, (1+3) (4.3)

k
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‘ Mgre 5 %
S’) S J 15 8. Sn“lll fr: Ct i 01l Q3 dumin z both poei‘bi\l
- e

cnd ne_oative veluee,

; the approximated real power in the 14
} h ne

Recognis. i
k-1 a@a=
Py = Vi Vi (6= ¢/ F (4.10)
Zquetion (A.8) rey be exprecsed as
1 (p“)2
‘ ("‘011)

k .1 } £ r .
i B i 2Vy ¥y e

4n the second term of equ. (4.11) zre

o

If Vk and Vi
then this term répresents a

approxinmtod gach by Vo
ontity which ced be errroximately reco mised

elf of reative loss in all lines connected

tuip factor on left hand side a linesr

constent qu

as swmn . tion of !

to bus K. Teking

I'elati-)n in rerctive f‘loWi’r cnd volte:® is resulted.,

‘ 1
‘I}:" z % = f 3'}:1(31 "3}:) (4 12)
Thue 3, e unlnovm gquentity becomes
- ¢ z =5“,1§1
B = — 1 _
13 013
}'_.
H %1

wheret
Ay = QL = % QY = modified bus reaotive powsr

injeoctions

g uced in a conveniant way to solve

@quetion (A.13)O&n b



for the voltore v
224 ari&tiolxo Qut of the
total n o
QU

ti I A 4
onc 1r (4.13) only n~1 ere line.rly independent si;
1 nee

owor Injection for sntire nowsr

sir ction of reective

system 18 zero.

LAY IO OF SIISITIVITY I'aIRIXs

A.2 DT ail)
Theoreticaclly one can cowmpute sensitivity matrix

with help of Jacobian a8

~|
S = - J.,,_ Ju loL\fmc J—x = Jacebian (A.14)

x
Tpds would meen laversion of metrix wnd hence gquite

In this thesis as on allernative,

time conswndn;.
perimentation on the oyatem has been performed

diract ex
gmants of tha sensitivity motrix, Using

to avaluate the al
(4.13) veriation of volteges in all

buses ere computed for & aifferential change in reasctive
a nerticular bue with & view to compute

the rodel of oqh.

power injection at

voltoge to reacti
@ gensitiviiy matrix.

ants of other rows,

These
It s

chanze in ve power ratios.

conctitute one row of ¢!

repeated to cornute the elen
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APP UiDiX=B

Li/eSTALS LOLD LIODATL:
Typical load for reliability pPlannine gt

udies a-p
be modeled if followin: statistics are indiented;

1. how long the load exceeds a zdven leve)

2 the time between those periodeg,

ILe upper portion of fig, 5.1 8liows a plot of a

typicel load veriation over a period. Tha Valug X
represenis a loed level at which & partieulgp contingency
load exceeds a line ceptbility. 4s showm in tpe lower
portion of the scme flgure one cen Tropresent the flue-
tuation above and below X a5 a two-state renawa)
process., The rate of deperturs of & state ang its

gvarege durection can be estimated from any hourly load

data of a systew. For esch velue of X in g1, , 4

in percent of pesk loed two counis are nade whieh ave s

ny ¢ no, of hour for whichL(t)< X ang L(t41) > x.
Whaere L(t) 4s the loed for hour %, t= 1,2, 8760,
In other words, t!e numbor of transicions from tiggy

then' to greater than X 1s counted.
np ¢ no. of hours that L(t) > X,

; agtimate the p
From n; and n; one cun @ ate at

which loads greater than A ocour end averags duration
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of the .aigh load riod. It should bhe notad treot when

luretions are hish, the rate of occurrence should bg

interpreted es the reciprocal of the

higzh loads, rathar

“2en time betwaen
than nurbor of ocecurrence Per yaar,
lfor e »le, Table 3,1 shows tha rate for 60 nercent

of r:ak to be 1080, This velue does not roan 1080
trensitions oceur pox yoir. Jut roetier per year of time
the lord 1ic 1@59[& 4 bettor interpretation st11] may
be the aver«ge dura ion of a p riod over whiech the load
remeins less thea 60 percent of peek is 1/1080 yeer

or 3,1 hours, ihe average patternu, therefore, is an
8-hour p riod of load les than 60 percent folluwed by

e 17=hour duret on of lozd greater t! an 60 porcant,

The letters a, end b, wlill bs used here to
represent the rates of hish end low load respectively,
In teble 3,1 the colurm laebelled 'Average duration’
represents 1/b_ end last columm represents the availem

pre
bility, i.e. P(IL(t) > X). Since

P(L(t) > X) = a /(s + 1)

- nI/8760 (B.1)
and
i 1 1 (B.2)
o= + =
ax Bx nT
it follows that
(B.3)

bx = 8760- ni,/nL
a, = nT/(1-nI/8750) (B.4)

X



LA3L3 Bal  PARALSTERS OF L04D 0Dk

Load level Rtete Averege Percent
in perceut no./yr. Dursat {on=Hrs, Avallability
of pe&k
40 - - 100.0
42 3406, 5 1248.85 3.7
46 2000,7 232,37 98,1
43 1375.3 112,52 36.5
52 1905.6 38.98 83.5
1664.6 26,71 83.5
54 21.03 77.6
56 1439.2 40 72.5
18. *
58 125545
60 333.9 15.51 63.8
kR 729.6 1%.53 53.0
63 646.8 15450 50,0
70 606.6 12,93 47.2
76 547.9 9,03 36.1
80 : 6.10 2%.3
4%6.9
B2 16.0 8.47 16.5
84 e 4.37 1.2
- 152.3 g e
4 N 1.76 0.004
2 21,1 0.0005
96 1.67 :
3.0 0,0001
38 1.0 1.00

100



APP.1.DIX=C4

FULCL IS OF SdViailal V.outladlisot

_ultiveriate functions play & coentral role in th
e

gtudy and design of pattern roeognition svstens The
LS e o+

f this section is to provide & brief trecatment
: n

purposs 0
ion and corstruction of these

of the t+heoretlicel found

The followins discussion is first limited ¢
O

functi0iiB.

functions of one varie e,
the multivariate case.

The resu:ting coucepts ere

then extended t0
£(x) and g(x) cre orthogonal with

) in the interval (a,b)

raspect tO weizhting function ulx

if
b
[ ulx)e(x)a(x) o = 0 (C.1)

a
sons @y (x)y Fplxdeees aNY tWO of which

ie called ortiogonal systern,

the farilier orthogonality

A system of funet

o orthogoual in (:-.,h)

For such & gysten of functions,
condition is
.b ;
J u(x)@i(;.:) qu(;()«lx =y biJ (c.2)
a
wheres
4 4f£1 = J
£, &4
i} L
g if i f 3



rizht
ght hand side of egn. (C.2) is zero except when 1 J
Sy ,

it is common prectice to express Ay 4 simply as
If ., = ] Y
A, 1 for e11 i, the srystem of functions is c'alleciJ

an orth ,
ortlonormal systen where the ort onormal conditien is

b
af u(x) Py (x) Fylx) ax = Py (¢.3)

Gencrelly u(x) 1is absorbed in the orthonorral functio
: -

If o systen of functions CP: (x), CPg(x)... $5 orthogonal

{n the interval (a,b) an orthonorral syster in the same

interval ray be obteined by means of th2 relation

1 i ¥
dji(u) _Eléic_)_ ¢1(X) (0.4)

wherae!

b
Ay aj u(;-:)d:‘i(:'-.) dx

(¢.5)

It is easy to ohow the functions (¢, (x) ) eveo

orthonormal since
31> P, ( ! fb (x)d* (x) @ (x)
af 1(x) dx)dxw v uux i (= -dex

1 : ¢
7, CAafiy) = Tus

(c.6)

obtain orthonormal

It has been shown previously how to
ama function of

functions of several verieble from the B



one variable. In sueh case8 ort onormelity conditiop
is alv:

AYS expressed in v ctor form as follows:

J u@) ¢1(_J_§) ¢’J(?_C) dx = o

viheres
u(J_C) & u(x’,ngo.-,xn)
¢1(‘_") - ?1 (:':1,3%’000.1511)
b b b
J dlt. - f f eeos o f dx1dx900dxn
£ x.’ua xzna xnaa o

Attention now is focused on orthogonal and ortho-
normal polynomial functions. Ihe motivation for using
these functions im patiern recocnition is two folg, First,
thay =are easy to @ner~te, Saecond, they satisfy the
Weler-atrass approximation theorem, which states thot
any function which is continuous in a closed interval

e {x £b can be uniformly epproximated within any

preseribed tolermnce over this interval by some polynomipe},

legendre, Leguerre and lermite polynomials exhingt
orthogonal property., ihereas the first two polynomials
remein orthogonal in the closed intervals of [«1,1]
and [O. “'3 raspectively, isrnite polynomials remain

orthogonal in the intorval ==  x < e with reapect to
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Lo
u{x) = exp (=x")., Because of the wider interval

wwuite polynomiels heve been selected in this thesis,
_h:ee polynonials are gencreted by m-ans of the
recursive relation

e 4(x) = 2% B(x) + 2k B _4(x) =0 (c.8)

k21
Tha fi-8t few polynomiale ure:

Hy(x) = 1
H..'(X) = 2%
Hy(x) = 4x° = 2

(e ) = BxO - 12X
1.3(;.) 8x 3
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