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ABSTRACT

. The methodology for reliabjiity analysis of power system,
supstations .has been”developed in this thesis The 1mpact of
various modes of component outages on load po1nt
1nterrupt1ons has been studied. “The var ious modes of . -

'component outages considered are* passwvé fallures «and_
over]applng passive: fa1lures, pass1ye faJlures overlapping

naintenance,-acgive faflures;factive failures‘overlapping-

baQQiQé faiigres and mainfenance, aotivedfailUres with stuck
breakers.”aofive fai1ures with stuck breakers with “

overlapplng pass1ve fa1lures and ma1ntenance activities,

. common mode failures, common ‘mode fa1lures over1app1ng

passive failures and maintenance outages The 1mpact of
sw1tch1ng actions and reserve supply cons1derat1ons on load

po1nt re11ab111ty levels has also been studIed,

LY

The Markov modell1ng and cut set modelllng techn1ques

-have been d1scussed/ The 11m1tat10ns of presently ava1lab1e

Nl e

. dua} compdnent mode |'s have been dlscussed and. two new modelsi

" have been proposeg and 1llusfrated w1th var1ous practical

- As:,
Voo

.

‘case stud1es f*f @ : . ; “1;_‘ .

_ The algor1thms for rel1ab1l1ty evaluation of a general_
‘ substat1on conflguratlon has been described and appl1ed to
.ten publlshed substat1on onflgurat1ons being«USed by \
h"eelectr1c ut111t1es The rel1ability analys1s of: British ;

o

Columb1a Hydrp and Power Author1ty s George Dickie ﬁf'



k]

°

substation has been performed. The limitations of presently
available techniques of reliability analysis of substation:
configurations have been discussed.

4 ‘ v
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CHAPTER 1

INTRODUCTION

The modern discipline of reliability had its origin in the
military and space technology areas. Its influence has been
spreading into many other engineering applications(e.g.,

power systems, communication networksg, etc.).

Re11ab1l1ty of electric serv1ce has always been a pr1me

concern of utility eng1neers and Managers and -is becoming

T

even more crucial in system planning, design and operation
of today s complex systems The cost, of faitures in modern
power systems goes much beyond the cost of repairs or’ )

replacement of faJ?ty eleotrical eqlpment. The incomvenience

RY

to consumers, lost'products,.crime:and decreased

productivfty costs are much more than the price of immediate

ANt
~ ..
T

repairs.

An electrical power system substat1on fogms an -

‘1mportant 11nk w1th1n any power system.conf1guratﬁon and any
fallures obcurr1ng in a substa§1on conflgurat1on can lead 1o
“‘fcascad1ng failures whlch will: resu%t in a s1gn1f1cant number~
"}of fnterrupt1ons to a ut111ty s customers From Federal

«<..

- Power Comm1ssxon reports [1] of 200 d1sturbances. 33 were

‘j_associated with equnpment diff1cult1es in substat1ons and 12

5 .
'wererassoc1ated with errors in operat1on ?i e N human

';'yerroc) Statlstlcs such as these serve to po1nt out the o

- relative frequency Of OCGUPV?DCG,Qf.dlsturbances 1n1t1atrn9:'



#

_Chapter 3 deals w1th the Gut Set techn1que[3] and has been

-thes1s The substat1on retlab111ty evaluation algorithms

_have been presented and appl1ed to sevenal substat1on

/

/
(]

/

A . . ' . ' .
An certain portions of an elect?ic power system and, in

"~/ particular, their significance for substations.

It is'therefore very essentia1 to evaluate the

<.
B3

effectiveness of any substation operating scheme and asseSS‘f

the 1mpact of component modes of failure and their effect on‘
the overall substation reltab1]1ty levels. The eh01ce of

substat1on scheme 1s ‘a very complex task involving the
-y /
assessment of many economic -and techntca] considerations.

-
-

Reliability analysis of alternattve substatIOn vartantst*;_;l

t@prov1de the substat1on designer . with useful 1nformat1on in

asse551ng the future short term and long term operat1ng
b

behav1our of the designs under cons1deratton
al .

A

The methodology reqiiired to evaluate the reliability’

levels of various substation configurations has been

‘deve1oped in this thesis. Some of the commonlyvused

' substatlon schemes presently used in ut111t1es have been

analysed in some detall and are presented 1n th1s the51s

\

The various techn1cal definltlons u5ed in the thesis

~

have been presented in Append1x A The Markov modell1ng ) :fé‘

‘l»

techn1que [2] used for re11ab1lity ana1y51s of substations

“i1s dlscussedz1n some deta11 in thapter 2 of the thesis..

N

?

used for the analys1s of substat1dn schemes presented 1n the



cdnfigurations in Chapter 4. Two of the schemes, one fully
automated i.e., breaker and half scheme and a semi-automated
cheme i.e., main bus with auxilliary bus system have been

' d1scussed in some detail in this Chapter. The substat1on

load point indices evaluated by the ,cut set approach for ten
published substat1on configurations have been presented in -,
Appendlx C. For the purposes of comparlng reliability
techn1ques a s1mple substation conf1gurat1on was selected
from reference [4]. The rel1ab1l1ty levels have been
evaluated by the class1cal Markov modeJl1ng approach and the

cut set approach and have been presented and discussed in

Chapters 2 and 4 respectively. o .
- L >

An actual substat1on conf1gurat1on obtained from B.C.
Hydro and Power Author1ty has been analysed in Chapter 5.
The conclusions and a l1st of references have been prov1ded

in Chapters 6 and 7 respect1vely
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CHAPTER 2

MARKOV MODELLING OF SUBSTATION CONFIGURATIONS

2.1 Introduction:

Central to the theory of Markov process models are the

concepts of state and state transition [5]. . e

The State Concept: For example, a chemical process can often
be spesified by the values of temperature, pressure and
volume, which are called "state variables”. Thus,.theﬁﬁiate

of "a system represents all we need to Know (1. e;. based on

~our theoretical models) to describe the system at any '

incstant in time. ‘ -

The Transition Concept: In the course of time a system

passes from state to state and thus exhibits dynamic

=

behav1our. Such changes of state are called state

&-

»

transitions or Simpr"tran51tionswa .

-

-

A

An example el a system-that resades in twowmutually B

exclusive. states 1s shown below in the state fbace diagram

. : : £ T N .
Mn 1n Figure 2‘i _ _ . o fT%?3 o
" \ A _ . _ *,,qt ) “(,
. - oot , 5 A,“ P
STATE |a 1 STATE | " v
, B I e

Figure 2.1: State spaee'diagram

where: N '

- A - s the probability of the system transiting from o
o state 1 to 2 s
B . - :is the probabiiity of the system transiting from

S state 2 to 1 ;
.



2.2 Classical Two Component Model

The state space diagram for a ﬁwo component model is showp

»

in Figure 2.2 -
4, L
egend
1 up ! 1 1oowN?|
2 UP . . 2 UP )| - Failure rate of
M, component #1
s ’ 1 C- Az- Failure rate of
A M2 M M2 - componennt #2
\// ~ o .
. M, - Repair rate of
3. A " . component #1
1 UP ” = 4' B
2 DOWN ! QOWN- Mg - Repair rate of
. yTy - 2D0OwWN | component #2

LIS

Figure 2.2: Two;component &ate space diagram
p ; , : .
The steady state sdtuttdn for the probabilities of“
occupying var ious states of a-space diagram is obtained.by a
frequency balance approach techn1que [6} The frequency'of
departure from a g1ven state)1s defined as the product of
- the probab111ty of the state: and the sum of the trans1t1on

rates depart1ng from the state S1m§]arly. the frequency of :

3ﬂ entry from a group of states to a g1ven state is def1nedtas

v

the sum of products of the probab111ty of each of the states

and 1ts trans1t1on rate into- the g1ven state The underly1ng |

princrple of the frequency balance approach is the frequency
: of departure from a g1ven state or: a g1ven set of states is

equal to the frequency of entry from another set of states

L 0%

under §teady state cond1t1ons - ‘l‘ ”.;.

,



With reference to Figure 2.2, the«@arious steady state

frequencies are:

F12 PICA+AZ) = P2AL + PBaL, (2.1)
f2 = P2(M.;)&2) = P1a o+ P4'u7_ 8 {2.2)
3 = P3(A+Alg) = P1Ag + PAML, (2.3)
f4 = P4(',u,+u2) = bz A2+ P3 A, (2.4)
And, / ;
P14+ P2 + P3 + P4 =01:o | . (2.5)

By solving the above set of simultaneous equations, the

steady state pfobabi]ity of occ&pying each state is :

= PhE o Mz/c,\ﬁu,)uﬂuﬂ - (2.8)
P2 = M-?-AI/CAn+M.)CA,_+MZ) : (2.7)
P3 = w\z/CA|+M)Cr\z+Mz> | - (é.a)
P4 = A f‘z/CA|+Mn)(Az.+ AL2) (2.9

The classical model shown tn Figune.2f2 is extensively
used in literature[2,7,8]. The failure rates of components
used in this model are equa1 to the average failure nates of
each component The four state model assumes that the
.1nd1v1dua1 components can res1de 1n four dlfferent states as
shown in F1gu:§‘2 2. However. a more comprehensive model has,
been proposed[9] wh1ch removes the 11m1tat1ons of the.”

S RS Lo . ’J‘

’ o]asstca] model.

3 ',:b 5

- 2_;“:_5»Pr'oms'éd‘ﬂodel

- The state space d1agram of a 2 component (i e. )8
:“transformer bank) redundant conf1gurat1on of the proposed

“model 1s shown in F1gure 2 3 and the de?initions of the ,"

»



symbols used in the model are listed in Table 2.1.

I1f a component or é’group‘Of componénts can replace a
component or a group of E&her components withqut affecting
thé:defined successful operation of the system, then the
éomponent or the group of cgaponents is called a redundant

unit, otherwise, it is called the non-redundant unit.

STATE SPAC. JIAGRAN: TRANSFORHER BANK
= 2 trenslermers

g

4 B
" AT1.00WNER
~JT2 DOWNR

"i»FiQUre‘2.3:-State?spaCé;diagham: 2Htraﬁéfdrmers bénk

P :



Table 2.1: Definitions of Figure 2.3 symbols

SYMBOL "DESCRIPTION

ll - Average failure rate Transformer 1

Az -~ Average failure rate Transformer #2

All - Increased failure rate Transformer #]

112 - Increased failure raté Transformer #2 : .

‘i - Maintensnce rate Transformer f1 N

liz - Maintenance rate Tranaformer #2

Y - Common mode failure rate of bank due " )
to external svstem failures

A !l o !

c2 - Commom mode failure cate of bank due (¢ )
to internal system failures \

¥ - Restoration rate of Transformer f1

¥, ' = Restoration rate of Transformer #2

u - Maintenance restorstion rntc

al
Transformer #1

Mo - Maintenance restoration rate ,v‘ !
Transformer #2 b

vy - Restoration rate of common mode faflures ?

¢ due to externsl system failures

Yeg - Restoration rate of common mode failures

- due to internal system failures

C ‘ o .

The proposed model'alters the faiTure rates'of the
| components when they are .forced to carry the add1t1ona1 goad
'of the. system because a redundant component has been forced '

;.out of serv1ce The pr0posed mode | def1nes two malntenance~

states (1 e. 5 and 7) and two fa1lure states (F, e from the

dperspect1ve of the system. numbered 6 and 8) when the

}1n serv1ce component fa1ls durJng the maintenance pertod of\'b

'fthe other component Two common mode fa1lure states (i.e: 9

",and 10) are 1ncluded 1n the model to account for external #{;

:and 1nternal system faults or fa1Lures. For example,'thej-'

fallure of the common bus feedtng both transformers can be




o

-

~

i 'V N ‘1 s 1 ;
: ' ' * - a4 - '
P 1 7 7T _ N , T . 9
. / .'(~ . .«‘ I_. . - . ».\ ‘ i
g classbftedkas the fhterna‘ £autt~and the failbre of both i
compq;ents 1n a heavy snow storm,fﬁbr example cou}d ‘be ;
fcateborlzed as. the externa} fault, . . -7 5
2 3 ! State.PPobabllitles ' g‘ .
. B - ’ P)
, - .. - ¥ , o :
\ rTme steady ‘state progibiljtieé of bccupying eachﬂstatetgbt
- in, F1gure 2.3 ¢an be solved qy the frequency balance )
approagh[Gl The Llosed form steady state equat1ons for
occupying each §tate.are defined as follows:
. ® : g ' “ A ) . ) b . . \ .
V e - . _—
PP 2 RT. * Ai A ; - (2.10)
’ . B " . ‘. . . t e) '\‘i ‘n -
‘where " “ _ ! ’
: . i . , n
'y Steady State Probab111ty of ’ .,

occupyIng state i & e O .

( AJ ' Constant assoc1ated with state i

.

The probab1l1ty of’ occupy1ng the fu¢1y operat1onal state

(i.e~P1) is defined as follows:

Tt

CP1o= 1.0/(1.0 4 A2 + A3 + . . . +A10) (2.11)
. < 1 ‘ |
The def1n1t1on of constants A2 to A1 "listed in Table

2 2

*
a



WA
Table 2.2: Definition of ‘¢constants

CONSTANT . MATHERATICAL DESCRIPTION
A2 {[N,+ A8 ][lh‘l-ll]‘A} Ko N,
A2 2 ([)\z"nd[uﬁﬂz]-nz)\ )
A23 .(X.OAO'u.z](un’ﬂz)
A2 A2.1/7A22

AS [ [Ny e XNg e XNy ¢ Na-as e s ATl ,,

A3’ ([A3.1942.2] - y,+ a2.3)
A ({AZXo ¢ A3 N 1 (s al)

A5 ([MBaesg i HNpjem - My %
AS \..Juzog,.l/as.n

_Ab Nt Xy / ASY

A7.1 ([u.Ou.,][x..ou.z] AL
A7 ' ,z(n|’u.z)/’A7l‘

’ AB (x., x“L]/ant -
A9 . o Xc|/“c|

A10 . ez Juca

i

 2,3.2 Case Study 2.1: Fully redundant systeg

A transformer bank consfStihg’of two redundant
transformers will be used to.illustrate the proposéd mode 1.
The basic reliability data selected for the studies
presented in this Chapter are listed in TabTe 2.3. The
inqréasedwfaﬁlure rates of one transtrmer'(i.é.. dué'tp
increased stress levels) when the othef has been Fofcéd out
of service is assumed to be ten t1mes the average failure
rate of the in- serv1ce transﬁormer uﬁ1t Cons1dﬂrably more
research is required to accurately estimate the mu1t1plier
for the large pietes of electrical apparatus thatvhas beeﬁ'
rdeveloped in the m1croe1ectron1c 1ndustry (e g. MIL- HDBK 217
VD) The fallure rates and restoration rates were. selected
;fﬁom thg 11t§ratube and are typ1cal'fa1lure rates for

« transformers in the power industry.

b4 . : . . “p

10
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Table 2.3: Case study reliability data

,

ror‘the transf
trénsformers the System load can be carried by one of the

transformers: our1ng the per1od when the other trangformer

s

SYrHooL CASE STUOY VALUES sSYneoL CASE STUDY VALUES
)\, 0.00000107 fetlvres per hour M, 0.00456621 repeirs per hour
g 0 00000107 fertures per hour TN 0.00456621 repairs per hour
Y 10 times XN, s R
)\z. S “me, )\z -t 1.0/r where. ;d‘:‘orr;u lrom 41072
P VARIABLE 0 5 ta 4 Limes per year o
~ - -2 1.0/r whercf r veries from 4 to 72
-2 VARIAP[( 05 (o 4 times per yesr , hours
ol > e +
:” 20 312 teviyres per yéar Moy 1.923076 repairs per hour
(24 0 250 farivres per year ez | 0033333 reparrs per nour

ormer bank consisting of two redundant

has been isolated from the system for the scheduled -

preventive maintenance. But when the other transformer has
been forced out of service, the in-service transformer will
exper1ence increased stress levels which will

failure rate.

The system availability as a function:of the

increase 1ts

11

frequency and duration of maintenance activitieS'is shown in -

Figure 2.4.

-

Ha

Y
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It can be clearly seen from Figure 2.4 that fors a’
fixed maintenance duration, the system availabiltty
increases with increasing frequencies of maintenance. Also,
if the total annual duration of maintenance is fixed, then
the system availability rema?ns fairly constant for various
:combinations of the frequency cf maintenance whose total

annual duration equals the fixed value.

e

¥
LG @
999653 ¢ -maintenance [,
999652 trequency - G)
S - 1 - itimes/syr /
M 999651 1 [FULLY REDUNDANT 1T
S SYSTEM ' . I/ /
T 999650/ ' / =+
(3
1 999649 g
. .999648 ' C
A 999647 / )@ -
, v - ‘ / / , / a ‘\LT ) ' =
A 999646 —11 .
o / -
L 99964511
A 99964 - -
. 999644 /@ .
Yy 999643 /
.L 999642 -
by T 9996411 —Q@
228 Y p y X
.999640
«0 1624 36 a0 a2 7 T

: ﬂAllTEﬁlCt OURATION (heurs/activity)

{-

wat

Figure 2,4f:System avaftability'vs maintenance,fhequency

For many processes one of the Key ind1cators of system
.performance 1s the mean. durat1on the system is in the )
f,operat1onal state as 1llustrated in F1gure 2. 5 It can be?
clearly seen from F1gure 2 5 that for. a f1xed maintenance

durat1on the mean duratlon in the system operational state
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increases significantly with increasing maintenance

-~

- frequency. Whichnvalues of maintenance frequency and

duration are utilized in practice is an economic decision in

which the cost benefits associated with incremental

operational durations must be bslanced by the increased

costs associated with increased maintenance activities.

r

¢

6600
tes0 11 LEGEND -
16500171 meintenence
16400 J: 0 frequency : @
H : 1 times/yr F’/
€ 0 3 16300 va @
r . . -
A : A 16200 A .
N R T 6100
13 )
0 A g 16000 710
R | [H] 'S9%00 7
A O 0 15800 /l/ L,V'l — 0
I A Jg] ts700 4 o
oL |s —
N 15600 J ‘ —
. o ‘4 8 16 24, 40 72 .

—

'_ma1ntenance durat1on

2.3, 3 Case Study 2.2: Non nedundant system

MAINTENANCE DURATION
© (Weurs per eclivitly)

Figure 2. 5 Mean. durat1on of operat1ona1 states vs

. The system ava1labi11ty for ‘a non- redundant system as a'

-function of the frequency and durat1on of the ma1ntenance

-activ1t1es is shown in F1gure 2 6. The assumpt1on of a fully:;"

redundant system can often be v1olated in practlce When a

rsystem of f1xed capac1ty 1s 1nstalled to satlsfy a glven

22 x

1)

~—
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loed at one point in time, the system operation criteria of
the fully redundant mode will erode as the system load
increases. A critical time period may be reached in the
history of a system wher‘eby the single in-service
thansformer can no longer safely carry the total system

load. At this point in time, the system can be considered as

a non-redundant system (i.e., an extreme constrajnt).

S ‘l.eo.o . ‘& - - ‘
Y : — =53
S ~ ‘\ ..
T 0.990° L\\\\ \ -
£ ‘ \\ N . [~ .
| T KN NC [ 0]
. M 0.980 11— \\ . \ B
’ s ) i \\ N ';?b ;-:‘
o | I C ‘ 0.§7o' . \ \ \
A ' \‘ N . G)\.
| 0'950 Y \ B "‘I
L K - ‘ @’ | = -
B o.9so4LL : N )
b w2 LEGEND N
L - maintenance \ |
| 0.940 4+ frequency : @
T i times per yeor .
ey 0.930

48 16 24 36 48 72
nunrtnnc: DURATION (uounhcuuw)

'Flgure 2.6: Non Redundant system ava11ab1l1ty

_ It can be clearly seen from Flgure 2.6 for a “4:*
_non redundant system that if a particular p1ece of equipment

}requ1res frequent and lengthy malntenance act1v1t1es, then

thé overall system ava1lab111ty deter1orateq29uite rap1d1y

Y

L
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2.3.3.1 System Risk During Maintenance Periods

During the maintenance activities on a fu]ly.redundant
transformer bank ¢onfiguration there is a probability that
when a un1t has been removed from service for maintenance,
the in- service unit may ‘fail resulting in a system outage
The risk to the system during maintenance periods can be

significant as.shown in Figure.2.7.

{ LEGEND FOR NAINTENANCE——

o [ \£GE FoR nANIEHANTE— |
€ soenre® 1-a 0 A
c | 2-0 £
F U 1 3-1e V4
R R . . 24
€. R coglio. :f:: '//t
o€ - 1-172 7 7 ’
U N VA @ -
€ c . -. - . /-.
N E 300 110 - o
. cC s LA
7 Z1 0
. M I 017
p 20012 co-. L — - T
. 0 - ~
FE lf@ —t—=0
A _ -
BN o v o3 {oh |
Y . D Pl . A
B p
€ . gl — o
_ R e ut.._ . 0 : —
o5 . R ST a3 e 28 3 . e
T o "r;b . HAINYENANCE RAVE TIrES PER l’[dﬂ ‘.’.'?‘3,‘4 ’ .

. e - -
Figure 2.7: System risk during'maintenanee periods

.t

b : It 1s ev1dent that the frequency of occgrrences

» "

of system outages during maintenance periods 1ncreases

- significantly with the duration of these maintenance | ;‘_@ '

'activities The risk to the overall system operation can be

| v_quite significant during the duration of maintenance

activities 1f the stress leve]s 1mposed on the in- serv1ce y'“

'fequipment are high resulting in a higher 1n serv1ce

':;-equipment failure rate..

15
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Itlcan also be seen from Figune 2.7 that the risk of 5
system outage‘varies approximately Jinearly with the‘annda1
rate of maintenance.AThe maintenance'rate is usually |
'determined by the manufacturers of ‘the transformers and the
stress levels 1mposed on "the equ1pment during its life .
-cycle. ¥n many systems the rate of maintenance act1v1ties is

fiied However , depend1ng upon the. stress leve1s experienced

-

by the transformers in service, fhe rates may be 1nadequate i

ji.e., too low or high), a subject of future research.

'The're5u1ts of this\case study suggest that for most

““redundant" systems, the system’ ava1]ab111ty can be 1mproved

w1th 1ncreased maintenance act1v1t1es However 1f the
or1g1na1 des1gn-or the increased system load‘violates the

"redundancy” assumption then, for the result1ng

~

" non- redundant system the system ava1labv11ty decreases‘

A51gn1f1cantly for 1ncreased maintenance act1v1t1es .

2.4 Ano_ther Proposed Mode]

N

Another dual component redundant system Markov model

has been presénted in ‘Reference [10] and 1s shown in Figure

B 2 8 The def1n1t1ons of symbo1s used in: the model are listed

in Table 2. 4
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Figure 2.8: Markov npdel of a dual conponent redundant
,system RIEAE S e

\nﬁ.‘ - . :
The proposed Markdv model 1s an extensmn of the model
'presented 'in reference [4] Two add1t1onal states are ‘added

R - state 16 and 17) to ‘the model These additional states
’ e L R



account for common mode failures due to internal and

external system failures. Agsingle Subsystem or component is
assumed to reside in the following basic states: :
1. operat1onal

.“vsubsystem or component failed and isolated.

time required for fault localization

v

-

2
3
4. wunder repair
5. being maintained
6

’subjectedvto common mode failures

Table 2.4: Definitions of Figure 2.8 symbols

SYMBOL DESCRIPTION

b\ AVERAGE FARURE RATE OF SUSSYSTEM ®1

M2 AVIQAGE FALURE RATE.OF SLRSYSTEM ®2

N " | cormom HooE FaARURE RATE OF THE SYSTEM OUE TO
L

MYCENAL SYSTEM FARURES

N GOMMON MODE FARURE RATE OF THE SYSTEM DUC TO
-~ o2 CXTERRAL SYSTEM FARUELS

Ay | HamTENANCE RATE OF SUSSYSTERM *)

A2 | mamremance aatr or suesvsTen o2

pi gy FAULT LOCALIZATION RATE OF SUSSYSTIN ®1

Jiz | ramtLocaLzATION RATE OF SUBSYSTEN *2

et ] mesvoravion mave or sussvavem 4

JTp RESTORATION RATE OF SUSSTITCH 2
© Mt HARTINANCE RESTORATION RATE OF SUBEYSTEN *)
S | ez | mamrewance restoration RaTE of susavsTEn o2 .
- - [}
- Mer- | RESTORATION RATE OF COPMON HODE FARURES BUE
.| _vomrcuma srsTen Fanvers n
Sy ] REsTORAVION RATE OF CoPEON r0DE FARURES [
. e

TO IXTCRNAL SYSTLM FARURTS

The referenced and the preposed model dev1ate from the
fclass1cal redundant mode s by . 1ntroducing states for fault |
local1zat1on The total repa1r time is the add1t1on of fault
ident1f1cat1on time i.e., fault localization and the actual

‘ repaw ;t1me In the pr-oposed and the referenced models both

’

.-
o
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'the fault localization and fhg actual repair activities are

' treatéd separately whereas these‘activities are g{OUped
‘together in the classical models mak ing it'difficu}f to
analyse the individual conf;ibution of the activities to thé_

reliability performance of the scheme.

The steady state probabilities of pccupying each state
in Figure 2.8 can be solved by the freq@ency balance -
apbroach.\The,closed form steady state Qquations for

occupying, each state are defined.as follows:

Pi & PixAi o o (2.12)
where: F
Pi = Steady .state probabilify of occupying state i

Ai

Constant associated with state i

Tge probability of occupying the fully aperational state

(i.e., state 1 defined as P1) is defined as follows:

mn .
P1 2 1.0/(1 + ZAi) . | o (2.13)
. ‘ BN ¢ Y] . . ) :
where: ’ ‘ :
‘ni = the number of states.

The definitiong‘oftconstants A2 to A17 are listed-in Tabfe

2.5 o

«
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Table 2.5: Definition of constants associated with Figure
2.8's state space probabilities

_ . CONSTANT | MATHERATICAL OESCRIPTION -
Az X\ [aaen,)
. As [azdsias 734,58, a,,]
BN . ; o ' [Uwa'lﬂj
‘ Aa Naz N8y N)
As x'\h'|'u ’X,l .
e (LS YENANEMENY |
Ay X, ."\u‘ll
Ag NyAg\ Ry,
Ag i [Ain\|°~"‘l"“'2‘lll~
{1, e2,) N
Ao Naag\ u,,
Naf Beze N Haa i Ase 134424 . N
oL PN CTHI N T FYRPY SUDMpIRY X
*.[uu'uul[u..‘\;ﬂmz ’)nl
I [nrl.“ﬂ][“n’)‘!"u'r')‘u] ' o N
< N phtealstoae N, ] : ’
-X,un[nn',le
Ay A1\ Ag 2
A2 Aglly,y
As [vair s agN[sare n,])
Ara AN\, )
A5 e nacN[aae 132,
Ao LT W O
Ay >..‘, NM, ‘
‘ .. “b&":
- 2.4.1 "‘case Study 2.3 .
The bas1c rel1ab1l1ty data used for fhe case studies I

presented here are l1sted in Table 2.6. The maJor1ty of the ::”
£ o

case study parameters were assumed to be f1xed at the levels*”.

presented in the l1terature d11]). However the frequency and

_durat1on of ma1ntenance act1v1t1es were allowed to vary

.w1th1n the boundar1es def1ned in the llterature for the

»

. '

purposes of comparison, -~ - _ f‘:f,,',f_;:‘;;)ﬂ'
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Table 2.6: Case study parameters

DEFINSTION OF TRANSIT!ON RATES
CASE STUDY PARAMETERS: -
FAILURE AND ﬂAINTENANCE ?ATES

SYMBOL -

* CASE STUDY YALUES

Ny

0.71917776429 x 1076 feflures/nr

. 0.71917776429 x 1076 fatiures/nr

0.312 fatlures per year

0.250 fatlures per yser

V,AR’IABLE.O.S to 5.0 sctions per year

VARIABLE 0.5 to 5.0 sctions per yesr

DEFINITION OF TRANSITION RATES
‘ CASE STUDY PARAMETERS: .
 RESTORATION-AND MAINTENANCE RATES

SYMBOL

CASESTUOYVALUES

Moy

- 0.5 localfzetions per hour -

Mz

. 0.5 ionalizotions per hour

S

0.100030541 4198529 repairs per hour

Moz .

0.1000305414198829 repeirs per hour

o Memi

" . .. y ¥ . B L. - 4
1.0/r whare: r viries from 12.6 Lo 40.0 hrs.

Moz

1.0/¢ where: r vurli_t'rﬁm 12.6 10 48.0 hrs -

,j".'cl

" 1.923076 repairs per hour

ez

. 0.833333 regatrs per hour '

P

' F';o'r "the dual conponent system conf1gurat1on the

probab111ty of the system bemg operational is- defmed as:

P(Operahonal ) P1+P3+P4+P9+P13

(2. 14)

21

‘_'.‘-‘The probab‘ility of the system faﬂure is smp]y gwen by the

' _'fol lowing expression.

 Bisysten teiiure) = 1

I.~P(Operational)

>

- (2.15)



The availability or the probability of the system being
operational in the long term i.e., independent of time for ‘_
the fully redundant systeﬁl was evaluated as a function gf T

the frequency and duration of maintenance activities

i'nc1uding and excluding the common mode failures. The
results are listed in Table 2.7. o
S ' i ‘ ’ : \
Table 2.7: System availability vs maintenance activity ,
_ e _ B |
AVAILABILITY OF .
OPERATIONAL STATES
DURATION OF - . EXCLUDING | INCLUDING -
MAINTENANCE RATE OF conron | connos
HOURS PER  MAINTENANCE HMODE '} nooe
ACTIVITY PER YEAR . FAILURES | FAILURES
o ' - os 0.999997 -  0.999638.
1.0 - 0.999997  0.999640 o
. 48.0 - 20 Q999997 . 0.999644 -
.hours’ ‘3.0 0.999997 - 0.999648 . C o ‘
\J R 40 0999997 - 0999651 . . o
: . 50 ' 0.999997  0.999655 S I
05 0999997 0999637 o ¢
R K - 0.999997  0.999638 ° R
240 ¢ 2.0 . 0.999997- .0.999640
"/ hours . 3.0 0.999997 - . 0.999642 . . X
o ot 4.0 ©.0.999997. 0.999644 -
. — 50 - 0999997 0999648 - . .
AR - 0.5 . 0999997 - 0.999637 o
_ Lo ..0.999997 . '0.999637 - . . -
126 . 20 . 0.999997 0999638 .. .
hours'- 3.0 T.. 0999997 0999639 ..
' ST 48T 0.999997 - 0.999640 . .
-.5:.00 0 -7 .0.999997 ... 099964} Cenl
With'refehehce to Table 2.7, the following conclusions™ . .

B servatmns may be made.

the system avallabihty 1s h1gh

b the frequency and duratwn of ‘maintenance, activitiesf
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| follow1ng equat1on

23

have'ne stgnificant impact on the availability of
the system. It remains almost constant (i.e., 6
decimal-ptaces). : AN
Q. When commom mode failures are included in the proposedl
mode 1 the following observations may be made
a. the system ava1lab111ty is loMéred cons1derably,
,h. "the system ava1lab]l1ty is affected by the frequency

and duration of maintenance activities. It increases

with increasing rates and durations of maintenance

activttyyyﬁ

For the dual component system conf1gurat1on the

. frequency of departure (Fup) from the non-operational states

t is given by the following equation:

Fup = P2 M+ P15 + PSALL + P11(Mar+Maz) % P12 . (2.16)

+ P16 Mot P17 Me2 B

."The mean'duration in hours in the bperational states

4(Mup) of the proposed dual component system is given by the -

o)
ef&&
' Mup (in hours) = P(operational)/Fupt‘ . : (29i7)

. . ‘
"The mean durat1on in the operatlonal state was

‘ evaluated as a funct1on of the frequency and durat1on of

mawntenance act1v1t1es The results are shown in Table 2.8.

2
rE
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Table 2.8: Mean duration of operational states vs.-

maintenance activity

¥

N G

MEAN OURATION OF OPERATIONAL STATES * .
FULLY REDUNDANT SYSTEM

HEAN DURATION OF i -

OPERATIONAL STATES o *
DURATION OF © EXCLUDING [ INCLUDING
HAINTENANCE RATE OF COMMON’ COMMON
HOURS PER MAINTENANCE MODE HODE
ACTIVITY PER YEAR FAILURES EAILURES
‘0SS 69088135 . 15329.0
1o 702381.2 154125 ,
.o 48 0 . 20 709509.1 155793
. - mours - 30 726627.4  1S746.1
' 4.0 7237359 15912.9
T 50 730834.7 16079.8
0.5 . 6970288 15207.3
10 - 6908136 . 15329.0
240 . 20° 702381.3 154129
hours 30. 705946.5 15495.9
40 709509.3 155793
- ' ' 5.0 713069.7 15662.7
. 0.5 696180.6 ' 15267.5
" 1.0 697110.0 15209.4 : €
* , ) 12,6 2.0 698992.0 .15333.2
hours , 3.0 700865.3 15377.0
. 4.0 702737.9 15420.06
- . 5.0 704609.9 15464.6

Bl

The 1mpact of common mode failures on the meéan durat1on
in the operat1onal states is s1gmf1cant When common mode ,
failures were excluded from the model, the mean dura,tion in
the operat\onal states is qu1te high and increases with

- increased frequency and duratlon of mamtenance actwities



When common mode failures ére.included in the proposed
mode 1, the duration in the operational states is o
considerably lower due to the freduency'cf occurrences of
common mode feilures being‘significantly-hjgher than ihe\
_overlappihb forced outéges‘of.the two subsystems; The mean
‘dufation in the'opereﬁicnel'states increases with increasing
rates and durations ofude{ﬁfenence activities. .

2.5 Case Study 2.4: Reliabllity analys:s of a lmgle

' 5ubstatlon scheme [4] by Mahkov modellrng technrgue

!

The: nel1ab111ty analys1s of a s1mple suggtamnon scheme
‘u
selected from reference [4] by Markov nodell1ng¢ps presented

-

in this case study. The results of thﬁE\Qnalys1s will be
compared in Chapter 4 with those obtained by the cut set

technique (see Chapter 3). The substation. scheme is shown in

4

Figure 2.9.
7 | 1 -2 3
| x4 X 4 OYERHEAD LINE
. oy
. sw ce Sw ‘
. SOURCE )
,c I . SW 5

8 X 6

TRANSFORMER JCCCT 7

caxve

L0AD

‘”Figure 2.9: Simple substation configuration
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The data given in the referencel4] is reproddééd in Table.

2.9. |
Table 2.9: Reliability data for case study 2.4

<@
=t ~

1. Failure rates and Repair Times

Component Failure Rate Rebair Time
DisédnnectOr‘ .002/Yr .~ ' 6.00 Hours
Circuit Breakér .0043/Yr. . 12.00 Hours
Transformer .0088/Yr. 27.951Hours

ot .

Overhéad line 2.7/100 Km-Yr. * = 5.50 Hours®, =

2. Maintenance Rate and Duration

’

‘Maintenance Rate / Duration

a

1.0/Yr. '12.60 Hours

Thé Markov model of the sbbstQtion scheme shown in Figure -

2.9 is shown in Figure 2.10.
o ) - S &

3
\
\
\

> 26



Fig‘ure._2'._‘10: MaFkov model of substation scheme

By the frequehcy' balance' épproach‘, the following

~equations can he generated ,
P1(/\sw+A¢a+ Asw+ A+ Asw + )ca+ ATH' )ca +Am)

P2 A
P3 Mers

Yy
) P5 AL

P6 Misw = -

CP1AL

hd

P2 Usw + P3McB + P4 Msw '+ PS5 ML + PG ll.rw
Y p7,llce+ psﬂ‘r{ + P9Aclb + P10 Atm

':P1 r\cB' L

, sz‘:‘wv

Pt Aco

(2.18)
(2.19)
©(2.20)

27

(2.21)

(2. 22).
(2.23)



P7 M = P1 Acs o (2.24)

' PBAT = P1 ATy | | (2.25)

POMe= Pl dea . (2.26)

T P10Umz P1 A LQ'~J¥Q'F3u;- e
P11 + P2/P1 + P3/P{ +vp4/bi + PS/P}+‘P6};1 -

+ P7/P1 +P8/P1 + P9/P1 + P10/P1] = 1.0 (2.28)

By substituT;ng various values of fai]ure. repair and’

maintenance ates, the state probabijities'aré obtained and

. . ~
are shown in Table 2.10

T%bié'é}TO;}Pﬁbﬁabilﬁtiesyof Vér}éﬁs state;

v
State Probability valee b o-w
I  .99832811%6 °
P2 | 1367576 E-05
P3 - o .5880576 E-05
Pa I .1367576 E-05
® ks 18s1613 E-03
N e . 1367576 E-03
e p7 o  .5880576 E-05
o pe I - .2803076 E-04
PO ,5860576 E-05 - B
Copto 1435956 E-02

~The fof]owingﬂréiiability.inqipéslare evaluated as,foplows;;f
" pup  =P1- 998328113 (2.29)

PO+P3+P4+P5+PE+PT+PE+PISPI0  (2.30
= .001671851 RN

"

Pdown

7,.4;.
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v
Fup = P10,um,+P9A£w+P8lT4'+P74£i0+P6 Usw '
+ PS5 +PAusw +P3Mco+PD MW (2.31)
] " m 1.025981796 occ/yr & | ’
' Fgown =. 91*(?"% Ao S»swuu/\mﬁce,ﬁu “t2.32)
= 1.322485177 occ/yr.
where: | o ’
Pup : = Probability.of system befng in the up state
Pdown = Probability of system being in the down s}ate
Fup = Frequency of occurences'of the systemﬂin fhe '

 up states “ | RN SN

,( . B .
.- T @ /- Wi - §t s st b

! 3 <

Fdown = Frequency of occurences of the system in the o

«

down{state | | ..
(Pdown/Fdown ) *8760. hours (2.33)
11.074402475 hours

The systém mean down time

Fdown / Availability . (2.34)
17322485177'/ .998328113
1. 324699926 fa11ures / year

The system feilure'rate

"’i

The system down t1me/year = Fa1lure rate *. Mean down t1me .
| | | (2. 35)

1. 324699926 * 11 074402475 ’
14, 670260144 hours / year

The results of the substat1on scheme shown in F1gure 2 9 are

summarized in Table 2 11



' Table 2.11: Summary of -substation reliability levels

.998328113
11.074402475 hours

System Availability

S¥stem mean gown&time

"+ System down time per year

System failure rate 1.324699926:f7Yr

=

2.6 Conclusions
4ty . . | . % ) ‘ I
The Markov approach is a general approach whose results

are accunate phovided the under lying assumptions of‘the"

“jscheme are not v1olated The appllcatlon of thls scheme

30

14.670260144 hrs7Tr

becomes cumbersome 4n a practical network configuration Fori?n

example, in a system conta1n1ng n components. each of which
E can res1oe in two states. there are 2 raised to the power n
“ poss1ble system states. When the components can re51de in
more than two states ({i. e., multimodes of fa1lure) which
often is the case for power system componentsr the

complexjty of the‘problemﬁjncreases. The application of this

teéhniQUe is therefore limited by computer storagef'solution‘

ht1me requ1rements and rouna1ng errors 1ncurred in the

solut1on [15]

M



CHAPTER 3 .
- CUT SET MODELLING TECHNIQUE

3.1»Introduotion

NN

—w
o

fhe cut set-approach is becoming increasingly popular
in reliability evaluation of transmission and distribution
&systémsi In”Chapter'Z, it was shown that'thé'MarKov
mogelling approach is l1m1ted to comparatively simple

systems The cut set approach 1s su1table for s1mp1e and \

. as well as cOmplex systems [3 12 13 14] Stnce the cut set

A?techn1que has been extens1vely used 1n this thesis, 1t is

\ 'therefore‘appropriate to discuss the technique in some

detail. R > S

A few def1n1t1ons and exp]anations are offered first as
follows: T e o | | ‘}
3.1.1 Tie set - | | |
A t1e 1s a set of 1nterconnected components whose
"working cond1tlon assures system operation.: In‘otherrwords.
~a tie set (1 e,. success path) is. a d1rected path from 1nput
'_inodes (1 e., source) to the output nodes (1 e., s1nk) ‘

"3 1.2 Mlnimal TIe Set

S

,‘.‘
A t1e set is a m1n1mal tie set lf the set rema1n1ng :

~ .

'after the removal of any of its components 1s no longer a o

. P
S 4

ttte'

.3lj.



32
3.1.3 cut Set R

A cut set is a set of elements which literally cuts all
success paths, that is, it severs the line of communication
between input and output nodes of a systeh cogfjguration.
Hence, it is a set of‘components whose failure results in

.system failure. ‘ x ' ' R

E
3.1.4 Minima] Cut Set

-~
A minimal.cut'set.is ; cut where the set of elements‘
;fﬁreha1n1ng after the removal of any of Lts elements is no
‘?1onger a cut. A-m1n1mal cut has no proper subset of
components whose failure alone will cause system fai]ﬁre.

\
Pl

If all the cpmponents in é cut set fail, the system
will failﬂregardless of the condition of the other
Cq@ponents in the system. A sySteh'may have a labge number
of cut sets and a.particular eomponentsmay be in:mOreithan
- one of them.:The'general approach can be seen in the
folfdwing'simple_exambles taken fﬁémjreferences [8] and
1151, o |
-~ 3.1.5 Examgle 1

,J\'

[sowrce +—— = I3 T A . s

.:FIQure 3. 1 Network conf1gurat1on _ |
'The cut sets for load po1nt A-in F1gure 3.1 are shown in

Table 3.1,



Table 3.1: Cut sets for network configuration shown in

Figure 3.1
Cut Set Combonents in Cut
1 3
2 1,2
3 ° 1,3
4 & 1,23
5 %? 2,3

The def1n1t10n of_a m1n1mal cut set as a cut set in

\

‘WhiCh there 1s no subset of components whose fallure alone

- shown in F1gure 3.1

"will cause the system to fail, implies that a minimal cutt

g 'i

nds to no more component failures than are

set coqu O
. CEE -'}-,

requfhedwtb‘cause system failure. The minimal cut sets for

the load point=A.are'shown in Table 3.2.

-

Table 3. 2 Minimal cut sets for the network conf1gurat1on

&

Minimal Cut Set Components4in Minimal Cut- Set:
o 3 Y

-

.}33
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3.1.6 Example 2 . | 4
— uk
— L} —_}—
2 5 .

~Figure 3.2: Bridge circuit configuration

From the bridge circuit shown in Figure 3.2, the N

following sets can be identifiedf

" 14,25, 135 234,124,134, 154,125, 235,245,

11235,1245, 1234 1345,2345, 12345
Cuts:

12,45,135,234, 123, 124,125, 145,245,345,

1235,1245,1234,1345,2345,12345  © -
4M1n1mal T1es

14,25, 135, 234, o
Minimal Cuts: | .

12,45, 135 234 | e L -

- To 1llustrate the ‘difference between m1n1ma] and f- 'Eh"7
non- m1n1mal sets,_the set 1345 for example, 1s a cut but o
is not a m1n1mal cut becaﬁse after the removal of component
'~i4 the rema1n1ng set 135 is st1ll a cut The cut 135 is a
m1n1mal cut set because the sets rema1n1ng after any further
reduct1on(13 15, 35) are no longer cuts (1 e., w111 not cause o

the system to fa1l). The component btocks 1n a minimal cut

iy




;
’are conqugged to be in parallel for reliabitlity

calculgtibnsxbecause all of them must fail in order to
‘d1sconnect the input and output node. The minimal cuts

themselves are: connected in- series, as failure of any single

cut ensures the system failure.

3.2 Generation of cut sets | .

The first step inothe generation of cut sets is to find
the tie sets (socoess paths)'between the source and the load
po1nt being cons1dered by the algorithm publ1shed in 1»
Reference [25] The paths are: converted to a Boolean array
. of zeros (1 e., 1nd1cat1ng no dhy51cal component) and ones
;:(1 e., component present) . {he simple Boolean log1c is’ then
’;applled for identifying the sut sets [3] W1th€peference to
*‘Flgure 3.2, the minimal tie sets are éhown in Table 3.3
Table 3.3: M1n1ma1 tie sets for the brldge circu1t

conf1gunat1on | A

Pl 1\\4 .
P2 " f 2 -\5
P3 ,.1-3\‘-,5"5\‘ )
| "P;4 : 2 3 :4_ N i,
. The,MinimaJ path matrix_invbinéry‘form is: | |
P2l 2 fotoof .
B RS LN N - LN R | R

¢ ’ . - . . s

Minima] oathimatnix in binary form 1 -



dlmens1ons M = N
)\.,)

The Minimal pafh matrix has tf%

M= Rows of the m%tr1x -
= No of success paths
N = Columns of the matrix

No of components 1n the system wpl
-'In the present example. there are 4 success paths and 5 ,fa’:_v
' elements 1n the system so the dimen51ons oF the M1n1mal Path

Matr1x is 4 * 5 .fﬁj7}, .f:,’,~1tf”‘ ST

To deduce the f1rst order m1n1mal cuts, the computer" »
_program searches for columns An wh1ch every element ls unityﬂ
and- then the column elements are replaced by zeroes to |

_ prevent non m1n1mal cuts whtch conta1n f1rst order m1n1mal

'lfocuts from be1ng detected The max1mum order of a m1n1mal cutﬁ SR

s equal to the number of mlnlmal paths i. e 4th order in

dfthe present example S1nce none of the column vectors 1n the?fff-r

»?Qmatrlx 1s a un1t vector then there 1s no f1rst order cut tn
":tthe system L e~ ]
: s
The second order m1n1mal outs are calculated by addlng

Vlog1cally ( OR operat1onl two columns at a time The

A —

‘_Trloglcal OR operat1on for two components ls-defined below

b"'s'0‘+’0f

_ o S
RERES

TH0 = R R
1o+ 1?;[1'd :7‘“i u_,pﬂ N ,},..%cwlif,'.



CIf eny of the resulting vectors has every element equal to

unity, the combined.columns {(i.e., components) form a second”™

S e
order minimal cut.
.

The logical addition of column 1 & 2 and 4 & 5 results,
in unit vectors, hence components 1-2 & 3-4 are second order

cuts for the bridge network configuration.

The’process is.continued by logically adding three'
columns at a t1me to detect the third order cuts and 'so on
until cuts of all requ1red orders are found Each time a cut:
of order 3 or’ greater, say order n is found, it is necessary
to check whether it includes any minimal cut sets of order
between 2 ‘and n-1. If it does, the cut is rejected as a non
mininel.cutf To do thts'the following computer technique.is'

utiiized. ' T

Considepetwo'cuts, I and J; I being a minimal cut set

offorder i and J a cut set of order j where i'is less than

”Fj‘j Consider the follow1ng sets:.

o [ I ] [ A1, B1, Ci. f; where j is the number of elememts

- .-

in the set. | » . R S Ll
0 J.;'[ Aj, B3, Cj..l: where j is&the_number of elements

’“‘in the . set

'.;fEach element of . cut set J is conpared w1th the elements of

cut. set I. Each t1me the same eqement is found in 1, then a
'flag (e g.,~score) 1s 1ncremented by one If the’ score

equalsai then [d] is a non. minimal cut and is rejected

37
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For example, the logical addition of columns 1, 2, 4
produces a ynit vector and is detected as a third order cut.
But-when it is compared with a minimal cut 1, 2 the score
becomes 2 which is.equal to the numben of elements in the
second order minimal cut 1, 2; hence, cut 1, 2, 4 is
'discarded.as‘non‘minimal cut. Similarly, " the otherfthird or
fourth order cuts except 1, 3, 5 and 2, 3, 4 are rejected as

1

non minimal cuts.
- Hence, the computer program determined the following
‘minimal cuts. |

, Order l Nuﬁber“ Elements

© First ’ 0 - nil
Second " 2 1,2 and 4.5
Third 2 1,3,5 and 2,3,4

3.3 Availability of Cut Sets[12, 13, 14]

In ‘the minimal cut set approach the components of the
system conf1gurat1on are’ assumed to be connected in parallel
for evaluat1ng the ava1lab1l1ty since all of them must fail
in order to produce a flow cut between the source and the

s1nK The minimal cuts themselves are, however. in series as
| even a single m1n1mal cut ensures system failure. The. cut
set:ava1lab1l1ty expre551on ‘can be derlved}as,followszs
Let Ti denote the ith tie set. o ’
Let Cj denote the jth cut set.

8.
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The reliability R of the system can be expressed as
follows:
R=PelTIUT2ZU. .. Ti] U (3.1)
= Pr| At least one tie set is good ]
The reliability (R) of the system can also be
expressed in terms é¥ cut sets as fotlows:
R=PrlC1.C2.C3. .. .Cjl o (3.2)
/f»—E\[All minimal cut set& are good, viz. contains
at’ ]iast one element of the set wh1ch is
operat1ve]. -
Equivalent]y}‘the unre]iabi]ity‘is expressed as:
1 R = pr(T1 . T2 .. Ti) | . (3.3)
= PrlAll tie sets have a failure]
Or. ‘_ - .
1-R=pP[C1UCU. ..CJ] | : (3.4)
: = Pr| At least one cut occurs ]

The events Ti and‘E} arerthe'compliments of the events
Ti and Cj; respeetively;sThus. Ti denotes~feiiure of at
least one item in the tth tie set and Cj denotes failure
of all items of the Jth cut. These are the exact
equat1ons for the system rel1ab1]1ty and unre11ab111ty
levelsy The general equation for system fa1lure (1. .e.,

Pf) can be written as

39



PF = Pr(Ci)+Pr(T2)+....+Pr(C3)
S[Pr(EINC2)+. . +pr(TiN Ci))
+[Pr(CINE2NEB)+.. .+Pr(TiN Cin Tk) ]

. m-1 .
+(-1) [pPr(CINC2N .Nn.Cm) ] (3.5)

~~

3.3.1 Bridge circuit reéliability evaluat ion

Refer to Figure 3.2 for the bridge circuit. The Fo
probability of system failure for the bridge circuit ?Eﬁ
expressed as.fo1lows1 |
Pf = Pr(C1 U C2 U C3 U CA)
= Pr(C1)+Pr(C2)+Pr (C3)+Pr(CA)
-Pr(EINE2)-Pr(TIN T3)-Pr(TIN TH)
-Pr(C2N T3)-Pr (T2 C4)-Pr(T3n C4)

+pPr(CINT2NC3)+Pr(TIN TN Ta)

+Pr(T1NT3N Th)+Pr (T2 NTIN T4) -
-PriCInT2nTINTH)  (3.8)

If Pi is the:reliability of a conp‘onénft in a cut
.and Qi its Unreliability; then based on the assumptibn‘.}
_that the comgpnents ére,indépendent, tﬁe following |
equatioﬁs for the probabilities of cut’Séts failing can
'be writtén;, u o

Q.2 (s

Pr(Ci) =

Pr(C2) =Q3.Q8 . (3.8

Pr(Z3) = Q10405 < 3.9
v,4P‘r(571) = 02.03.05 L (3,100

Pr(CINT2). = Q1.02.03.04 - (3.11)

Tl -
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Pr(EIN E3) = Q1.Q2.Q4.Q5 - (3.12)
Pr(C1NTA) = Q1.02.03.05 " (3.13)
Pr1C20T3) = Q1.03.04.05 (3.14)
Pr(C2N C4) = 02.03.04.05 o ' (3.15)
Pr(C3NTA) = 01.02.03,04.05 | (3.16)
Pr(C1NT2NE3) = 01.Q2.03.0Q4. 05 i3
PLCINC2NTA) = 1.02.03.04.05 . (3.18)
Pr(C1NC3N C4) = Q1.02.03.04.Q5 _ (3.19)
Pr(C2nC30 C4) = 01.02.03.04.05  (3.20)

PriCINC2NC3NT4) = 01.Q2.03.04.Q05 - (3.21)

“Therefore, the probability of system failure can be.

'expressed as follows

= ar. oz+0304+o1 Q¥.Q5 + 02.03.05.
[Q1.Q2.Q3.Q4 +Q1.Q2. 04 Q5+Q1.Q2.Q3. 05
02.03.Q4.05+Q1.02.03.Q4.05]

Q1.02.0Q3.Q4.05 +.Q1. Q2. 03 Q4. Q5
Q1.02.Q3.0Q4.Q5 + Q1 02 Q3. 04 05
01.02.03,.04.05 o o (3.22)

+ + + | Q-

If Q1 -aQ2 03 Q4 = Q5 =Q (i.e. all ~components are'
ident1cal) then the probabIIity of system fa1lure is

g1ven by the ;ollow5ng express%on

= 20 + 20 - so -+2'o e T ?‘*‘-"”(3.2‘3‘)"

In order to show that the equation obtalned for

E unrel1ab1lity is exact, the unrel1ab111ty of the brldge .

network w1ll be calculated by Baye s theorem



42

3.4 Baye’s Theorem|5] .

o -
Baye's theorem states that if A is an event which _

depends on one of the two mutually exclusive“events Bi and
Bj of which oneAmust necessarily occur, then the probability
of occurrence of A is givenhby the following equation:

F(A) = P(A,given Bi).P(Bi) + P(A,given Bj).P(Bj) (3.24)
Applying Bayé’s theorem to the bfidge circuit shown in
Figure 3.2, the probability Of.system failure can be written
as: . _ ‘ ) a

Pf = P(System failure if cﬁmponent 3 is good).R3

+ ) o>

P(System failure if component 3 is bad).Q3 -

!

The system can be decomposed as shown in Figure 3.3

PR 1. . 4 .
—_ 3 L '
2 5 I ‘
1 44 B B 2 .
— < e et L . ’ 4‘t_
r 5 R I

F1gure 3.3: Decomposed br1dge network
.P(Systemvfa1lure.1f 3 1s‘gopd) Q1.Q2 + 04 Q5 |
o s ana2as, o (3.25)
.P(Sysfem'fﬁilyre if 3 is bad)'= 1, -(R1 R4 +R2 R5
| - RI.R2.RALRSI(S. 26)
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fherefore the probab111ty of system fallure is:
(Q1. 02 + Q4. QS - Q1.Q2.Q4.Q5). R3

+[1. - (R1, R4 + R2 RS - R1.R2. R4 RS)].Q3

(Q1.Q2 + Q4. 05 - Q1. Q2.04. 05)(1.-Q3)
'+ Q3 - (1-Q1).(1-Q4).03 - (1-Q2).(1-Q5).Q3
+(1-Q1).(1-Q2).(1-04).(1-05).03 (3.27)

Pf

%

“Assuming all components are identical, the probability

of system failure -is given by ghe fo]]oWing expression:
3 ., 4
=20 +2Q -5Q + 20 . (3.28)

Equation (3.28) agrees with the results obtained by the

. cut set method (i.e., equation 3.23) .

r

"Hence, if all the minimal cuts of a system are

taken into cons1derat1on\\the exact values of the:

re]1ab1l1ty_can be obtatned. but in practice [3, 6, 12]

' the contributions by fhe’terms beyond the‘third'order

are assumed to be negllglble and the computat1ons are -

f'usua\ly truncated at th1s po1nt

It may be noted that ‘the' expans1on formula 3. 5 does |

~not apply when components are dependent The. assumpt1on,f

.of independence can, however, yie]d close results for’.}

‘Athe dependent case 1f component reliabil1t1es are
.'~suffic1ently high which is the case usually for the 3

power system components

¢



3.5 Freguency of System Failurel17]

In order to understand the derivation of the e
failure frequencyqequation the relationShip'betweenFthe
minimal cut sets and the system state space diagram‘;"

should be understood,AConsider a minimal cut set Ci )

which has compod%nts‘l_and m as.its members. By the very

~definitign cf minimal cut set, if components 1 and m. »

fail, the system will fail 1rrespect1ve of the states’of
the other components of the system. The fa1lure of the
members of C1 is equivalent to\the system being..in the
subset Si of the state space éi
wheref

Si = [Components 1 and m are failed and the other

‘components exist in a particular state i.e.,
' ) B v Q @ ‘/”

R

~either up or down]

" Let Siv be called the vertex state of ‘the subset 51 in
twh1ch ‘1 and m are fa11ed and all of the other components'

are funct1on1ng.

44 -

The System‘can'transit from thefvertex state either |

‘upwards i. e,, less components in the failed state by

. ’repa1r of the falled components 1 and/or m or 1t can

.

- out of §i by the repan- of 1 or m and therefore the

‘trans1t downwards i.e., more components in the fatled
~.state by the success1ve failures of more components

'.Subset Si. 1s constltuted by the states generated by the

. xrly )
” 3 M ~

’ downward trans1t10ns from Siv The system could transit}'
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frequency of encountering subset Si is:

ZP(sj) T Mk =

~a Fi =
sjesi Aeci . | |
= P(Ci). Mk - (3.29)
. | ;
where: % ‘ . : L s
Mi= Z Mk C &
k€

The relationship between the cut set and Ts equivalent~
state space subset can be mobe~clear1y uhderstood with
reference to Figure 3.4 wheresthe cut C1 of Figure 3.2

and the equivalent subset S1 are shown.
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‘With reference to Figure 3.4:

the members of C1 =‘1,,é

St = [s1 s2, s3 s4,s5,86,s7,58]
o The'sfatee uh1ch are elements of S1 are generated by
euccessive,failures of components 3, 4, and 5 from”“the
vertex state s1. From any state which belongs to S1, the
system could transit out of Si by reﬁeir of component‘1 or é
which are members of C1.

The frequency of encounter1ng 51 is:

F1 = <u4+M21[2?p<51)1 |
= (MeB2)P(CT) ) - g
= (M2 ) (Q1.Q2) - (3.31)

B
Now consider another minimal cui set Ck and the
~ equivalent subset Sk of state scace S. If 51 and SK are
mutual]y exclusive eveﬁts, then there w111 not be any
transitions between" states Si and Sk. In such a case the

frequency contr1but1on due to Si and SK is Fi+FKk [15] In

pract1ce, however, the state space subsets minimal cut sets .

overlap and'the‘frequency eduation for'system failures for

th1s ‘case can be der1ved by referr1ng to the Venn d1agram in

[P 4

Figure 3 5.

st . 82
|

Cay (2D a3 D

Figure.3.5: Venn diagram’
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Define: event Si = A1 U A2
event S2 = A3 U A2
Then, ” P
F(Si U SK) = F(Si) + F(Sk) - F(SiNSk)
| = Pr(Ci) Mi+ Pr(Ck) Itk '
g - Pr(CiNCk) Mirk | (3.32)
where: . ) ‘; ,

Kitk = Sum of the repair rates of components

which belong to cut .setsCi and tk

,

, In general for m cuts,'the Frequency of systém T,

 failures is given by:

r

FIST US2US3 U .....U S
[Pr(C1)E+ Pr(C2)Ha+.. . +Pr (Tl
LAl B (EIN T2, Pr(TIN C31 M +
Pr(CiNTiIMug] + |

Ff

s on

C e
(-1) pr(cmﬁiné‘s f\Cm)#—our- (3. 33)

The probab111t1es of the frequency of encounterlng

higher order cont1ngencies become 1ncreasqngﬁy smaller.

The appl1cat1on of frequency equat1on (3 33) can be h

“demoostrated on the br1dge c1rcu1t shown 1n Flgure 3 2

_,For convenience the var1ous m1n1mal cuts w:th its

members are. reproduced as follows o g;
c1=1,2 o c3:1,3'5
€2'='4,5 L ca=2,3, 4

47
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-<
The frequency of bridge circuit fa11ure (i.e.

is glven by: _ o

CFf = [P(CT) @i+ P(C2)2+P(C3)Ma+P(CA) M ]

. Ff)

S[PITINT2) (Mirz) + PIEINTI) (M3 )

+ P(C1N &)(Ziqu
v PIC3N ) (Mo
C+[P(CAINT2N T3 Mae2e3 )
* P(C2NTINTA) (M2t srl )
+ P(TINTIN Ca)( Mawssly )]

- [P(CINT2NCINTA) | AL 1424344 )]

+ P(C2NC3) (M2r3)
& P(C2NTA) (Ah2ey )]

(3.34)

If each component is assumed identical with a failure

raté A (i.e., failures per yeab) and a repair rate ML

(i.e.srepairs-per year) then;the'probabi]§ty of the

failure of that component is giVen by‘bheyfollowing

equation:

0= A (3.35)
Since cut sets C1 and C2 of the br1dge network :
,conflguratlon have two components each then |
) _P,(.'C_1_)'=- P(C?.) =Q (3.36)
o 3 S e
PIE3) = PICE) = Q- L g > (3.37)
'-rp(cmcz) = PEINTY) = PITINTE) S—
| = P£C2f\gg) = P(C2f151[; S ‘
L =0 | (3.38)
M«\/(\ @ ‘ )
. 5 R -
P(C3NTA) = Q ~ 7 (3.89)
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-Simitarly, ~
. pﬁ\&‘z:r@) = 'P('c'mg"z‘né‘a)
| = P(EZNEBNTA) ‘
PITINE2NT3) = PTINTINTA) | |
B : = 05 _ . (3.40)
Also, ", _ ‘ - ‘ |
W= o= 2 M5 Bip= Mu=3M (ﬁ{
}\1,41: Misz's Mipy = 4M ' 7 |
Misasen = Miszey= A‘2+3*9f“a'*5*“ S (3.41)
| | o= sm |
CMoysz43ey = 5M
: (3.4

Substltut1ng the values from equat1ons (3 36) to (3 42)

".-1nto equat1on (3.34), the frequency of system fa1lure is

given by the follow1ng eqUation

<4o+so--2oo+1oo)u o (3.43)

"l The frequency of system fa1lure by the decomposit1on :

"Q-method i.e., Baye s theorem, can also be calculated [16] Ifh" v

;f‘-x is the selected Key component and P(x) and Q(x) are. the SN

'x'probab1l1t1es of its be1ng 1n up and down state‘

'nfrespect1vely, then the frequency of the system faxlure i. e ;“7~’

Ff is g1ven by
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Ff =" F(System failure /x is good)P(x) | - T
.+ F(System failure/x is bad)Q(x) | 3
+ P(System failure/x is bad) ) C
. . R _\
- P(System failure/x is good)P(x) ‘ (3.44)
where: ' o ’
== The failure rate of X \
Referring to Figure 3.6, the selected key component is:

#3. When component 3 is good, the components 1 and 2 form a o
parallel block which is in series with the parallel block of .-
components ‘4 and 5." Similarly, when component 3 is-assumed .
to have fai#ed _then the component 1 and.4rare in series ‘and - o
form a para]lel block w1th the ser1es blocK of components 2 SN
and 5 | ‘ , |

1 4
—{] —{ "
R LS5
i < 4?_‘._ 3 . 3
—{3 —{— - —F

f*a) Component 3 is QOOd i b)Component 3 fsibad~'.;
' g‘F1gure 3 6 Decomposed br1dge network | ‘




in order to evaluate system rel1ab1l1ty,.

.P(System fa11ure / 3is good) =_P1245d

. F(System failune /-3 is good)

51

The following equations are based on the assumption

that all the components in the bridge network are

identical. . | | ]

- Given component 3 js good:

r . _
- P12d = Probability of 1 and 2 down = Q * Q (3.45)
. " o ~ 2. o
P12u = Probability of tand 2 up =1 -Q (3.467)
Freguency of ‘faiture o¥ 1 and 2 = P12d ( Ui +M2)
! . ' TN
= Q (2 M) (3.47)

>,

© .The block containing'components 5 and 4 is similar to

that of 1 and . oo the frequency of fa1lure of

‘fcomponents 5 and 4 fa111ng s1multaneously (i.e., F54) is

given by the following equation:

F54=='F1,2 =“§,u.. Q ., R : _ (3.48)

-

S1nce the blocks are assumed to be connected in ser1es

—

=1 - P12u ._P34u.v. '

.
B |

1 (1 - Q ) (1 - Q)

a. | : 2
S = 2Q-- Q - .(3.49)

-_ P1234u(.,,\.},+;)a5 )

.v ”“ u"
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is:
Az = F12 / Pi2u
2 2
= 2MQ /(1 - Q)
Similarly:
Mus L= éM.Qz/(1 - 62)—
The equivalent repair rate (i:.
Mz = F12 / P12d |
= 2 M
Also;
Mus =2 M

F(System failure / 3 is good)

: 4
The equivalent faflure rate of block containing 1 and 2

4 . (3.50)
3.51) .
| o (3.51)
,Mh12) is
(3.52)
(3.53)

E

P1234u( )12*—)qg)

2 2
e = 4MQ (1-0Q) (3.54)
Given 3 is bad: ‘ ‘ :
P14u = Plu * P4u
2 ¢
== (3.55)
Pl4d = 1 - P14y 7] o
2 ] ~ 7 ’
= 0.0 (3.56)
F14 = P14ul A 42y ) NI
7, ‘
o= (1 -Q). 24 )
My = F14 / ptad
=2A01-0Q /(20-0) o (3.57)

52
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~ / ‘ -
P(System failure / 3 is bad) = P1425d
= Pidd . P25d
2 2
= (20 - Q) (3.58)

- F(System failure / 3 is bad) P1425d(‘1“rt‘95)

F(System failure / 3 is bad) 4140(1-0)(20°02) (3.59)
Now; the frequency of system failure is:
f = F(System failure/3 good)P (3 good)
F(System fa1lure/3 bad)F(B bagi

P(System fa1]ure/3 bad)

P(System fawluge/3 good ) * P(3 good ) .

2
Ff =4 Q(1-Q )(1- Q)+4 Q (20*0 ) (1-Q)
22 *
+1120-Q ) -2Q +o M Q ’
| 2 3 . 5 |
= (40" +6Q - 20 o + Q)M - (3.60)

“ This equafqon is the same as obtatned by the cut set method.

3.6 Secpnd Method of ffnding”Fheguency gf systen Failure

'Another method [17] also uses cut sets in finding
the failure 'frequency of a system. It is claimed in the
referenced paner [t7l that'the resutts obtained using
_ this fecnnique'aﬁe in agreement with those obtained“by.
_Markovisystem model. | |

As per the referenced paper, if K 1s the cut set
~~and kfis an element (i.e., component) of the cut set

then the frequency of system failure is given by the

'y . i



following equation:

F =§f . Prif=f | ‘ (3.61)
system K K A ,
Y Rek | ’ ‘
where: )
Prif = £ ] = Pr(M UN ]~ Pr[N ] (3.62)
K K K - K :
Pr(M U N ] = Non avaijlability of cut set k-
K K ,
‘ when componentlk is omitted
and, Pr[N |} = Non availability of cut sets not
. ' K : v

' , . containing component K
The non availabilities of the cut sets can be calculated

from equation 3.5. :

‘Let us-apply this procedure to the cut sets of the
bridge network. The cut sets are again listed here for

convenience as follows:

c1=1,2
c2= 4, 5 ®
€3 = 1.'3,,5
C4=2,3,4

The components conta1ned in the cut sets are 1, 2 3, 4

and 5. By settlng K equal to 1 in equatlon (3. 61). the

54

" non ava11ab111ty of cut sets when component 1 is om1tted

'and,the.non ava1lab1l1ty of cut sets .not containing

- component 1 can be ev#luated as follows:



~ Similarly;

jt%%ff‘
Pr(f

pr(t

Pr(f

Pr(f -

And, -

et
'K

system

f

f

2 3 4
)= Q + Q -4Q +20Q
2 .

— 2 3 . 4

3) = Q + Q -4Q +20Q

2 3 4

)= Q + Q -4Q +204Q
4 ,

c 2 3 4

)= Q'+ Q -40Q 20

=‘f; = f = f =_’\_M
2 ¥ 4 A+

. (Q-AL:

=S f Prif=¢f)
Zh R

tted

. (3.63)

(3.64)

SR v '
P =-Non avé?]ability of cuts when component 1 is omi
f1 -
' 2 2 3 3 -3 3 -3 4 4
P = (Q+Q+Q+Q )-(Q+Q+Q+Q+Q+1Q)
f1 <
) 4 4 4 4 4
+(Q+Q+Q+Q) -4Q.
P = Non availability of cuts not containing component 1
- fin. _ ‘
2 3 4
=Q +Q - Q )
Pr(f = f.) = P - P
1 f1 fin
2 3 4

 (3.65)

 (3.66)

(3.67)

*(3.68)

(3.69)

(3.70)

Therefore, thé frequency of system failure is: -

RIS
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£ )+ f Pri(f

-+
1]

f pr(} z = f )
system 1 1 2 -2
+ f Pr(f=f%)+ ¢ j?r(f = f ) 4
3 . 3 4 4 - |
+ f Pr(f = £ ) |
Kl 5 7 5
.2 3 4 5 . “
:(4Q +BQ -20Q +11 Q). M (3.72)

The‘numerical vailues for the failure frequency can be
evaluated by the two methods and compared Let the repair
rate be equal to 438 repairs per year (i.e., the mean down
time of a component is equal to 20 hours) and the failure
rate varied from 2 failures per year to 218 fa1lures per'
. year. These results are shown in Table 3.4 '

Table 3.4: Frequency of system failures ﬁ@r the bridge

circuit
Failures/yr 'Frequency of - Fa1lure PerCehtage
B N Method . Method 2 Error .

2.0 03644142301 .036441423 ' 4.665 E-08 ' .
4.0 . .145375288  .145375315  1.794 E-05 '
8.0 .577963221 . .577964034  1.406.E-04
6.0~ 2.277773988  2.277797800- 1.045 E-03
32.0 - -8, 769i40832_‘ 8. 769781650 7.307 E-03"

213.0 201 876543200 203, 5790123001‘ 0.89285713

#
: ) .

- As can be seen from ‘Table 3. 4 the Percentage error77'

in the calculation of frequency of failure by the two o
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methods is negligibly small but when the second method
was applied to the substation configuration shown in

_Figure 2.9; it failed to yield accurate results.

I3

The error inzthe second.method can be explained as

follows. The system shown in'Figure 2.9 has 8 first

_order cuts only 1 e., 1, 2, 3, 4, 5 6, 7 and 8. The non -

availability of cut sets when component K is omitted ’

equals the non availability of cut sets not containing

component K and hence the net frequency turns out to be o

zero, which is incorrect. Hence, the second method is
not suitable for systems containing first'orderfcuts
:only. V

’.3.7 Conclusion
.

This chapter has 1ntroduced the various concepts
relating to the cut set modelling technique. The‘*

algorithm for generation of cut sets has been explained

'The equations for system availability and system failure

' frequency have been described

1t has been shown that 1 all the cut sets of the

:system are’ considered the results obtained are exact
This has been shown by application of the technique to'

| the bridge circuit configura}ion The equ1valence

between ‘the minimal cut set and the state ‘space has also

ffbeen Shown in this Chapter L ey .zgf"
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Andther published method of finding the system
“¥ailure fhequency has been . illustrated and compared with
‘lthe‘first method. The limitations of the second method-: 5a

have been shown and discussed.



'CHAPTER 4

SUBSTATION RELIABILITY EVALUATION

4.1 Introduction _ . | E . )

The electrical components in a power system can fail in
AN

| various m%ges The component outage may or may not cause
load poin%ajnterruptions depending upon the configuration of
.the substation. The impact of ‘var ious  modes of component
i “failures on the load point_reliability‘indices of a given
configuration are presented'in this chapter Also, the °
- algorithms for the calculation of load point- reliability
. indices for a general substation configuration are presented

and app]led to several substation configurations

4.2 Load’PbInt Fallure Modes = ' | o

‘ All electrical component faults which result in the

o removal of other operating components from .service are

classxfied as active failures All component outages which

do not remove any other operating components from service
’«;are classifjed as ga551ve failurg . If a component is being
‘maintained then the component is classified as being on .

ftl, maintengnce gutagea Each of the failure modes of 1ndiv1dual

‘electrical components may or may not cause load p01nt

interruptions depending ‘upon the configuration of the
: substation 1f the Single failure of .an. electrical component

| does not cause a load p01nt interruption but the failures of

‘,,fjmore thanrone component cause a load point interruptiqn._.;
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then, the failure mode is called an overlapping failure.

The above modes of component failures can be

demonstrated with.a simple substation configuration [18] as

shown in Figure 4.1 below:

’

SOURCE 1 '3 " '1 5_
X g X
. ‘l ~ i
7 % — CIRCUIT BREAKKERS TRANSFORMERS -
| )é P LOAD
. - . . . 4;' x - X
SOURCE 2 |- ~ 222 T POINT
4 . LOAD
A / L BUS

Figure 4.1: Simple Substation Configuration

The above substation configuration shows two electrioal
_sources feeding the load point bus via:
éf i) source t, transformer 1, 01rcu1t breakers 3 and 5'
k"ii) source 1, transformer 2 circuit ‘breakers 7, 4 and 6
iji)souroe 2, transformer 2 circuit breakers 4 and 6. . ;

jv) sodroe 2,.transformer.1, c1rcu1t‘breakers 7, 3 and 5

Yhe follow1ng 1n1t1a1 assumpt1ons are made
'4¢ .The load bus and the sources are assumed 100% reliable | !
'2.-'Each transformer has the capac1ty to meet the'’ Ioad ﬂ

.requ1rements 1 o . ,
3. The c1rcu1t preaker‘%EQtngs are'not exreeded for all ‘ -

system normal. operat1ng condg 1ons/}j_\\}F " .
o | o ¥ 2



~ The following discussion will be directed at describing

-the various modes_of failure which lead to load point
" interruptions i " the simple substation configuration shown
in Figure 4.1. Base n initial assumptions previouslxkqv
listed, the passive failures of none of the components will
cause a load pOlnt interruption The maintenance outages for
all components except the load bus w1ll not cause a load
point interruption. However, pass1ye failures of transformer

«é} breaker 3 or breaker 5 overlapping the passive failures
of transformer 2 or breaker 4 or breaker 6 can cause a load
point 1nterruption Such combinations of failure events are

called overlapping passive failures. . ‘ Z*

4

If transformer 1 or breaker 3 or breaker 5 is out of
service due to a scheduled maintenance outage and if
transformer 2 or breaker 4 or breaker 6 fails paSSively
during the maintenance period then it w1ll cause a load
}ppint 1nterruption Such failures are called passive

' failures overlapping maintenance acthltleS If an outage in

61

the system oceurs, then scheduled malntenance activities on ~n

components which can .cause a load p01nt 1nterruption are
'«assumed to be deferred For example.‘if line 1 or- breaker 3
. or breaKer 5, has failed then the maintenance on line 2 or

'fybreaker 4 or breaker 6 will not be. started

TJWhen'the active‘failure of breaker'S OCCU?Si its

failure trips breaker 3 and 6 (assuming an 1deal protection '

N coordination scheme) and isolates the sources and the load



point resulting in a ‘load point interruption. Similarly,” the
active failures of breakers 6 or 7 also cause a load point
interrugtion.

»

. _ B e
Considering the case of an active failure of breaker 3

when breaker 5 is stuck i.e., breaker 5 fails to operate

when required to do so. In order to clear the active failure
of breaker 3, breakers 5 and 7 and the breaker at the far
end of source 1 have to operate. Since breakerls ,is stuck it
is assumed that breaker 6 will operate in order to stop
feeding;the fau/t via. the second- source and resulting in a_;\
load point interruption. Also, if breaker 7 is stuck and

g breaker 3. is actively failed, then breakersfat the far "end

of sources 1 and 2 will’ operate to clear the 4ault- resulting

in a load point 1nterruption

JSimilarly. the actave failure of breaker 4 when breaker
%

6 or 7 is stuck causes a load pOint 1nterruption Also,-the.

1? stucK and ,‘

active failure of transformer 1" when breake

"active failure of. transformer 2 when breaker 6 is étuck

result in a load po1nt interruptjgn B

If : e two sources can fail in common mode for example.

if the two sources are dual transmission lines approaching

‘the substation on a common tower then the. mechanical failure o

of the,tower can-cause-both\the circuits to fail, then\such

outages-are'calledicommon mode“outageif



o

‘e,

\l‘A

All combindtions of components failing in various modes»

' of failure and leading to load p01nt 1nterruption of 51mp1e

substation configuration shown in figure 4.1 are tabulated

"in Table 4.1.

"Table 4.1: Load p01nt interruption table

1.

Passive failure of transformer 1 or breaker 3 or breaker

‘5 .overlapping the passive failure of transformer 2 or

breaker 4 or breaker 6 and v1ce versa.
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Passive failure of transformer 1 or breaker 3 or breaker: ‘

>

'5 overlapping the maintenance outage of transformer 2 or .

breaker 4 or breaker 6 and viceé versa.

o Active.failures of breaker 5 or- 6 or 7.
'Active failure of breakeru3 when breaker -5 or 7 is

stuck. ° ) o ) -

ActiVe failure’ofhbreaker 4 when breaker 6 or 7 is
stuck.: | ‘

Active failure of transformer 1 when breaker 5 1s stuck

i-.Active failure of transformer 2 when breaker 6 1s stuck

. Common mode outage of sources 1 and 2

: Often substation configurations have normally open

branches which are used to reconfigure the substation during__,

‘ffaroutage periods When an outage occurs. the fault fiPSt 18

identified theh the faulty components are isolated by -

switching operations and if it is possible to establish the

continuity of service between the load p01nt and the source

,by_closing.the;norma%{yVopen-branches,:then;these;branches.' R

l‘/'

././' - _
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‘ '.9;’°Common capserputages

d:'10 Common cause outages overlapp1ng maintenance outages

are closed (i.e., the durations of certain outages of

components can be reduced by closing'the normally open

.branches) .-

1heAfollowing‘outage events which significantly affect

LS

the substation reliability levels are considered in this

’thests

1. Pass1ve failures and overlapp1ng passive fa1lures of
‘substat1on components o o a o

2. .Ma1ntenance outages and malntenance o%iages overtapp1ng
passwve fa1lures d | _

3.*1Pa551ve fallures and overlapptng pass1ve failureS‘which
can be eliminated by clos1d&“normally open (N/O) |
branches |

4, “Passive faitures'overlapping haintenance oUtages‘whtch

can be(iltmlnated by clos1%§"normaﬂ]y open branches

”‘5{,"Act1ve fat]ures and active faw]ures overlapplng pass1ve

ROI .
6. Act1ve fa1lures overlapp1ng ma1ntenance outages |

7; Acttve a1lures w1th stuck breaker cond1t1on

8. Actlve fallure w1th stuck breaker condition overlapping

_ma1ntenance S b ,”'9;‘. "'76Q

Yo
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~ 4.3 Limitations of present ]iterature - ®

3

Considerable 11terature has heen publlshed wh1ch

”.descr1bes many technlques for the rel1ab1lity evaluat1on of ]
*substatlons Reference [19] requ1res construct1on of ]OQTC |
vdiagrams 18, page. 32] fTom\the phys1cal d1agram of the N

system -Often the construct1on of the log1c dtagram QTL}QQ;?'
-complex substation confaguratlon may not be possible. In the
logic diagram approach only the pass1ve fa1lures of
components are considered. Reference [4] makes use of Markov

}“mode111ng and 1s l1m1ted to s1mple substat1on conf1gurat1ons
;»where the pass1ve and ma1ntenance outage modes of fa1lure

‘gre onlr eonstdered ‘The reference [17] takes into account .

-

varioue fa1lure modes but not common mode failures. "Also,

»

the 1mpact of active fa11ures 1s evaluated only for the
c1rcu1t breakers in reference 117) The act1ve failures of
other components may also ﬁave a s1gn1f1cant impact and u‘?
a2 “hence can not be 1gnored The computer program descr1bed in -
reference [20] does not appear to be appl1cab1éiwhen :

Es

1;,7Norma11y open breakers dr sWxtches are present in the -

-

'system Coh L)'i E”fﬁ{li : R RS
K . . . o . ¥ ® ’ - -

T'-’Z. A1l ctrcu1t breaker faults are not ground faults

§ . .
-3;_.The protecttve system 1s not perfectly rel1ab1e

The program descr1bed in reference [18] takes 1nto
- account alT the real1st1c fatlure modes of components but'
does,not include the common\cause outages whlch may have a

s1gnificant impact [1 y 22, 23] on the rellﬁbtllty of : a

.



substation. A1l the above llm1tat1ons have been constdered
in the reliability evalua;;on of substat1on conf1gurat10ns
presented tn this thes1s. The algorithm for evaluation of
substation reliability and the.equations for calculation of
- .reliability indices are presented in Appendices B and G,
respectively. |

Y . o
The reliability indices of ten basic substation

configurations repdr}ed in reference {26] have been analysed
by this_algorithm. The configurations'and the results of |
analysls are presented in Appendix C. The analysis of two of
-these designs i.e., design lO and 4 (fromn*he perspect1ve of
the referencedxpaper)ihave been presented- in deta1l later in
tﬁis\chapter. The design 4'represents.the convent1onal "Main
Bus and Transfer Bus"’arrangement and the design 10 the

"Breaker and Halff scheme.

- 4.4 Case Study 4.1: Simple substation conf iguration

R - P .
Thé reliabiltty indices for the system shown in Figure

."5,2 9- of Chapter 2 are calculated by the cut set techntque It

may be recalled that in Chapter 2 the system lnd1ces for the
.same system were calculated by Markov modell1ng and-only two
modes of faIlure i.e., the component pass1ve and overlapping.
'pass1ve fa1lures and component passive fa1lures overlapplng |
matntenance outages were considered The results are /:

tabulated in Table 4.3 The ftrst column in Table 4.3 refers

to the event numbers The correspondence between the event

numbers and the1r def1n1tlons are shown in Table 4 2 It can

-

5

d ¢ . . : . °



be clearly seen from the results obtained in case study 2.4

and in Table 4.3 that the results obtained by the cut set

‘_ technique are in agreement with those obtained by Markov

T

modell1ng

\Table 4.2: Correspondence‘between event numbers and. their

< definitions

Event
Number
1

2

»

-

Definition
7

: . .
Passive failures and overlapping passive failures

.Maintenance outages overlapp1ng passive fa1lures

of components

Passive failures and overlapping passivevfai]ures
which can be avoided by closing N/O branches
Maintehance;outages.overlappihg passive'failures
whi;h can be avoided by closing N/O branches
Aotivelﬁajtures%and‘aotive_fatlures overlaobing
passive"outageS' |

Act1ve Fa11ures overlapp1ng ma1ntenance outages

<

Act1ve failures with stuck breaker COnd1t1on

.B

_overlapptng passive fa11ures

Act1ve fallures with. stuck breaKer cond1t1on

oyerlapp1ng ma1ntenance outages
Conmon rnode outages and conmon mode outages ;

PR N

overlapp1ng passive fa1lures

‘ Common mode outages over]app1ng ma1ntenance

-~ * S

Fa;\‘outages t

67



Table 4.3: Load point indices of reliability for system
shown in Flgure 2. 9 by cut set method. -
bkl SINGLE TRANSFORMER SCHEME *g***

LOAD POINT INDICES OF RELIABILITY

L i I et T T N e T T T i Ui U S

L R T R i e T T T T T T T U Tt i AP U A g O

EVENT  QUTAGE RATE  AVG DURATION  TOTAL OUTAGE TIME

CFL/YR HO&RS " HOURS/YR"

1, 0.3246999 6.3759146  2.0702581"

2 1.0000000 12.5999985 12.5999985 .

3 0.0 0.0 0.0

4 0.0 0.0 0.0

5 0.0 0.0 0.0
6 0.0 0.0 LS00

7 0.0 0.0 0.0

8 0.0 0.0° 0.0 {

9 0.0 6.0 ‘0.0 s
10 _‘ogo’f." 0.0 A 0.0 )
TOTAL 1,3246994  11.0744038 -: 14.6702557
--_;;,-T;-;;i-zi_-;t,g-;------;. ........... f;-;}ﬂb---f,---,-

" .. LOAD POINT AVAICABILITY - 0;998327]9155"f el

o L

68



Figore 472& Breaker and half'scheme t &

’. ‘):.: L

~which have been labelled for the formulat1on method of

69

4.5 Case study 4.2: Breaker and half scheme|26]

The arrangement of components in this scheme is shown

in Figure 4.2 ° ' | "

——

IBREAKER AND HALF SUBSTATION CONFIGURATION l

v 19 LOAD POINT

- A
FEEDER ®2 ulc: 9

13— COMPONENT
_ NUMBERS

B '2 | . FEEDER ®1’
, — ‘
- 10,\N/C ‘ ‘
--L-'l0A01KHNT N/C - Normally-closed device
. - . B ' . e

o
(7

. "Q
y 3

. L1nes 1 and 2 are. the 1nput sources for the substatlon

scheme and has 6 clncu1t breaKers labeled as 3 4 5, 6, 7

’and 8 as, shown 1n F1gure 4.2. Elements 13 and 14 are the -

substat1on buses Elements 11 and 12 are the transformers

hThe secondary ends of each of these transformers.jeed loads

A and B,_respectavely Elements 9 and 10 are: the disconnect

€

switches Elements 15 16 17 18- are termination nodes

*‘.

i determinlng the paths between the sources nodes and the

arious load po1nts
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The criteria of successful system gﬁerationris,the

continuity of service between any of the soubces and any of -
the load points. It is assumed that each transformer and all
lcomponents in the sYétem,havé‘capaeity to meet the system
load requirements The load boinfbreﬂiability indices are
def1ned as the continuity of service to either load point A.

or B or both

The input data for this case study and-its explanation

are given in Appendix D. The various paths between the

sources. and the load po1nt be1ng cons1dered are sbown and
C ic.é'

A

d1scussed in. Append1x D.
The load p01nt rel1ab111ty results ‘obtained for the breaker
and half substat1on conf1gurat1on are preSented in Tablelﬂ?f<fv

4.4,

»

Ay
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Table 4.4: Load point reliability indices c;f breaker and

o

/

. half scheme

LOAD POINT INDICES OF RELIABILITY

B R I R T T T T . T R T T R R L

D e i T I T T T e el T T T e A P P SRR S u g i

EVENT  OUTAGE RATE
FL/YR  HOURS

AVG DURATION  TOTAL OUTAGE TIME

" HOURS/YR |
.0073596 . 156.5519714 °1.152gp68 -
.0019933  14.2033005 .0283109 |

2w N

\" \

0 0
. 0..‘ .
0014196

.0004935

;odo1329 o
.0000144 .
.5620000 " -

0
0
[9941425_.

9996061
7119865

12950548
4999952

0
.0028310
.0009868 -
;0003605
.QDQQO43 ";ﬁ’
10908967

T e e e W e e e W e e e i e e e A R e e ey s W e e e W P e T M e e e e an e e e e e

O W, O =N O v

.0

- fOTAL = 0.5734133  7.4564791. . 4.2756433 |
SRR} SR SRR I SRR R

g ‘ S R
. .

4-+% . " LOAD POINT AVAILABILITY=0.99951225519 .. ; “\.°

B

PR
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o7,

}1mpact of active failures and the active failuresfg*

4.5.1 Discussion of results of case study 4.2

Table 4.4 lists the contributions to ‘the Yoad point
indices of “eliability_due to the various failure events.
The correspondence between the e#ent'numbers and their

definitions ‘are shown in Table 4.2,

It can be clearly seen from Table 4 4 that the
contribution to the load point reliability indices by common
“mode outages i.e., event 9 is the highest because all other
listed events have contributions either by second order cut
sets or- by the third order cut sets The next highest _
contributions are from event 1 and then from event 2 which
reflect the passive failures and the maintenance outages
overlapping pa551ve failures. The components contributing~to
these events are those feeding the two loads»ﬁnd the two -
sources. In: other wordg any failures of components 9 'and 11 !
overlapping w1th components 10 and 12 causes a load point
':nterruption Also, the s1multaneous outages of the two °_¢;

transm1551on lines cause a load p01nt 1nterruption Ihe next

highest 1nterruptions are due to events 5 and 6 i. e,, the .

overJapping the ma1ntenance outages The next highest

:ff contributions to the load p01nt reliability indices are by

events 7 and 8 (1 e., the effects of active failures with

stuck breakers and the maintenanée outages overlapping the

active failures withistuck breakers)

.{!,<_




o ,electmcaJ sources. They energ1ze,

"‘-the circuit breakers 3 and 4, re 'ect1vely The main bus

'-"'; ",,elements 7 8,9, and 10 have been shown -as normally open

. : : . , \
The contributions by events 3 and 4 are zero because

there are no norma]ly open components present’in the System.

4.6 Case Stu ' 4.3: Maln bus and tnansfer' bus c:omc fgurat ion

17 -T“'-to'ao Pomr

[26]

ammunad 0

[ 3
R

naa

*H

-FeebEr *2 o | | FEEDER * 1
Figune‘4}3fjﬁain‘bus and;transfeq/busfQOnfiguration

' Figure 4 3 shows the main bus and transfer bus. |

"I.substation conf1guratlon The ele s 1 and 2 are the two - -

vif‘a-

4 - /the main bus 13 through

feeds the two transformers 15 and. 16 through the S& c }

B .interrupters 5 and 6, respectively, The transformers in turn e

feed the load A and B. respeétively In Ref ence [26]

',1 -

o

73

—y \
”ffswitches If any of the two Ioads has to be sw1tched to the |
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transfer bus because of outages on the substation main bus

(e.g. node 13), then the transfer bus can be energized by

closing either or both swntches 7 and 8 and then by closing
'switches 9 or 10, the load A or B can be switched.to'the |
transfer bus. But it canwbe argued that in‘that case any

| faults on, the load feeders Qill be‘seen by the far end

breaKers of transmlss1on lines 1 and 2, which ds a poor .
operat]ng practwce Hence 1n order that all feeder faults

be cleared w1th1n Lhe substat1on either the d1sconneét

’usw1tches T and-8 should be replaced by breakers or’ the

disconnect switches: 9 apd 10 should be replaced by breakers

In thls study N/O sw1tches 7 and 8 have been rep1aced by N/O -y,
~fbreakers | | o
| As in'the'previous case study; 1t has been assumed that

?

‘the cr1ter1a of successfu] system operat1on 1s the

cont1nu1ty of serv1ce between any of the sources to at least

one oF the load p01nts

“The varidUs tie sets between the'sources'andtthe load
‘po1nt be1ng cons1dered and the respective cut sets for' . - s
';d1fferent events are presented in: the Append1x E. The load (-' .

p01nt re11abil1ty 1nd1ces for ‘this substatlon configuration f

L6 i . } . :
2 - . B : .4

':are shown 1n Table 4 5
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Table 4{5: Load point indices of reliability for main_bus

-

and transfer bus configuration
. ) AY

LOAD POINT INDICES OF RELIABILITY

- m - ® e e e, . ® .- -, - ... -, e ee e memwmm e e .- e meaa e emem— —omm o -

EVENT  OUTAGE RATk AVG DURATION  TOTAL OYTAGE TIME
| " FL/YR . -HOURS

-

1 0.0073532  156.6836853 - 1.1521225

2 0.0019910 ~  14.2140570  0.0288997 .

3 0%0293318 £3.0000000 . 0.0879955 ‘
4 - 070020248 3.0000000 ' 0.0087743 '
5 . 0.1199999 1.9999990"  0.2389998
e oo 0.0 T 0.0 &

7 - 0.0030000 © 1.4333315  0.0043000
8 00. - 00 0.0

9 0.5620000 _  '5.4999952 3.0909967

e L
b il it T T TSpN I EPE A ‘~-_'+'.Lr‘;.,- :

- TOTAL  0.7266006  6.3480349 .. 4.6124859 =
. - C - R P PR

R Rl Rl I I U IR S A ik S S P SRyt Uy U A g

LOAD RQiN17AVAJLABlLIIYéO.9994]38693d-_ _f ' '
B R N o S

RN
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4.6.1 Discussion of results of case study 4.3

As can be seen from Table 4.5, the contribution to the
]oad po1nt rel1ab1]1ty indices is ‘the h1ghest for the common
mode fatlures The contribution to the failure rate- by the'

act1ve fallures ( i.e.r event 5) is: cons1derably higher in-

,gms case than the pr‘evwous case study because the active
i

RO R U

'f.ytime per year 1s smat]er for H type cuts than the K type T

falﬂures of breakers 3, 4, 5 ‘and 8 1nd1v1dually cause a load

2 po1nt 1nternupt1on to occur sance each component fa1lure

N J
" causes -a main bus“fault HoweVerF these fallure events can

be term1nated by clos1ng normally open components (deferrlng

=

repa1r act1v1t1es) and ‘the contr1butlons to. the down t1me

Y

v ) o

per year is comparat1vely small s1nce 1n general .the

‘durat1on of ;switching act1v1t1es is usuaily.less than the

0

¢ durat1on of repa1r act1v1t1es

-

The effect of 1nc1ud1ng the normally open bFanches 1n

: the conf1gurat1on model 1s d1scussed below The: average'

C" ( A

,;.:durat1on of.the K type cuts,1 e , events Whlch can be tﬂ: .

o &
aterm1nated by repa1r is about 156 68 hours and that of H
.type cuts 1 e i eVents which can be termlnated by switch1ng

v o

‘1s 3.0 hours, hence the contr1but1on to the total outage

1

4-, . ‘-.
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CHAPTER §

RELIABILITY ANALYSIS OF AN ACTUAL SUBSTATION CONFIGURATION

5.1 Introduct ion

AN Reliability analysis of British Columbia Hydro and
Power Autnority’s George Dickie substation has been -
uperformed in this Chapter The'cut'set technlque'End the

Markov modelling techn1que have been usea for the analysis;

The sﬁngle line diagram of the: substat1on conf1gurat10n is

shown in Figure 5.1. - e ;y v

5.2 Deserjption of eiements ,z;‘ g - , S
. ; . . ‘ L - ,.

) " The descr1pt1on of the elements contarned in the George
Dickie substd?non\rs'presented in Table 5.1.
, Table 5.1 Descr1pt1on of elements of George D1ck1e

'{'subetation

. 'Descrigtion' o . Substatlon elements |
Load Potnt  ‘;52 l;'a¥'5"?

W VBuses . 19,20,21 . |

L.V Buses 22,23, 24 38”39 40,41 |
) ',niéééhngcfiﬁg;4“' ¢ - 3,4,5,6,7,8, 11 1,17, 18;
’ f'7swit¢hé;f 0 25,26,27,28,30,31,32,33 <;“A
. S ‘A“\,ss 37,42,43,46,50,51,53,..
S LT 5810 94,102,116,130, -

‘137 14i, 156 . ajvfg;f»



- =

Table 5.1. (continued): Description of elements of George
Dickie .substation . . : «

Describtion Substation elemen}s'
L i !

Circuit Breakers 9110,15,1§;zs.47$54;
L . 123 to 129,131 to. 136"
Voltage Regulators - 48,95 to.101,103 to 108 .

Reactors ' ' 48,65,109 to 115, 4 -

| | 117 to 122
" Cables: o  34,35,44,45
Lightning Arrestors 145, 146

(. H.v. Potential Transformers 149, 150"

Liv. Potential Transformers 154,155 "
~ Station Transfgrmers 140,144 - *Lall
. " Earthing Switches -~ °  147,148,151,152,1%3 - .

Transfer Bays <~ - . 4F56 and 4F65
-fﬁFéédér'Bays, ..; v f';. ‘4F51 fo44F55 and, o v
" VT AFS7 to 4F&4 .

'
L e - - - -
R PR R y . . 2, <

fa =

-
*
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\5.3 Criterfa of 'tccessfuliSystem Operation

The criteria pf successful substation operation is-.

defined as the\so tinuity of service between either or both

v

‘Vsources 1 and 2 and the load point 52 which was selected to

f illustrate the ret1ab1l1ty me thodology proposed in th1s

thesis. g‘-."wt,. o

v Lol e

5.4M0peratingﬁProceduhe e

.,k

| WIth‘reference to F1gure 5 1. -and" considering load
po1nt 52, the follow1ng d1scuss1on descr1bes the operat1ng
procedures for ‘the’ substatwon confxgurat1on The
dlsconnectIng sw1tches 30 31, 36 37, 51, 67 to 73 and 75
to 79 are normally open The transfer bus 38 and 39 are Kept
chargeq\by c1051ng the d1sconnect1ng sw1tches 53, 58 and
c1rCU1t breaker 54vand°d1sconnect1ng_sw1tches 66 and 80 and
c1rcu1t breaker 136 respectively. In the event of active - _
fd'i tures of_componen&s 46 and 47, breakers 16 and 29 operaté{u
to;isolate‘the fau]t,»However, for active failures of i _
com;onents 48{ 49,.§O'gnd 52, the fault is cleared. by the "
v‘-breaker 47. 1t is assumed that the normalty open»components
are fully rellable In the event of an outage of components
in the feeder bay 4F57 of?any other component in the
normally closed’tie set the fau]ty component 1s identified
and isolated for repalr It IS then ascerta1ned whether |
contlnuity of service betWeen the load point -and any of the:%j-
sources can be establ1shed by clos1ng the normally open

components or not If so, the normally open components arei'

L

. e
e Y
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' feedg

. the protect1on to the’ main bus ‘breakers 15 and 29 1nstead of

$restr1cted in this study L

“81-

closed and-bhe supply resumed It may be noted that in. the -

L of fa1lure of the maip bus and ‘the components in. the

3 nd transfer bays the supply to the. feeder e g.,

4?55§§%n be restored by c1051ng the mormally open

LY

dlsconnectlng sw1tches 30 36 and 51 and hence transferring

O ]

the breaKer 47 In pract1ce the feeder loads may be.

rtransferred to the adJacent feeders le.g., the feeder 4F57

| ~can be fed by feeder . bay of 4F58 by clos1ng d1sconnect1ng

switches 67 and 51, prov1dedfthe components in the feeder

bay 4F58 have enough capac1ty marg1n) Thls activity is
simildr toq transferr1ng the feeder load to the transfer bay."
In this study “the bays for feeders 4F65 and 4F56 have been ¢
cons1dered as transfer feeder bays and the act1v1ty of

\J

transferr1ng the load to adJacent ?eeders has been .

- .4
Co AN TP
S et

5. 5 System analys:s ‘ N ,
, . .

The input daga for the George D1ck1e substat1on

conf1gurat1on is presebted in Append1x F The paths or tie‘

sets between the sources and the load,po1nt by considering

.the normally open components open are'formUIated and the

\ . . s : S o
corresponding cyt sets are deduoed& These tie sets and the -

cut sets are presented in Appendix F. Stmilarly, the tie -
sets and the cut sets by clos1ng the normally open

components are- als6 deduced Next, the K type and H type

. Tcuts whlch represent the: events which can be’ terminated by

&
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<X . N
repair and switching respectively are calculated. All the
above tie setd and the cut sets are presented in the

Appendix F.

The contributions to the reliability indices i.e.
failure‘rate mean\duratién\gffhepa1r and the annual

Tnterruptlon t1me for the de51gnated load point are J{(
ca]culated for the passive failures, overlapping passive - ° r
fa1lure5/end passive failures overlapp1ng ma1ntenance by the
appropr1ate equat1ons presented in Append1x G. The impact of.

each component fa1Ture in an act1ve/mode active failures
pverlapplng pass1ye failures and active faitures over lapping f’“\\
maintenance are also calépfﬁted by ‘the eppropriate

equations.: Next, the impact of act1ve fa1lures with stuck

breakers present in thetsystem is analysed and finally the

impact of common mode falJures is studwed The load po1nt

» rel1ab1l1ty indices of the GeOrge Dickie substatlon

'.conf1gurat1on are preSented in Table 5.2

N
&



Table 5.2: Load point reliability indices of Gec;r‘ge Dickie
substation configuration ‘

LOAD POINT INDICES OF RELIABILITY

'CONTRIBUTIONS

AYG_DURATION  OUTAGE TIME

EVENT  OUTAGE RATE
fLivR 7 HOURS HOURS/YR
1 0.0194475  60.5544739 11776333 - .
2 0.0075107 5.4066353  0.0406073 '
3 0.7600482  3.0000000 2.2801418 .
iy 1:2500000 3.0000000 ' 3.7500000
5 0.2668599 \\\ 1.9455576  .0.5191913
6 0.0035169  2.0538054  D.0072230
7 0.0890719 "2L332883é 0.2311233
8 0.0000358 2.1325779 . 0.0000765
9 0.5620000 5.4999952  3.0909967 ,
10 0.0 0.0 0.0
N SO
TQTAL  2.9684868 3.7382651  11.0969896

e e e A

A e

LOAD POINT AVAILABILITY = 0.99873435497

33
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5.6 Discussion Qﬁ_reSUftS‘,

A\
,

The weakest 1link between the sources of supply and the
'}oad point is that" fprmed by elemepts 24, 33 45, 42 40,
46, 47, 48, 48 and 50 The fa1lure of any of these
" '\\. \

components cause a load po1nt 1nterrupt1on and hence they

constItute flPSt rder cuts. But,these events can be
terminated by swt?éhing i.e., by closing normally"open
dxsconnect1ng sw1tehes 30, 36 and 51 Hence,'the f1rstnorder
cuts detected by the program are the H" type cuts i. e. the |
events wh1ch'can“be.termlnated,by reconflgurat1on. Stnce‘

- thege are the first order events, theirvcontribution>to the
load‘pointTfailure rate is'the highest. The overlapping '
passive faiiures with'maintenance outages which can be - ;o
termlnated by sw1tch1ng i. e., event 4 has the next h1ghest
contribution to the” load point fa1]ure rate This is

followed by_event 3 (1.e.,-the passive fa1lures and N

¥

~overlapping passive faiiures-which can bevterminated by
switching). The"’nefft, highest cdntribution to the Iéad.po.im-_'”

reliability:indices is due to'c : mode failures.

|  The contr1butlon to the reliab111ty 1nd1ces to the load
wpoint by act1ve~fa1lures can be clearIy seen from the
results for event 5. The contr1but1on to the rel1ab111ty
indioes to the load point by act1ve fa1lures overtapp1ng
pass1ve fatlures is cons1derably higher than event 1 i, e ,
the pass1ve fatlures and the overlapping pass1ve fa1lures

because there are numerous components Wh1ch are not on. the
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direct path between the sources and the load poiht (e.g.,

adjacent feeders) and their failure in active mode cause

1nterrupt1ons to the load point be!ng conSIdered

5.7 lgpact of ‘Reserve Supply _ 72;{’

v S
J(

Often a ﬁeserve supp?y (e g‘.génerator. ups etc )_is
avallable or thene arekadjacent d1str1but1on l:nks {i.e. ’
another kubstat1on) present which can have a- svgn1f1eant
impact on the re11ab1l1ty levels of the load point. This

aspect tah be stud1ed by a Markov model [4] shown in F1gure

5.2. . . A
T substation
.- Punder repair
supply from
reserve 7
" 30
4 Y
subst:atitm1 . 'x, . ::l;::::ionlf
in normal :
operation supply :
: interrupted 3
& g — - X
. f'
Az# L] v
~’subst‘.b‘e1ngz . . :
mafntained :
supply from - . N R
ireserve - l] ua .
L . a B "
subst.being ™ substation subsutfon 6 -
| maintafned ‘| - g __ | in operation I ., ~ ] fatlure® -
reserve - > reserve | o lreserve R
{ failure 3% * | under repair “ under repair | o

Figure'seé;bmebkoﬁgmodel for resepVe supply,égﬁSfderafipns"

)

Y



7 Under normal‘operafing cdnditions, the electrical
supply to the load 1s fed by the substatfon In case of a
subst;}ion fa1lure the supply is fed by the reserve system
After the repair process has been completed the substatxon .
conf1gurat1on is returned to its normal operat1ng '
configurat1on ‘When the substation is undergo1ng
’ma1ntenance, the load 1s again fedfg; the ‘reserve system.‘ 7

s ) Gl b

The def1mt1ons of synbols used for the Markov model
»presented in F1gure 6.2 are hsted in" Table 5. 3.
Table 5, 3 Dehmtlons of symbols used in Markov model

Des_cr iption

Failure rate of substation

: based on random events A B
Az o - A-ﬂQMaintenance oUtage‘rate;of
;(, B Y\Qubstafiop"~'_ ' | o ;‘ . - |
B A3_ o ' Failure rate of reServe supply
N 4“, , j - Restoration rate of substat1on i
4 ‘ <i\\“ based on random events . - :
'.412' dt s - -.Ma1ntenance restorat1on rate ; . : o
#3:'/A3 ’_ o 'Restoratlon rate of reserve supp]y
4“4‘ '/_“-"“ - Sw1tch1ng rate of system reserve
Mg '*_,'/45— ' 'Rate of time lapse requwed :

~ . to return substatwn to serv1ce
- ) : . R R



i

87

Referrmg to Table 4. 3. it can be ciearly seen that all
odd - numbered events are random events. and fﬁe even numberéd

events are mamtenance omented and hence represent

_ scheduled a.ct1v1t1es“)£ andM;are random events and- are

defaned ins Table 5. 3 )1and ALy are based on mamt‘e’nance
EVents Referr1ng to Table 5.2, the substatlon random event
faﬂur‘e r‘a/te ‘and 1ts mean duratton (1 e., 4y and r1) and the
san‘“stahon mamtenance faﬂure rate and its mean duration

L]

(1 e A‘g_and r2) can be calculated as follows

/\ ,{ event 1 3 A event 3 + Aevent 5 + A eventﬁ 7

a + Aevent 9 h 7 | (5.1)

x

-(,\event 1 xr event 1 + .+Aevent 9 X r gvent 8)/4,(5.2)

.~

Sf|m1lar"ly,

a

Az = Aevent 2 +A event 4+ Aevent 6 + Aevent 8 (5.3]

+ A event 10 . ‘ ' B
: 10

. -
o { =

'; s 4-2 -(/\event 2 x*r event 2 +, +)event 10 x r event 10)/a45. 4)

T The system reserve seliability data was selected from

’

_?nef‘erence [4] and is listed in Table 5.4 below:

'T’a'vb1~'e-.5‘b;'4:' Dat:a for system reserve e

Symbol -+ - .v‘am'e_ |
& . C 2\3 o . o .' 1.0 faHure/year :
L : | [ r3 m - © " 4.0 hours e
E ff_p_4_ ‘ TN 15 minutes
' 5 | ;"‘_‘;,p_:, : »'  1 hour e
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If P1, P2, P3, P4, PS5, P6 and P7 are the probabilities
of occupying the states 1, 2, 3, 4 5, 6 and 7, respect‘*i"'v,ely
in the' Markov- model shown in Flgure 5.2, then the foUowmg

equatlons can be generated by frequency balance approach:

P1 ( f‘:‘ */\2‘71

= P2 AUy + PTM + PS5 AL3 - (5.5)

F\’2(Mz+/\3ll- = P1 Ay L - (5.6)

P3 s = P2 A3 B " ‘(5 7).

Pa 4y = PTA, | (5.8)
CPS(AHAI ) =PIus + PEA (5.9 ‘.
d y O PE(AL+M3) l(=P5./\; + P7 Ay S - (5.10) ;

e

and, . v .
p1(1+p2f7‘P,;+p3/p1+p4/P1+p5/P1'="+’ﬁszp1+ P7IPIYEI0 (5 qq)

FEeN
PR

The evaluat1on of the above set of s1multaneous equatzons .

leads to the indices of . rel1ab1l1ty shown in Table 5.5

;\

Table 5. 5 Load point 1nd1ces of rellab1l1ty by. cons1der1ng

reserve supply T —-/\
o - Loap POINT FAILURE RATE =A1~'..708'2615“'f/yr.> o
- LoD POINT MEAN DOUN TIME = 0. 24787-83 hours .
LOAD POINT DDWN TIME PER YEAR = 0. 4238409 hours/yr -
o L_OAD POI{NT AVAILABILITY £ o 9999517
5 : ' . e . ‘
, -' The igact of cons1der‘at1on of system reserve on the s
.‘ load point 1nd1ces of rel1ab1llty can be clearly s/een from ‘;

Table 5 5 All three 1nd1ces 1 e ,_load point: fa1lure rate, |

mean durat1on of an outage and the ann‘hal outage tlme are

s BT R

slgnificantly lowered



CHAPTER 6
5‘ \ | . CONCLUSIONS v

The methodology for rel1ab1l1ty analy51$ of power
system substatlons has been developed in th1s the§1s The
2,
various concepts regardlng state space and cut set modelling

has been 1ntroduced/

It was p01ntéd out that ‘the results obta1ned by MarKov
modelllng are aCCurate provided the: underlyIng assumptlons
‘.of the fa1lure’processes assoc1ated w1th a ngen-substat1dn
conf1guratxon are not violated. But th1s approach becomes
_TUhmanageab}e as the number of components in a g1ven system

increase- /The complex1ty of the problem 1ncreases ~1
s1gn1f1dantly if the components .can occupy var1ous fa1lure
/- . L

| states o

A

» // The cut set techn1que is qu1te useful in analys1ng
complex and as: well as s1mple systems It 1dent1f1es the

A =

 weak pomnts in the system in terms of the order and the
//number “of" cut sets The-results obta1ned by cut setv
modelllng are exact if all the cut sets of the system are
taKen 1nto cons1deratlon The larger the system |
‘iconf1gurat1on 1n terms of number of components- the larger
‘ 71s the order of cut sets and 1t becomes computatlonally* o
.1neff1c1ent to analyse the cut sets beyond th1rdsorder ”n’ -

5fnpract1ce. the contr1butlons to the - 1ndices of reliabllity by

]



pivs
2
90

higher order cut sets than th1rd order may be negligibie [3,

6, 12]. Thus, complex systems can be analysed accurately by

| considenjgg_all the cut setsafp to {hird order”

e

The impact of various, modes of component outages on
load polnt 1nterrupt1ons has been studIed The modes of
P Y
component outages cons1dered in this thes1s are listed as

b

follows: ‘

1."pass1ve fa1lures and overlapp1ng pgssive fa1lures

:2¢; pas51Ve failures overlapping maintenance:

L3, pass1ve fallures and overlapp1ng pass1ve fallur s wh1ch_

‘can be termlnated by switching; ' * |

‘4.'4pass1ve fa1lures overlapping ma1n1enance wh1ch can be
Jterm1nated by sw1tch1ng, .

5;_‘act1ve‘fa1lures and act1ve fallures overlapp1ng pass1ve
fa1lures. !

M_6."act1ve fa1lures overlapp1ng mawntenance outages

7.0 act1ve fa1lures with stuck breakers and act1ve fa11ures f

-with: stuck breakers and act1ve fa1lures w1th stuck SR

breakers over]app1ng pass1ve fa1lures, | e

:bB.f‘active failyres W1th stuck breakens overlapp1mg I

..'ﬂ,’!gmamtenance' e e TR

‘.Q.r;common mode ougages and common mode outages overlapp1ng B

 passive failures; - . "‘\f

~10{ common mode outages overlapp1ng maxntenance outage._‘gf
Each mode of above fa1lure events has a dlst1nct 1mpact":mf.7

VE

jon the frequency and durat1on of lead p01nt 1nterrupt1ons

) o



e

The contribution and their net effect on the rel1§bility
indices of each of these events was studied ih detail for’

-ten basic. substat1on conflgurat1ons being used by the

4 =

electric ut1l1t1es The s1ngle l1ne d1agrams and a

discussion of the results of the ten publ1shed substatlon

conf1gurat1ons is shown in Append1x C. | ‘ .
: ‘ - W
Each .mode of component failures has a distinct impact

on the reliability levels of a.load point. Based onlthe need

and the quality of serviCe desired the effects of. fallure
modes of components .can be studied for d1fferent substatlon

conf1gurat1ons ~The most su1table conf1gurat1on can then be

P-.-A

91

=selected by selectwng ‘the best load po1nt rel1ab111ty level

conf1gurat1on from these

@

' .

The computer program descr1bed 1n the thesls is. very o

generaﬁ in nature It is su1table for pred1ct1ng the load :
?p01nt rel1ab1llty %nd1ces of any gener%l substat1on f’
cJ‘f1guratlon Many other relevant fa1lure modes and the1r
,feffects can also be easIly added to the program The efﬁects
- of vary:ng the system conﬁngurat1on on’ the load point

| )nd1ces have been 1llustrated Th15 form of analysis o

' provwdes a quant1tat1ve ba51s for ‘the Judic1ous selectlon of ,‘

;?a re71able and econom1cal substat1on de51gn
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- APPENDIX A . .
Def inition of Terms and Relliability.Indices

The following definitions have been used in the thesis
[18, 27, 28, 29]:

Component: A component is a piece of equipment, a line, a
section of line or a group of items which is viewed as an
entity for the purpose of reporting, analyzing and
predicting outages.® '

- System: A system is a group of components which are )
interconnected to form a fixed system configuration to
perform a specified function. . '

Rellability: Reliability is thé pnobability of a system or a

component performing its intended function (i.e., purpose)
adequately for the period of time intended under the '
operating conditions encountered [5].

Power System Substation: An assembly of switchgear
~components used to direct the flow of electrical energy in a
“pgwer .system, -and to ensure the security of the system by

providing a point at which automatic protective devices, and °

means for diverting the flow of energy along alternative
routes .can be installed. ' C ,

A substation may be associated with a generating
station, directly controlling the flow of ‘power into the
power system, or with power transformers converting the
voltage of supply to a higher or lower level, or it may

- connect a number of supply routes at the same voltage levelﬂ

Basically, any substation consists of a number of incoming
and outgoing circuits connected to a common bus bar system,
the main components of .each circuit being a-circuit breaker,
“instrument transformers and one or more disconnecting
switches. _ ’

Circult Breaker: A circuit breaker is defined in IEC .
Publication 50,. Section 15 as “a device capable of makKing,

2

1 carrying and breaking normal load currents, and also makihg .

- and breaking (under prédetermined conditions) abnormal -
currents such ds short circuit currents", a description
making clear its two fold function. The first use is in

.switching circuits in and out to control the flow of energy,

. and disconnecting.circuits, or part of power system, to
allow maintenance work or extensions to be effected.” In
performing its second duty, a circuit breaker is part of a

" scheme of protection that automatically disconnects any part

-.of the system on which a fault occurs.. .
‘ ﬂ;ﬂ .
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- Outage Terms

probability that this component may fail during this time

*

OUfggg: An outage describes the state of a component when it
is not available to perform its intended function due to '
some event directly associated with that or, any other

- component. P ,

‘FaiIUPe: A failure describes the state of a component when

it is not available to perform its intended. function due to
the malfunction of that component. A component .failure
results in a component outage but a component outage can
occur without a component failure. :

4 L 4
. Switching Time: Switching .time is the period from the time a
switching operation is required due to anm cutage until that =

switching operation is performed. For exampTe, switching )
operations include successfully reclosing a circuit breaker °
after a trip out, opening or closing a sectionalizing switch '
or circuit breaker, or .replacing a fuse link. :

Exposure Time: Exposure time is the%tfme;dunjhg which a )
component is performing its intended function and there is a

period. §v 

Outage Rate: The outage rate for a p;rticulan"CWassificatidﬁ f

of outage and type of component is, the mean humber of .
outages per unit exposure time per component. For example, a
10 km. section of line averaging ohe outa e every 10 years' -
has an annual outage rate of .01 fai]ures?Km/year. - g
Outage Durat ion: Outage duration is the period from the
fnitiation of an outage unti? the affected component is v
repaired or replaced and becomes available to perform its ¢
intended function. ‘ . o | N

Interrupt ion: An interruption is the loés of service to one
or more customers (load points) and is the result of one or
more component outages or component outages;everlapping

- maintenance activity..

Interrupt ion Durat fon: Interruption duration is the periéd"
from the initiation of an interruption to a customer until.

service has been restored to that customer. .

Measures of Rellability o_r'»Re”}I_v Iabfl-lf_ty _Indlc_gg a

Many different méasébeS‘pf'servicé reliabi ity are

| possible -and useful. Measures of reliability. usually relate _”

to the frequency or duration of interruptions or both.

. Useful measures of reliability should have two properties:

1. be calculable from the operating history of the system;



2. be calculable from cd%ponent data using system
reliability calculation techniques. -

“Measures of reliabil
are as follows:

ity which have been used in this thesis!

Outage Rate: This has been defined above.'

Outage Duration: This has been defined above.

Reliability: This has been defined above.

_ However, it can be 4dded that the relationship between
reliability, R(t) and outage rate " .exists for all

distributions i.e.,

in the special case when

time

R(O) = ‘ex'P (- 46> |

|2 [— f,l (€ d/.‘J

is constant and independent of

Avajilability (A): This is the ratio of mean up time of the
component to the total cycle time (i.e., m+r) : -

where:

: m
r
A

A

Unavailability: The ratio of meah down time of the system to

mean up time of the system

mean down time of the system
failure rate of the system .
restoration rate of the system . , |

S

the cyclie time is called the unavailability of the system.

Outage fnr

ncy: This is the.ratio

/

the system to the .outage duration.

© Qutage dunaf#on per year
the system in one year,.

Al theée indices a

", equations :

r

A

g

gf thehavai!abilitY,df

: This is the mean outage_time of

R o
re related through the following

<3

98

st

o



99

where: T is the basic period of analysis (e.g., one year)

<2

The total outage rate of the system when all outage modes
are taken into account may be evaluated as follows:

no.

¥ )T;— Z A{ .
5_"‘} N lll .

The total availability of the system as follows:

: S I

. 7 ~

Ar = 1A

. : - . ' i
where: Al and Ai being reliability indices for the Qutage -
mode involved, n is the total number of outage modes and i

is the ith outage mode. - - § L

3
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/> ‘ APPENDIX B

The Algorithm for Evaluation of Substation Reliability
T17,718, 23] . '

, The algorithm described here performs the failure modes
and effects analysis and computes system reliability
indices. The criteria of success is the continuity between
any source nodes and a load point by at least one path. It
is assumed that each source and the path are capable .of
meeting the load requirements. In other words, the failure
of any circuit between the source and the 'sink (load point)
does not cause overloading of other circuits. :

The fol]owfng.ére thé steps for the evaluation of load
point reliability of a substation configuration :

1. Read the input data. It consists of.a number of
components in-the system, the substation graph
(configuration) in terms of predecessors of each
component, the reliability data i.e., the passive _
faijure rate, passive repair rate, maintenance outage
rate, maintenance restoration rate, active failure rate”
switching time and the stuck probability. .The stuck
probability of a breaker or a switch represents the
probability of its being stuck i.e., not operating when

- required to do so. The stuck breaker probdbility is
estimated from the ratio of the number of times the .
breaker fails to operate when called upon to do so to

~ the total number of times the breaker is called upon to
operate. The effects of failures of components in active
mode on other components of the system-are read. The
unfaulted components which are isolated as a result of
the fault on. the component under consideration are
identifeid. Similarly the combined effects of a _
‘component active failure and- the stuck breaker condition

~present in the system are also read. All those breakers
which operate during the active failure of the component
under consideration are considered stuck one at i time
‘and the effects on.-all other healty comporients:‘are.

~ recognized.

.~ There-are certain component$ in the system which/ .s'
‘are not on a direct path between the source and the
- 8ink, hence their passive failure will not cause any
' effect on the system outage indices but their active
- failures may do so. Such components are assigned Zero
values (i.e., zero to six significant decimal places) -
- for. the passive failure and restoration rates. The
+. . maintenance outage of such components will also not
. affect the.load point outages. The active failure and
B TR R R Sl ERN
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restoration ratesiare‘assigned the actual values.

The components which can fail in common mode are
also recognized and their respective failure and repair
rates are specified.

C ‘ 4
The minimal paths between' the source and the designated
load point are established [25] with .the normally open

branches open.

The minimal cut sets [3] corresponding to minimal patﬁs
for N/O branches are deduced. ‘Let us refer to these cut

‘sets as G.

The minimal paths are also formed by cidéing tﬁe N/O
branches. L : .

The minimal cut sets for above paths are alsovdeduced.“%g
Some of the cut sets deduced in step 5 obtain a%ﬁﬁtidna]
elements than those deduced in step 3. Let us dérote
these cut sets as H. Let us denote the remaining cut
sets of G as K. It can be seen that the H Lype cuts are
those which can be eliminated by closing the normally
open branches. . _ -
Calculate the outage rate, average duration and total .
outage time due:to passive failures for K type cut sets
by using the appropriate equatjons. Once the failure

-rate and the average outage duration of a particular -

event are known the;ndn-availability of the system due
to fhat event can be easily calculated. The event in
this cgse is passive failures. If is the outage rate
and "r" the average repair time or the average outdge

duration, theny . 4 L T
' ’ . . » "%";;ﬁ\is" s -
o T S Vo I N
Non-availability = 2% X w“ﬁj?»o
o o YL REEPEEE I
-2 X N

. . 5
e 1?

. - i . . } " . S . ‘s ,, L
- Calculate the contribution to above, indices for the . #:.

for K type cuts.

event passive failures overlapping maintenance ongggj,

The subsfation outage frequency for H type cuts is.

evaluated by the formula (3.5) described in Chapter 3. n;;,e 

The switching time S is assumed equal for ‘all components
and is the time period starting,from'the:activeffailure .

of -a component and “lasting up to. the time for

'disconneCting'the:faulty-°°mP°nentﬁfromxservice.aﬁdff o
~reconnecting all other healthy components back to

service. The fau]tfidentifica}ion.tfme is' included in’

S



| System failure rate = frequency/availability

10.

11.

2.

q-'whére:_i'ié"the-actiVe]y fai]ed'compohénf‘and thé other‘

.therfe are some paths available between the source and

the Switching time.
Let the frequency of failure for these cuts be denoted
as f, then the Non-availability due to this event, Acfs

Having Known the availability and the frequency, the
failure rate contribution due to an event can be
calculated as follows: '

o

Ty

System average down time/Yr = failure rate*aberage

repair time

Tbe above ind%ces of reliability foﬁ”gverlapping af -.

‘passive failures and maintenance outages for H type cuts

are ev ated in the same way as K type cuts as shown in
step S ) 0 '

o i ~ ' -
Consider the active #ai]dre of each component. Interrupt
all those-paths containing the actively failed component

and the healthy components which are switched out as the

effect of the faulted component. If all the paths
between the 'source and the load point are interrupted, -»
then ‘the faulted componenit forms the first order cut. If-

the load point then deduce the cut sets out of these
paths. The first order cuts thus obtainéd will form the
second order cuts, for the system when considered with
the actively failed component under consideration., That
is, if the actively failed component is i and there are

n paths still remaining connected or unaffected between

the source and the load point and if j, k, 1 . . etc.
are the first ordered cuts deduced out of paths n, then,

for the complete outage to occur between the source ‘and

the load point the following cut sets are involved:

s a.

R
i,k
.

BWR
© ks abe wulls end

AR

- components may fail in passive mode .or can be on
 maintenance outage mode. . - " T
~ The probability of two active failures in the system is
- assumed zero. S T

4 -



12.

13.

average outage duration and X1, A2,

Since all component fauits are included in the
passive failures i.e., it is only a particular fraction
of total component failures which form the active
failure, therefore, if component passive failures or
overlapping passive faiTures can cause an interruption
at the load point, then the contributions due to active
failures need not be considered. Hence, from the cut

sets obtained by considering active failures, those cut

' sets are dropped which have been evaluated in K type or

H type cuts. .

If the cut sets can eliminated by switching

-i.e.,"by closing the hormal open branches the repair

time for that component is .replaced by the switching
time, otherwise, the repadr time is used for the

calculation of reliability indices due to this mode of
failure. . ‘ B '

v : \ _ : S
The contributions to the load point reliability indices
due to combined active failures and the stuck breaker
condition are also done in the same way as in step 11.
A1l those breakers are considered stuck one at a time

along with the actively failed component which take part

in clearing the fault of -the component under -
consideration., The probability of two stuck breakers is
assumed to be zero. The contributions due to this
failure mode overlapping passive outages ‘and the

maintenance outages are evaluated by-the appropriate

equations presented in. the Appendix G.

The overall indices‘bf reliability are evaluated aS'“l

follows: Co T

If Ais Ags Aa--";"A“_are the faiiure»rate’Cbhtributidns-

due to each failure mode, and rft, r2t3r3_; . rn, the
availability contributions then, the_fél]ow%ng,
reliability parametérs can be calculated: :

overall failure rate, A = ?%Ai -failurés/year

v

»

overall outage duratiof, 4= = A{4iJd hours
R G

.oVerall”down time/yr, TfA?:;ﬂﬁju¢hOUrS/yeab“, :

., An, the non

. 103
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C.1 Single Linéﬂblggnams:

Figures C.1 and C.2 re
of the ten published substa
load point indices of relia
C.1 to C.10. The reliabilit

reference [18] and is the s
and 4.2 in. Chapter 4.
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 DESIGN 2
o y
Figure_c.1

PENDIX C

pregent the stngle line diagra
tion configurations and their
bility are presented in Tables
y data has been selected from
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ame as used for case studies 4.1
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: : o '
. L, e |
.& 3 ° <.}
fzble C.1 Load.ﬁ01nt Rellab1l1ty InduéES of Des1gn #1
. kEEX ******* - DES‘IGN NO 1 **‘*********

e LOAD POINT INDICES OF RELIABILITY .
___________ N ‘__‘;_:_:‘E?'fI;E?‘_’II?'_‘?_- N
ENT °0UTAGE RATE AY& DURATION EﬂTAt OUTAGE-TIME "

. ®FL/YR OUR - HOURS/ YR
_.n.'---l.---_--__--.' ________________________________________
1 0.0129590 7293, 4931335 | 1.2115726 ‘
2 0.0041045. / . 11.1485033 ' “ 0.0457588
3 0.0 -7 .+ 0.0 . % 9.0
4 0.0 - 0.0 - . 6.0
-5 0.0313090 .. » 19736452 - 0. 0&17928
6 v 040004201 1.4108251 ° 0.0005925
7 0.0008501 1.5882168 3 0.0013501
8 0.0000005 0.0 ! 0.0
v =9 0.5620000 §  5.4999952 3.0909967
‘ 10 030 . 0.0 o 0.0
TOTAL 0:6116432 7. 2134562 , 4 4120607 .
cmeme-- a---------~: Bt e e i el
& LQAp;borNI AVAILABILITY=O.99949663877 i
Table C.2: Load Point Re]1ab111ty Ind1ces of Des1gn #2 ﬂ
. ok ek ok o ok 3K ok K ok PESIGN NO 2 . FExokkokkRAR
LOAD POINT INDICES OF RELIABILITY:
I--ZI;IZIZZII-IZ-ZIIZZII-ZI-II_ZIZIIZI;_ZZZIZIZIIIZZ:IIIIII .
4+  CONTRIBUTIONS
EVENT : OUTAGE RATE AVG DURATION T TAL OUTAGE TIME
o FL/YR HOURS ‘HOURS/YR '
1'. | 0.0135215 '89.6880951 1.2127151
N 2 0.0042273 10.9638662 = 0.0463476
'3 0.0026129 3.0000000 - . 0.0078386
4 - '0.0010778 3.0000000. 0.0032333
5 - 0.0302601 2.0077639 0.0607551
.8 . 0.0001765 .2.4062052  0.Q004247
7 © 0.0016402 1.5731382 ; F¥802
8 0.0000012 1.1043758 - 000013
. 8 0.5620000 5.4999952' R 909967.
10 0.0 0.0 . 0.0 ‘
{ TOTAL ~ 0 6155173 7. 1888952 4, 4248886
-

LOAD'EOINT'AVAILABILITY=0;99949526787



Table C.3: Load Point Reliability Indices of Design #3
A 2 ok ok ok K A K K ok K DESIGN NO. 3 2 2 o ok 2 ok ok ok ok o .
LOAD B@JNT INDICES OF RELIABILITY
s CONTRIBUTIONS
EVENT OUTA_GE RATE AVG DURATION - TOTAL OUTAGE TIME
FL/YR HOURS HOURS/YR
1 0.0340842 - 36.0718079 1.2294788
2 ©0.0028665 12.5465918 0.0359653
3 0.0030537 3.0000000 0.0091611
. 4 0.0020491 3.0000000 0.0061473
5 0.1199999 1.9999990 0.2399998
8 0.0 0.0 0.0
7 0.0028500Q 1.4035072 0.0040000
8 0.0 0.0 ' 0.0 ,
9 0.5620000 5.4999952 3.0909967
- 10 - Q.O 0.0 : 0.0
, TOTAL 0.7269034 6.3498764 4.6157465
" LOAD POINT AVAILABILITY=0.99947357178
Table C.4: Load Point Reliability Indices of De51gn #4
3 ok ok ok K K &k ok kK ¥ %k DESIGN NO. 4 A4 2 2 K A 2k K K
- LOAD POINT INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT OUTAGE RATE AVG DURATION -TOTAL OUTAGE TIME
FL/YR HOURS HOURS/YR ‘
1 0.0073532 156.6836853 1.1521225 °
2 0.0019910 14.2140570 0.02829987
3 0.0293319 3.0000000 0.0879956
4 0.0029248 3.0000000 ,» 0.0087743
5 0.1199999 1.9999990 0.2399998
6 0.0 0.0 , 0.0 .
7 . 0.0030000 1.4333315 0.0043000
"8 0.0 0.0 0.0
.9 -0.5620000- - '5.4999952. - 3.0909967
10 0.0 o 0.0 0.0
TOTAL 0.7266006 ‘6.3480349 | 4.6124859 ¢

R I S

,\‘.

--------------------—---------—--...'--

- LOAD POINT,AVAlLABLLITY=O.99947386980»
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Table C.5: Load Point Reliability Indices of Design #5
xxxnnknrkxxkhkkx DESIGN NO. 5 *xxxkxxarkx
LOAD POINT INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT -OUTAGE RATE AVG DURATION TOTAL OUTAGE TIME
FL/YR "HOURS HOURS/YR
1 0.0129498 893.5601044 1.2115850
2 0.0040571 11.3447628 0.0460265
3 0.0292784 3.0000000 0.0878351
4 0.0025914 3.0000000 0.0077743
5 0.1599999 2.2499962 0.3599992
6 0.0 ‘ 0.0 ‘ 0.0
7 0.00238500 1.7118626 . 0.0050500
8 0.0 ™ 0.0 - 00
9 0.5620000 5.4999952 3.0909967
10 0.0 0.0 0.0
TOTAL 0.7738265 6.2149124 . 4.8092632
LOAD POINT AVAILABILITY=0.99945139885
Table C.6: Load Po1nt Reliability Indices of Design #6
*xxxxxxkxkkxx DESIGN NO. 6 # %K 3K ko o ok K K
LOAD POINT INDICES OF RELIABILI Y
CONTRIBUTIONS ‘
EVENT OUTAGE RATE . AVG DURATION TOTAL OUTAGE TIME
FL/YR HOURS HOURS/YR
1 0.0103698 113.98380289 - 1.1820450
2 0.0028517 12.2393322 0.0361265 .
- 3 - 0.0031157 3.0000000 0.0093471
4 0.0012761 3.0000000 . 0.0038284
-5 - 0.3339998 1.5808372 0.5279993 )
6 0.0000000 . 0.5739490 -0.0000000 ‘ N
7 0.00060Q01 - ..1.3333797 . .0.0008002. N
8 - 0.0000006 . 10.8724269 -0.0000005 , c
9. 0.5620000 '5.4999952 3.0909967
10 0.0 ;0,0 o 0.0
i e ] Lot e R R Sl il e e .
TOTAL '0.9143137 3057737 .v4.8511410

108
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LOAD PD'INTfAVAiLABI‘L'I;T‘”Y_'-A_-jO.99944663048_
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Table C.7;

Load Po1nt Rel1ab1l1ty Indices of Des1gn #8

EEZE 2 F 3 T

o

DESIGN NO. 7

Load Point Reliability Indices of Design #7

EEE RS X T3 8 3 FJ

LE 2 2L £ X8 3 8]

LOAD POINT INDICES OF RELIABILITY

T T T T T e N e e e n e e, -e e Ete,E - Em; e eE T - maemem—.n e e = -

TOTAL OUTAGE TIME
HOURS/YR

1532774
.0333493
.0 ‘
.0

.0615229
.0008539
.0025146
.0

.0909967

TOTAL OUTAGE TIME -
HOURS/ YR

.1533337
.0293533
0

.0

.0028927
.0010962
.0044376

.0000042
.0909957 |

109

CONTRIBUTIONS
EVENT  OUTAGE RATE  AVG DURATION
FL/YR HOURS
1 0.0075789  152. 1700439
2 0.0028507 11.6987009
3 0.0 0.0 -
2 0.0 0.0
5 0.0307924 - 1.9979944
6 0.0005548 1.5390921
7 0. 0076626 1.5124254
8 00000000 0.0
g 0.5620000 5. 4999952
10 0.0 0.0
TOTAL 0.6054444 7.1724386 |
"LOAD POINT'AVAILABILITY=O.99950468540
Table C.8:
A XK A K A K KK Ak DESIGN NO. 8
'LOAD POINT INDICES OF RELIABILITY
’ CONTRIBUTIONS |
- EVENT - OUTAGE RATE®  AVG DURATION '
| : FL/YR - HOURS
_ 0.0079762  144.5371069 |
2 0.0026018 " 11.2818251
3 0.0 0.0
3 0.0 0.0
5 0.0014531 1.9906425
6 0.0005481 1.9997864
7 050012275 1.9858694
8 0.0000125 ©0.3319820
9 05620000 5."4999952
10 0,0 0.0
 TOTAL  0.5758193 7.4330845

B I I R i T T T S O U i g oo,

 7LoAp«P01NTfAﬂthABILITY=o;99qﬁg171875



Table C.9:

............................................................

e e e e S Uiy uuy Sy iy g Uy Sy Uy S U S Ut EU SEU U

TOTAL OUTAGE TIME
HOURS/YR

e e e e e e e e R e e e e e e e e e e =

EVENT

ok K o e o A ok 3K 3K 3k ok

OUTAGE RATE

Loal Point Rel1ab111ty Indices of Des1gn #9
DESIGN NO. 9

X %k Ak

% % % oK 2k Xk

LOAD POINT INDICES OF RELIABILITY

FL/YR

AVG DURATION

L e e i e e,

10

____----_-..—--_-—------—___--_----p—_..----_-—----_------—--_-

------------------------------------------------------------

. Table C.10:

3 2 o A o 3 o A K Ak kK

.--_--——-_----_----—_-----—----_------—---—-——---—-------_--

-—----------—-_-—--—-—------------------—-------——-—-‘--—-_—

TOTAL OUTAGE TIME
HOURS/YR

- - e s e e, o c-—g ----—----—----—----------------—-—-‘--.-----

5518714

_ EVENT

10

—-q—'—----.-------------------..---...._——-__—-----—----—---’ ---------

2756433

---na-----_--,-_------i---, ........... - - e
. NS " Pt

jejololololofolo ol e

OUTAGE RATE

0.
0.

.0

.0130838
.0039864
.0

.0

.0214655
.0005619
.0012298
.0000144
.5620000
.0

[0 0]

CUIOwawNOCHD »

HOURS

.9582825
.0455503
.0

.0 |
.9310932
.9997873
.9860315
. 4192657
4999952
.0

. 1639090
.0320730
.0

0

0629172
.0011236
.0024423
.0000060
.0909967

LOAD POINT AVAILABILITY=O.99950337410

DE

SIGN, NO.

10 * %k

Load Point Reliability Indices of Design #10

3 K ok 2 % %K kK Xk

LOAD POINT-INDICES OF RELIABILITY

FL/YR

0073596
0019933
0
0

.0014196.

.0004935

.0001329"
.0000144
8620000

.5734133

AVG DURATION

156.
14,

~3

OUVON =00

HOURS

2033005
0
.0

. 99986061
.7119856
.2850544

.4564791f

19941425 - -

.4999952

.1521568

.0
.0

.0009868
.0003605

.0000043

- 0909967

LOAo,pOINj:AvAILABILLTygo.99951225519

.0283109

.0028310

110 *
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C.2 Discussion of substat fon designs 1 and 2

) The design 1 and 2 have been designated as "1" breaker
designs. The only difference between the two is the addition
of a transfer bus in design 2. The load point reliability.
indices of the two designs are approximately the same and
there is no improvement to reliability levels of the load
point by addition of the transfer bus because there are 24

- second order and 12 third order cuts ‘for the first design

~and 23 second order and 13 third order cuts for the second
design. However out of the cuts mentioned above for the
second design, there are 6 H type second order cuts and 7 H

~+“type third order cuts in design 2 i.e., those events which'

can be terminated by switching instead of repair. But based
on domains of the data, there is no improvement in load
point reliability levels of design 2 than over design 1.

c.3 Discussion gﬁ'substation designs 3 to 6

-~ The designs 3 to 6 have been designated as "2" breaker
stations in reference [26]. No circuit breaker has been
provided for transferring the load to the transfer bus.
Hence, if the load is transferred to the transfer bus: by
closing the normally open switches e.g., switches 7, 8 and 9
in design 3, then any active faults on the tie sets between
the sources and the load point, the far end breakers of *
sources- 1 and 2 operate to clear the fault and the faults
within the substation are cleared by the components- outside.
‘the substation, which is not a good operating procedure.
Hence, for making the designs practical, either the normally
open switches 7 and 8 or the normally open switch- 9 be
replaced by a normally open circuit breaker. The similar
reasoning holds for normally open switches 7y 8, 9 and 10
for designs 4 and 5. For the studies presented in this
thesis, the normally open switches 7 and 8 were treated as.
normally open breakers. - ‘ : S

The overall contribution to load point reliability
indices by designs 3 and 4 are approximately the same. In
“design 3, only the load point A can be switched to the -

transfer bus but in design.4, both load points A and B can
be switched to the transfer bus. Consequently, the >
~ contributions to the reliability levels of load point by
event 1 (i.e., those events which are terminated by repair)
is significantly higher in design 3 than those irr design 4 _
. and vice versa for event 4 (i.e., those events which can be
terminated by switching). . . - o CUN
. The.impact of active failures on load point relfability" .
levels in case of designs 3.and-4 is significantly higher = -
than those in designs 1 and 2. It is because there is only .

'  one single contingency event. each:. in design 1 and 2 which

leads to a load point interruptionj In-design 1»thL§ évente”'

=



&

is active failure of bus coupler breaker 9 and in design 2-
it is bus side breaker 3, the active failure of which leads
to load point interruption. In designs 3 and 4 there are 5
single contingency events each which lead to load point
interruption. These events are the active failures of
breakers 3 and 4 and S&C interrupters 5 and 6 and the main
bus. Similanly since the number of events leading to load -
point inter gption are more in designs 3 and 4 and also the
- number of citcuit breakers taking part are more, therefore,
the load point due to event 7 i.e., the impact of active
failures with stuck breakers present in- the system is higher
than those for designs 1 and 2. Hence, it is the impact of
active failures which causes the load point failure rate to
be 18% higher in designs.3 and 4 than those in designs 1 and

E Substation designs 5 and 6 fare even worse. The design
5 relocates the position of the S&C interrupter in design 4
and an additional normally closed switch is added -in the tie
set and this causes the load point failure rate to rise.

Also, there are 7 active failures of -the components alone
which cause a load point interruption resulting in a higher
failure rate. ¢ 4 ~ - '

=,

C.4 Discuséfqn of substation designs 7 to 10

The load point reliability indices of design 7 are
better 'than substation designs 1 to 6 because of reduced
number of components and consequently, lesser events leading
to load point interruption. , N

Substation designs 8 and 9 represent a traditional ring
bus arrangement. The only difference between substation ‘
designs 8 and 9, is the inclusion of two additional bys
.components in design 8. Consequently, the load point.indices
of design 8 are slightly better than design 9. The main
- advantage of a ring bus system is that there is no single
. -contingency event that can lead to load point interruption. -

This is particularly important if even momentary . . .
interruptions can cause problems. This i frequently the
case for large petro-chemical plants and other important
~loads ‘e.g., digital equipmemts. One of the disadvantages of

112

thefring-bus.configuratipn4is“that_from,a construction stand
point it is not easily expandable to more than 4 to 6 lines. .

The Toad point reliability indices of substation design

- 10 i.e., breaker and a half scheme, are. quite comparable to

- the ring bus, Its mainfEdVantage over the ring bus:is that
- it can easily be expanded to accommodate more  lines: Many -
. generating switching stations use this design 'in practice.

e



APPENDIX D

' -1 T Lo . . .
D1 Input data for case study 4.2 : (Breaker and half
scheme

i

“The input data for case Stﬁdy 4.2 is shown and
explained below in Table D.1.

- _ Table D.1: Input data for case study 4.2
Line No. Data :

1 19 1.
-2 19 19
3 -0 A : -
4 515 16 17 18 19 -
8 6 3 4 5.6 7 8
T 1 -1 o
7 o -y A
8 3 13 15
9 4 15 17
10 5 17 14 . .
11 6 13 16 . | |
12 . 7 16 18 S :
13 8 18 14 - : 3
13 9 11 | RV A
15 - 10 12 . o
16 11 15
17 12 18
18 13 3 6
19 14 5 8
20 15- 3 4 .
21 18 1 6 7 ity
22 ‘17 2 4 5
23 18 7 8 - .
24 19 9 10 ,
25 499 19 o . S
26 14 R S
27 . ' .09,7.33,1.,8.,.09,1.,.000 = -~
28 e .09,7.33,1.,8.,.09,1.,.000 - -
29 o .23,11.13,.25,24.,.03,2.0,.005
30 - - .23,11.13,.25,24.,.03,2.0,.005
31 . . .23.11.13,.25.24..03.2.0".005
32 . .23,11.13,.25,24.,.03,2.0,.005
33 ' . .23,11.13,.25,24.,.03,2.0,.005
34 Ce T ;23,11.13,;25;24..,03.2;0,;005
35 - .22,2.09,.25,4.,.02,3.0,.000.
3% .22,2,09,.25,4.,.02.3.0,.000 -
.37 ©.10,1000!,.50,48.,.10,1.,.000
.38 . .10,1000.,.50,48.",.10,1...000 -
3¢ [024,2.,.0000001,.0000001,.024,2.,.000 -
40 ‘ .024,2;.400D00014@0000001,.024;2;..000.v‘"‘ e
S L

L
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Input data for case study 4.2

Table D.1(continued):

/ Data

Line No.

//r,
o 57683{4835481 NWO N+ ;o o
s . I A |
W~ ‘ 03838215387738675363165654745 0o
7563436748486807654642222111121542843876127.&
wn

05442211537373502222333333333333323323322332ﬂ
™ T
2223333222222206745463548376857434734783658 NOo

11111 [e)) T - N

-
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D.2 Explanation of Input data -

~_The input data as reported in references [18) and [9]
has been used for thg analysjs. The first block in the input
data (i.e., from line 1 to0.25 ih Table D.1) is the '
information about the connections of the configuration. The
first line of the data means that there are 19 number of
components in the. system and there is one load point.
However, there are two load points in the system but they
have been. 1abled by a common name 19 because the criteria of
successful operation is the continuity between any of the
sources to at least one load point. The second 1ine
specifies the output node i.e, number 19. Since the program
requires any integer number for an output node to start
with, hence, the number 19 has been specified twice. The .
.third line specifies the number and then the labels of ,
normally open components. Since there are no N/O components .
in this particular example and hence zero value has been
specified. The fourth line of the data specifies the number
‘and then the labels of those node points which have been

- labeled just  for the ease of specifying the predecessors of
the components. After formulation of the paths between the
sources and the load points these nodes are deleted because
these are assumed as 100% reliable and their inclusion in
the further analysis unnecessarily adds to the computer
time. However, if these are not 100% reliable then they can
be retained as other components in the system. The fifth
line is used for specifying any restraints on the paths. For
example, if-power could be routed through a limited number
of components only (e.g., each path must contain a circuit

breaker) then these could be specified here.

A o o '
The YTines 6 to 25 specify the predecessors of each
. component. Ihe~predecessorsvfor_the"sources,have been
. specified as -1. Some of " the components have more than one
predecessors. This means that power could flow from all of
‘those‘components-to‘that}particular-compohent.1For example
the- component or node 17 can get feed from line 2, breaker 4
- or breaker 5. A fictitious number 499 has been incorporated
- to specify the end of the predecessor matrix and the :
. _predecessor of the label 499 is the label of the load point.

A

~.. . The next block is the reliability data for each . :

. component. The first line of the block i.e., 1ine 26 in this
case, specifies the.number of components -for ‘which the data
~is to be read. The next line of the block, j.e., line 27 is

~° the data for. the first component and next the second and so -
~on. Each line in the block specifies the passive failure -
rate in failures per year,frépajrvtime-in;hours.,maintenanCe‘v
outage rate .in actions per year, maintenance restoration . _
. time in hours per activity, active failure rate in faflures S
 per year, switching time in -hours and the stuck probability. -
- The stuck probability of circuit breakers is defined .



quantitatively and in case of other components it is %
meaningless and is therefore specified a zero value. The
next line i.e., number 41 specifies the switching time
required to identify the fault, disconnecting the faulty -
components and closing the normally open components.

. The next block i.e., line 42 to 56 represents the
effects of actively failed components, the number and .the
lables of healthy components switched out as the effect of
the actively failed components. For example, line 42 means
that component 1 is actively failed and as a result,
components 6 and 7 are switched out. As before line 56
specifies the arbitrar; number 499 to indicate the end of
the block. ‘ : '

- - The next block i.e., lines 57 to 85 specifies the
effects of the actively actively failed components and the
stuck breaker conditions. For example, line 57 means that
component 1 is actively failed and the breaker number 6 is
stuck and as a result 2 healthy components i.e., number 7
and 3 are switched out of service. ’

The next block i.e., lines 86 arnd 87 specify the
components failed in common mode, their failure rate and the
repair time. : . '

o
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D.3 Tie sets and Cut sets of Case Study 4.2 : Breaker and
half scheme ) :

sexxxsess BREAKER AND HALF SCHEME swessxxxs
a) WITH NORMALLY "OPEN COMPONENTS: OPEN
| TIE SET OR SUCCESS PATHS ( 8.)

PATH ELEMENT NUMBERS
NUMBER 4 o
(11 16 .7 18 12. 10 19
2 .2 17 4 15 11 g9 19 . -t
-3 1 16 6 13 3 15 1} 9 19 .
4 2. 17 5 14 8 18 12 10 19 ’
5 2 17 4 15 3 13 6 16 7 18 12 10 19
6 1 16 7 18 8 14 5 17 - 4 15 11 9 19
7 2 17 5 14 8 18 7 16 -6 13 3 15 11
g 19 _ S
8 1 16 6 13 3 15 4 17 5 14 8 18 12
11 19 : N . ,
CUTSETS AFTER DELETING 100% RELIABLE NODES ”
First Order Cuts = NIL ) |
Second Order Cuts = 5. These are: '
Number  Elememts  Number Q“E1emehts ' v-g$ﬁﬁi9
1 2 T g 1o .*
L = 9 10 - 5 11 12 ’

3 9 12 .
Third Order Cuts = 18. These are:

~ Number ~ Elements

-
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Cut sets for tie sets with N/O components Qpeq&continued:

»

NIL

F1rst Order Cuts Co e
-5,, These'are;

Second Order . Cuts

thbéh““ Eleiem ts Number | "E‘-lerﬁénts'
29 0 s 4 1a

.CUT SETS AFTER DELETING 100% RELIABLE NODES S

Number Elements in the Cut J
9 4 6 10
10 4 6 12
11 4 10 13
12 4 12 13
13 5 -7 .9
14 -5 7 11
15 7 8 9
16 7 8 11
17 7 9 14
18 ‘ 711 14
b)) WITH NORMALLY OPEN COMPONENTS CLDSED
‘ TIE SET OR SUCCESS PATHS ( 8 )
. PATH ) - ELEMENT NUMBERS
- NUMBER o _ SR
1 1 16 7 18 . 12 10 19 :
2 2 17 4 15 11 9 19 .
3 1 16 6 13. 3 15 11 9 19
4...2 17 5 14 8 18 12 10 19 .
5 2 17 4 15 3 13 6 16 7 18 12 10
-6 1 16 7 18 8 14 S 17 . 4 15 11 . 9
7. g 1;, 5 14 8 18. 7 18 6. 13 3 15
8 1. 16 6- 13 3 15 4 17+ 5 14 8 18
710 19 e . : N

19
18

Tw P

ST
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18. These are:

Third Order Cuts =

Number

:919144029133914433440

N y 3 .w.w .
.558891776691889191335

584773020233919144

,1111111 >—

444367446602778891

~—

7

Elememts-in the;Cu¢"

33333344555556&698913“

T TONNNOOS ST O

-

' Elements in the

_ . v_.aﬂ:}ﬁw;:
123456789012345678 . : i ,

1111111 123456789012 456789

o

~ Fourth Order Cuts = 49, ngse are:

g Number




SR [ | | 120

§ : ' ‘.

Fourth order:cut sets for case study 4.2 -
(Breaker and half scheme) continued.:
Number Elements
' 22 2 3 5 12
23 . 3 8 10
24 2 3 8 12
o 25 2 3 10 14
& 28 2 3 12 14
27 2 4 7 9
28 2 4 7 11
29 2 5 6 10 ”
30 2 . 5 6 12
. - 31 2 5 10 . 13
2 32 2 5 12 13
g 33 2 6 8 10 .
‘ - 34 2 6 8 12
35 2 6 10 14
36 ©2 6 12 14
37 2 8 10 13
38 2 8 12 13
39 2 10 13 14 ;
40 2 12 13 14
41 3 4 . 5 7
- 42 3 4 7 8
43. /)//\ 3 4 7 .14
. 44 4 5 % 7
e 4y S 5 .7 13
, “&' 46 4 6 7 8
* 47 4 6 7 14
Y, 48 4 7 .8 13
49 4 7 13 14
c) K TYPE CUTS ‘ o ' \ P

First Order Cuts = Nil
Second Order Cuts = 5. These are:

Number - “Elements in the Cut
i R N '
2 9 10 & & g
3 9 12 :
P 10 11
5 11 12



N\
N

~

N

 Third Order Cuts = 18. These are: . \

Number ‘ Elements in the Cut \

1 1 4 5 . I

2 1 4 8

3 1 4 14

4 2 3 7

5 2 6 7

6 , 2 7 13

7 ' 3 4 10

8 3 4 12

S 4 6 10

10 4 6 12

11 4 10 13

12 4 12 13

13 5 7 '8 s
14 5 7 11 ©oo
15 7 8 9

16 P) 7 8 11

17 > 7 .9 14

18 7 11 14

d) 'H TYPE CUTS

First Order Cuts = Nit
Second Order. Cuts = Nil
= Nil

Third Order Cuts

e) SUCCESS PATHS CONSIDERING ACTIVE FAILURES
. ACTIVELY FAILED COMPONENT= 1

"REMAINING PATHS.
Path Number - Elements

1 2 17 4. 15 11 9 19
2 . .2 17 514 8 18 12 10 19

Cuts because of above event after deletihg_

) ”100% reliable nodes -

‘First Order Cuts = Nil .
Second Order Cuts = 1. This is: _
© Number Elements in the Cut B

x o 1 2

121
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Third Order Cuts = 15

These are : -
Number Elements in the Cut
1 1 4 5 .
2 1 4 8
3 1 4 10 -
4 1 4 12
5 1 4 14
' 6 1 5 9
7 1 5 11
8 1 8 9
9 1 8 11
10. . 1 9 .. 10.
11 1 9 12
12 1 9 14
13 i 10 11
14 1 11 12
15. 1 11 14

) CUTS WHICH HAVE BEEN EVALUATED BEFORE ARE DELETED
"REMAINING CUTS TO BE EVALUATED . -
First Order Cuts

Nil
Nil

Second Drdef Cuts

Third Order Cuts

8. Thege are:

" Number Elements in the Cut

1 1 4 . 10
2 1 4 ~“12

.3 1 579 : ,
4 1 e 11 T .

-5 1 8 g :

B 1 8 11 ” ‘ e
7 1\_/_/.1’?/".14' ‘ o j
8 1 1 14 o L

The active failures of other components are treated in the
~same way as shown for component number 1. The cut sets - o
obtained after considering the active failures of all the -
components are tabulated below in Table D.2: o

<



Table D.2: Cut sets due to Active Failures

Actively‘failed First order »SecJLd'order

component
1

_______--.__---__-.'___-.._-___-_..--_—-.._---------—'--—_----—-_..

._-__-_-_--_____--_-—_--_—_-_---_-—_—-_--—-_--_--—--—------.

et e T TR T i U S S S

cutls

- nil

I
/

/Q&ﬂ_s

nil
nil
ni
4 1
4 7
4 10
4 12
5 1

[ X X X Yo Yo

Third order
cuts
1 4 10
1 -4 12
1 5 g
15 .11
1 8 9
1 78 11
1 9 14
1 11 14
2 3 10
2 3 12
2 6 10
2 6-12
2 7 9
2 7 11
2 10 13
2 12 13
1 5
18,
1 14
5 -7 .
7 8
7 14
nil
3 7
3 10
3 12
6 7
6 10
6 12
7 13
10 13
12 13
4 5
4 8
i
1
4 14
5 g

123
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Cut sets due to active failures

Table D.2-.(continued}:

Third’prder

First order

Actively failed -

T

Second order
cuts

-0

o

onent -

C

v r— = —

NI NO ~ v

 —— —

W WO O WO W W W W W

T T T T T T T s T R e et e e e et r e e e e e r r EE E e, - .-, - -.———-— .. - -

nil

AN O —

[l o ol

nil

e e Tt T i N

NTMOMOTOM
- Lo -
——oNaNNM ST <

€O C0-C0 G0 90 O O O

nil

) .
—-——--.—--_-__-__-__-__-_--_--—--_-------—--——----—-—--—-..---

100~
- R ad

—— N

(02N Ner N o))

nil

nil

. . . .
. D e e T

nil

- nil

10

L0 00 < b~
: —

————— —
-

nil

nil

11

= v O\

' .——--_—--q—---------—'---—--------_---q-----‘---—-'——-—---------

nil

. nil

12

---,-----------------'—;--------..;..‘-..—..—'--'--------~—-‘--_-,-;-s-

nil

nil .

‘ o nil o A , .
-'--'.-------v---.‘i;-----------------.---------:“:."-&-“.'-.------------'- )

13

nil -

nil

i1

14
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g

f) IMPACT OF ACTIVE FAILURES AND STUCK BREAKERS
ACTIVELY FAILED COMPONENT= 1
STUCK BREAKER= 6
REMAINING SUCCESS PATHS

Path Number ___Elements
1 . 2 17 4 15 11 g 19 ‘
2 . 2 17 12 10 19

S 14 8 18

Cut sets becau#e of above events
after deleting 100% reliable nodes

Fir't Order'Cuts

= Nil
Second Order Cut = 1 -
Tha} is:
Number -Elements
o T ;rgt_l .
Third Order Cuts =<f5« R \ o | ;.;»r
These are: « At
Number Elements in the Cut. : A
1 14 5
2 1 4 8
3 14 10
4 1 4= 12\
5 1 4 14
6 1 5 .9
T 1 5 11 -
.~8f~k-\,' ‘ 1 8 ‘ g
9% 1 8 11
. 19 12
12 19 14
13 110 11
14 111 12
15 11t 14



5 -

N h

REMAINING CUTS

[}

These are: .

—

First Order Cuts = Nil
Second Order Cuts = Nil
Third Order Cuts = 1t1.
Number
1
2
3 .
4
5 -
6 et
7 .
8
9
10
11

The cut sets for the -remainin
shown above fo

" Elements in thé Cut

N

i -
-

5

8
10 —
12

14

9.

11

S

11

14
.14

;HDGHDUNanhbihp

3
\
—t

" .

e

" CUTS WHICH HAVE BEEN EVALUATED BEFORE ARE DELETED

5

Third

order

TR R NI NI MR RN

T NONNOOWwW

e o Y

L YN W S

Table D.3 ' |
Tahle D.3: Cut sets due to active failures and"stuck
breakers L ’ ' .
‘ N . Elements in the Cut
~Activel Stuck -~ First = Second
»EEIIEE—Y . breaker  order Qrder
' gome_oner!'t . . S ] o L
o 7 nit. 14
, : 1 9
_ 111
2 4 nil 2 7
o .2 10
.2 ‘T2=
2 5 “49 - nil nil
.QJQ:
| é
fr‘ 23

W ONONO

g components are formulated as
r component one and are tabulated below in

B S e S S

126"
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Table D.3 (contihued):

stuck breakers

cut sets due to activé failures and

L i g e R

- Third
Qrder

nil

' Act : Stuck Elements in the Cut
Active uc First - Second
failed breaker order order
component. ;

3 4 nil: "3/
3 7
\ 3 10,
3 12
3 6 nil 3 2
3 5
"3 8
3 .10
3 12
3 14
4 3 nil .4 1
4 10
4 12
4 5 nil 4 1.
' 4 7
4 10
4 12
5 4 nil 5 1
. 5 .7
5 10
5 12
.5 8 © 5 1
1 fn 5 3
5 6 -
5 9
5 11
5 18
6 3 nil 6 2
. 6 8
' 6 10
6 12
_ 6 14
B 7 nil B
: -6 4

127
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Table D.3 (continued): cut sets due to active failures
and stuck breakers.

. Elements in the Cut

Actively - Stuck  First Second Third = ,
failed .breaker order order aorder
component - o
6 9
) 6 11
7 6 nil 7 2 nil |
: 7 4
7 B
7o
7 8 il 72 nil
L ’ 7 4
“" :_‘-:.7 9 -
. ,'v( s 7 ’ 11 - * B
8 5 nil - 8 1 ‘ nil
‘ -8 3
8. 6
8 8 ¥l
- 8 11 N
8 13
8 7 nil 8 2 nil
o 8 4 : i}
8 9
o 4 g niT nil. -
‘93 nil’ . il 9 1.5
- - 9 1 8
‘9 14
| 9 2, 7
9 4 nil 9 nil |
-------------- ‘-.“q,..‘------—_,-‘-“------'.i-’-;-.'.-_-----l---—---------
10 7 nil 10 2 nil
1 3 nid nit 11 1 5
. 11 1 8
11 1 14 |
11227
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Table D.3 (continued): cut sets because of active failures
and stuck breakers. - :

ot c Elements in the Cut
Actively uck irst Second Third
failed breaker order order Qrder
component -

11 4 nil

A nil

-—--—q-_——-.-_—---—————_——-_‘---\—;_—-——_———_—-————-—-. —————————

—__---_-..__----_-__‘__-____-__-—.._-—-—-_—--_-----—-’----—---.

wW
SN X JUTUF NS
—

A_--._—-‘_----—'------------------—~------_-—------—- ------------

s

8 T a9 14

s
DD WRNNNNONOODWWW
R

-t



APPENDIX E

Tle sets and cut. sets of case study 4.3: Main bus and
transfer bus system .

xxxkxxtxxx  DESIGN NO. 4 *xxxxxnsxx

**x MAIN BUS AND TRANSFER BUS SYSTEM ==*=x
a) WITH NORMALLY OPEN COMPONENTS OPEN

/]
TIE SET OR SUCCESS PATHS ( 4 ) . i
PATH ELEMENTS &£
NUMBER - 3 %2
17 . 1 18 .3 13 & 20 15 11 17
2 -1 18 3 13 6 21 16 12 17 .
3 2 19 4 13 5 20 15 11 17
4 2 19 4 13 &

S22 18 12 a7
CUTSETS FOR NORMALLY CLUSED PATHS | : B

First Order Cuts =2 :
These are element. number 13 and 17

v .,\».i;‘;-

Second Order Cii | 25, These are:

Number nts. Number Elements - Number Elements
1 -1 2 S0 5 12 19 12 15
2 1 4 11 5 16 20 12 20
3 1 19 12 5 21 21 - - 15 .16
4 2 3 13 6 11 227 15 21
5 -2 18 14 6 15 ° - 23 16 20
6 3 4 15 6 .20 - 24 18 19
-7 3 19 16 11 12 25 >\,J20 21
8 -~ 4 18 17 1118 v :
9 "5 6 11121 ’

Third ohdér Cuts = NiT
b) WITH NORMALLY OPEN COMPONENTS CLOSED
~ TIE SET OR succsss PATHS ( 24 )

PRSI 'Efg" Is.

NUMBER - S |
al 118 3 13 5 20 15 11 17 .
2 ! 18 3 13 6 21 16 12 17 -, .
3.7 1 18 7 14 9 20 15 11 17
4 1 1877 14 100 21 18 12 17
5. 2 19 -4 13 5°20 15 11 {7
6 2 19 4 136 .21 16 12 17.
7 2 8 149720715 11 17,

130 -
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Tie sets (continued) with N/O components closed for case
study 4.3 ( main bus and transfer bus scheme)

»t

PATH ELEMENTS

NUMBER -~ | v
8. 2 19 8 14 10 21 16 12 17 | o
9 ! 18 7 14 10 21 6 13 5 20 15 11 17
10 1 18 3 13 6 21 10 14 -8720 15 11 17
11, 1 18 7 14 9 20 5 13 6 21 16 12 17
12 1 18 .3 13 5 20 9 14 10 21 16 12 17
13 2 19 8 14 7- 18 3 13 5 20- 15 11 17
14 2. .19 8 14 -7 18 3 13 6 21 16 12 17
15 2 .19 4 13 3 18 7 14 9 20 15 11. 17
16 2 19 4 13 3 18 7 14 10 21 16 12 17
17 P18 7 14 8 19 4 13 5 20 15 11 17,
18 ' 18 7 14 8 19 4 13 6 21 16 12 17"

19 ¥ 118 3 13° 4 .19 8 14~9 50 18 1] 7.
20 0 1718 3 .13 4749 8 14 10 21 16 12-°47+

21 2719 8 14 10 21 6 13 5 20 15 11 17

& 22 2. 19 8 14 9 20 5 13 6 21 16 12 17
23 2 19 .4 13 6 21 10 14 9 20 15 11 17
24 219 4 13 5 20 9 -14. 10. 21 12

16
CUTSETS FOR NORMALLY OPEN COMPONENTS CLOSED .

First 0rder Cut = 1 ; i.e., element 17 - " . ‘
Second Order Cuts = 14; These are : o ' -

"Number Elements Number _‘Elements : Number,'oElemgnfg-'
i 2 129 I 15 21

1 6 ]

2 1 19 7 120 15 , 12 16 20

3 2 18 8 1220 - 13 18 19,

4 - 12 9 13 14 .14 20 21
-5 11 1610 - 15 . 16 - ‘ R
Th1rd Order Cuts =-34. These are: . DR
Numbgr E gmgnts - Number . Elements - Number Elements

1 B 4 8 13- - 579 12 T 25 7 8 13

2 1 .4 14 14 5. 9 186 ~,‘25, 7T 13 19

3 - 1.8 13 15 . 65 9 21 27 8 13 18
4 2 3 7 6 - 5 1214 28 9 .10 13 -
-5 2 314 7 5 14 16 .29 9. 12 13
R -2 713 18 5 14 21 30 -9 13 16
ST .3 4 140 19 6 10 11 31 . .9 13 .21
8 3. 7 .19 20 6 10 15 32 10 S0 130

9 3 14 198 21 6 10 20 33 . 10 13 15 -
10 4 8 18 22 6 11 14 34 10 13 20
11 4 1418 23 6 14 15 o e

12 5 6 14 24 6

- 14 .20




{
. *ﬁ% o
Fourth Order Qgts =%Q - These are:
Number E\ements ‘_ . -Number
1 3 4 7. 8. 11 5 &
2. 3 4 9 .10 12 5_ 6
3 3 4 9 21 - 13 5. 6
4 3 4 10 20 - 14 -5 6
5 3 9 10 19 15 « 5 7
6 3 @ 19 21 . 16 5 7
7 3 10 18 20 17 5. 8
8 4 9 10 18_ - 18 6 7
9 4 9 18 21 19 6. 7
10 4 10 18 20 20 6 8
c) K TYPE cuTsS
,vF1rst Order Cut. = 1 \\ .
" It'is element number 17 ‘ \\ )
‘ v YA
Sgcond Order Cuts = 13. These aréﬁV " :
Number . Elements Number Elemehts = Number
. ' 4 \ T
12 8 121 11
2 119 7 12 15\ 42
'é?S, o 2 18 - 8 12 <20:-\ 13
5 11 1521 N\
Third Order Cuts = Ni1 . \Q%\
d) HTYPE CUTS -\
. First Order Cuts = 1 R T
"1t is element number 13 . - o

~v=Second OrderACuté‘= ]2r.Thésé;are:

00 0O D 00 D 00 ~3 ~2

Elements

19
18
10

21
21

20
20

—_— A
o

~Elements

16 20

18 19

20 21

"_"\ L'

Sy
5

‘ 11;“'4 A

132

21 -

20

Number ”Elements dehbér»_;fEIémehis‘ :Num5erf ;Elements; f:
B R Y SIS o bt 95 a1

3 . 3 .4 1 B S LA
47 39 g > 1612 6 R0
ThthNmrmnstill; e Ly
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RS

. A
. avaﬂ'
e). SUCCESS PATHS CONSIDERING ACTIVE FAILURES
ACTIVE FAILURE OF COMPONENT=" 1. . s
REMAINING SUCCESS PATHS PP R
PATH ELEMENTS

- 2 19 4

2 . 2 19 4

13 5 20 15 11 17

: 1,16 12 1
13. -6 2/(,55 ' 7

CUTSETS BECAUSE OF ABOVE EVENT

" First Order Cuts
Second Order Cuts

“Ni
5;

1
Thesé are:

~ Number - Elements Number Elements Number Elements

1 B I 2
2 14

3 7. 13 T8 19
4 117 e o

\

rThe act1ve fa1lures of

Third O%der Cutslé 16./These aEe:' ~ o . =
‘ Number‘ Elements . Nomben - . Elements Number - ElemgntsU
T 7 1 o 6 7 1.6 ?0 . 13 1 -15-16.
2 1 5 12 8 11 12 14 1, 1521
3 1 5 16 8 1 11 16. 15 116 20
- 4. 15 21 10 -1 1t 2y 16 0 o1 20 21 )
5 1 .6 1. 11 te12095 e S
-6 1 .6 g15 12 1T 12 20 .. _ Sy
. DROP THOSE CUTS WHICH HAVE BEEN EVALUATED BEFORE Lo
REMAINING CUTS R? BE EVALUATED c g :
e First OPder Cuts = N11 ”i o .'U-f ‘ ;, ,"'.‘ o
"~ Second Order *Cuts = Nijl o S
~ Third Order Cuts-_: NI]'_;;;_ ;-:g}nja

‘:‘v

other components are also’ treated 1n~u'”

. the same way as the component number 1. “The cut sets a

fE',obta1ned th1s way are tabulated below in Table E. 1

Table E. 1 Cbt sets because of Act1ve Fa11ures SRl

:.Act:ve]y failed . F1rst order - Second orger ; Ihlzd_gndgr'ggif~ﬁ
) QQEQQQQQI:'_ __ga cuts o }cuts_-;ikuﬂ_ euts

2 . Tni]- . hil _“,‘~"~niI '[,

3 -3 nit \" ‘.: ni 1. S
4 4 ni:l ~nil co
5. S5 nil il
SRR LB il nil nil L
12 _nid - nil il
13 L nil “hil i)

B | nil  nil ‘nfloov
S 18 nil o nil onflooo
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-3

fICut sets due to active failures and‘stuck breakers
ACTIVE FAILURE OF COMPONENTS = f
STUCK BREAKER ¢ 3 |
SUCCESS PATHS REMAINING Asfek ABOVE EVENT
NO SUCCESS PATH TO LOAD POINT
CUTS WITH STUCK BREAKER

(4

+
First Order Cut = 1 j.e., element 1
Second Order Cuts = Nil -
Third Order Cuts = Nil

DROP THOSE CUTS WHICH HAVE BEEN EVALUATED BEFORE
REMAINING CUTS )
“First Order Cut

Second Order'Cut;
5 Third. Order Cuts = N

1 i.e., element. 1
= Nil o
il

The'active-failures with stuck breékers'for other cases are
done the same way as done for component 1 actively failed
and breaker 3 stuck. These are tabulated below in Table E;2.

TablevE12: Cut sets because of active failures and stuck
breakers ‘ ' e

““Activel © Stuck order of cuts '
failed " breaker First - Second ~ Third
component- , -

2 4 2 ‘nil nil
3 4 3 nil nil
4 3 4 nil nil

5 * 3 5 nil- - nil

6 - 3 6 nil ' nild
. 6 4 6 nil ‘ nil
11 5 11 nil Co nil

12 . . 6. 12 nil nil
13 . '3 nil nil nil
13 4 nil nil . nil

15 -5 15 . nilt . nil

16 . B 16 - nit nil

Y
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APPENDIX F

Input data, tie sets and cut sets for George Dickle
Substat ion (Figure 5.7)

F.1 Input Data: THé input data is shown below in Table F.1.

Table F.1: Input Data for George Dickie Substation
- Configuration o

- ***+* B.C. HYDRO GEORGE DICKIE SUBSTATION #===x
156 1~

52 52 -

17 gO 31 36 37 51 67 68 69 70 71 72 73 75 76 77 78 79
1 52 ‘ : .

2 1 2.
1 -1
2 -1
3 1
;4 2
5 19
6 9
7 20 10
8 10 21
g 5
0.7 8
11 20
12 21
13 11
14 12 . . A . Ry
15 13 : ' . /
16 14 : . ' Co y.
17 15 . :
18 16
19 3 »
20 6 7
21 8 4 -
22 25
23 17 27
24 18 28:-
25 £6
26 23
27 23 29
28 29 24
‘29 27 28
30 23 -
31 23
3224

135
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Table F.1&(contd.) Input Data . George Dickie Substation

33 24
34 30
35 31
36 34
37 35
38 36 58
39 37 80
40 42
41 43
42 45
43 42
44 32
45 33 | .
46 40 o
47 46 - n
48 47
49 48
50 49 » - o
51 38 .
52 50 51 | ~
53 40 :
54 53
55 54
56 55 -
57 56
58 57 -
59 40 «
60 40
61 41
62 41
63 41
64 41 ,
65 41 , -
‘66 41 . ,
67 38 : ' . o]
69 38 ..
70 38 ' u
71 38
72 38
73 38
.74 40
75 39 |
76 39 S
7739 , x
78 39 SR '
79 39 - - |
80 94 R |
8195 - S | o
8296 . o
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Table F.1 (contd.) Input Data - George Dickie SUbSta\ion

83 97
84 98

85 99 .

86 100

87 101

88 40

89 103

90 104

g1 105 ,

92 106 “ - .

g3 107 : . | -

(e}
E-Y
—
OO
@0

—

o

-
i T S JE G G Y
WO BWN =

o
~J
NN
N—=O

109 123

110 124

114125

126

127 * |
128 S T =
129 '

131 -

132

133

134 -

121 135

136

60

130 ’ o '

116 | S

102 ’ ‘

58 |
59
40 .
- 61
132 62

— h h emd cmh ah mh A
—h mh ch ek aeh —h b et
WOV WN
F -3
o

o
o

—h ad mh e eh h d amd b
WRIMNDNNONNDN N
QOO WN

-
w
—t
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Table F.1 (contd.) Input Data - George Dickie Substation

o242

.0000001,

.024,2.

133 63
134 64
135 65
136 66
137 22 4 “
138 137 o
139 138 A
141 24 - :
142 141
143 142 -
144 143
145 1
146 2
147 1 .
148 2
149 19 ~
150 21
151 156
152 11
153 12
154 13
155 14
- 156 19.
. 499 52 . :

156 .
.09,7.33,1.0,8.,.09,1.,.000 . ~
.09,7.33,1.0,8.,.09,1.,.000.
.22,2.09,.25,4.,.02.3...000
.22.2.09;.25,4.,.02,3.,.OOO
.22,2.09,.25,4.,.02,3.,.0
.22,2.09,.25,4.,.02,3.,. ~
.22,2.09,.25,4.,.02,3.,.
.22,2.09,.25,4.,.02,3.,.
.23,11.13,.25,24.,.03.2.

.23,11.13,.25, 24"“03.2.

.22,2.09,.25,4. 2,3.,

.22,2.09, 25 .02,3.,.

.10,1000.;.5, 48.,.10,1.

.10, 1000 .5,48.,.10,1. .
.02,3., 25 12, 01,1, (
.02, 3 .25,12.,.01,1.,.

.22,2. 09..25 4 ,.02,3.

- .22,2.09,.25,4.,.02,3.,.000 _
:.024 2¢.e0000001..0000001 .024,2.,.000 : :
.024,2.,.0000001,.0000001,.024,2.,.000 L

.024,2.,.0000001,.0000001, .024,2.,.000 '
.024,2,..0000001 .0000001,.024,2.,.000
.024,2.,.0000001,.0000001,,024-2.,.000

; 10000001, )

.000 -

138



.22,2.

.000

.0000001,
.0000001 .

.0000001,

139

,.0000001, .0
.0000001,

0

.0
.0

0

Table F.1 (contd.) Input Data - George Dickie Substat1on
.22,2.09,.25,4.,.02,3., 000
.22,2.09, 25;4.. 02,3.,.000
.22,2.09,.25:4.,.02, 3. ..000
.22,2.09,.25,4;,.02,3.,.000
.02,3;,.25,12.,.01,1.,;06 T
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01, 1 , .06
.02,3.,.25,12.,.01, .06
.0000001 0000001 0000001 .0000001,.0000001
.0000001, 0000001 0000001 0000001, .0000001,
.22,2.09,.25,4. 02 3.,.000 ~
.22,2.09,.25,4,,.02,3.,.000
.024 2. 0000001 .0000001 .024,2.,,000
.024.2...0000001..0000001 .024,2.,.000 .
.024.2.,.0000001!.0000001..024,2.,.000
.024,2.,.0000001,.0000001,.024,2.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000 ¢ ‘
.0000001, 0000001, .0000001, .0000001,.0000001,
.0000001,.0000001., 0000001.10000001,.0000001,
.22;2.09..25, 02 3.,.000 '
.02.3..,25.12. 01 1. 06 ,
.004,10...0000001 0000001,.004.1.,“000‘
.008.10.1,0000001,.0000001,b008,1.;.000
.22,2.09,.25,4.,.02,3.,.000 '
.22,2.09,.25,4.,.02,3.,.000 : :
.0000001,.0000001,.0000001,.0000001,.0000001,
.22,2.08,.25,4.,.02,3.,.000 :
.22,2.09,.25,4.,.02,3.,.000 :
.004,10. ;0000001 0000001 .004,1.,.000 <
.008,10. _,0000001 0000001 . 008, 1 ,.000 ¢
.22, 2.09 .25,4.,. 02 3.,.000 :
.22,2.09,.25,4.,.02,3.,.000
-.22,2.09,n25,4.. 02,3. ,.OOOt
.22,2.09,.25;4.,.02,3.,.000 '
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22, 2.09,.25,4,,.02,3.,.000
.22;2.08,.25,4.,.02,3.,.000"
.22,2.09,.25,4.,.02,3,,}000_
.22,2.09,.25,4.,.02,3.,.000
..22,2.09,.25,4.,.02,3.,.000-
.22,2.09,.25,4.,.02,3.,.000 -
09,.25,4.,.02,3;, ;



023 3.,.25,12.,.01,1...06

140
Table F.1 (contd.) Input Data - George Dickie Substation
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2:09,.25;4.,.02,3.,.000
-.22,2.09,.25,4.,.02,3.,.000"
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25;4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000 ‘ : .
.22,2.09,.25,4.,.02,3.,.000 B C .
.22,2.09,.25,4.,.02,3.,.000 o . -
.22, 2.09,.25;4.,.02,3,,.080_"
.22,2.09,.25.4.,.02.3. . .0d0
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25.4.,.02,3.,w000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000" L '
.008 10.,.0000001 0000001 .008,1.,.000 -
.008,10.,.0000001,.0000001, .008,1t.,.000
-008' 10- y . 0000001 0000001 008,1- ] -000 N
.008,190.,.0000001,.0000001,.008,1.,.000 o~
.008,10.,.0000001,.0000001,.008, 1., .000 '
-.008,10.,.0000001,.0000001,.008,1.,.000
.008,10.,.0000001, .0000001, .008,1.,.000
.22, 2 09, .25.4:,.02;3.,,000 o ,
'J;OOB 10..»0000001 .0000001,.008,1.,.000
.008;10...0000001 .0000001,.008,1.,.000"
.008,10.,.0000001,.0000001,.008,1.,.000
.008,10.,.0000001,.0000001,.008,1.-,.000 .
.008,10.,.0000001,.0000001,.008,1.,.000 .-
. -.008,10.,.0000001,.0000001,.008, 1. ,.000
~ .004,10-.,.0000001, .0000001,.004;1.,.000
~-.004,10.,.0000001,°.0000001,.004 1. ..000 ,
.~.004,10.,.0000001, 0000001 .004,1.,.000 . R T
.»004,10.,.0000001,.0000001,-.004,1.,.000 - . R S
. .004,10.,.0000001,.0000001,.004,1.,.000 - - R SRR
~..004,10.,.0000001, 0000001 ,004 1.,.000 o
- .004,10.,.0000001, .0000001" . 0041, ;.000 R
B .22 2, 09,.25,4, .02,3. 000 Lo
. .004,10. 0000001 0000001 004;1;;J000"LT'TT.‘1;!\ o
. ..004; 10..n0000001 .0000001,.:004,.1.;.000 ' S
-+-»004,10.,.0000001,.0000001,%004,1.,.000
~.004,10.,.0000001,.0000001, .004,1.,.000 -
004 ; 10,,J0000001 .0000001,.004. 1. ,.000 -
'004 10. 0000001 0000001 004 1. ..000 q,“ -

.02,3.,.25,12.,.01,1.,.06 -
| A_,oz 3...25,12, 041._., 06
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Table F.1 (contd.) Input Data - George Dickie Substation

.02,3.
.02,3.
.22,2.
.02,3.,
.02, 3.
.02,3.,
.02,3.,
.02.3.,
.02,3.
.02,3.,
.02,3.,.
.22,2.09,
..0000001 .
.0000001,
.008, 10.
.0000001,
.0000001,
.008, 10.
.007,10. .
.007.10.

09

.22,2.09,
.22,2.08,

.008,10.

.008,10.,
.22,2.09,
.22,2.09,.
.22,2.09,

.008,10.
.008,10.
22,2, 09
0000001

R

OONDUILWN = OWO~TNUT B WR = ¢
[ Y Gy

'M&mwmwmwwbwhmmmmqu

,".25. 12. ,
.25,12.,
.25,12.,
.25,12.,
.25,12.,
.25,12.,

.25,12.
.25,12.

25 4.
25 12,

01,1
.01,1

.02,
01,

25,12.,.91,1
25 4, 02.
0000001
.0000001,
00000001
0000001,
.0000001,
00000001
.007,1.
..007,1.,
.25,4.,.02,
.25,4.,.02,
, . 00000001,
.00000001,
:25.4...02
25,4.,.02.
.25,4.,.02,
, 00000001,
.00000001,
.25,4. 02
'0000001

COONDOOCOOWONOOWOW

N R

.01 1.
.01,1.
01,1,
.01,1.
.01,1,
.01,1.

.06
.,.06
3.,.000
.. .06
, .06
, .06
, .06
, .06
, .06
, .06
.,.06
3.,.000

0000001
.0000001,

0000001

0000001
.0000001,

.0000001,

00000001
.00000001.

3.,.000
3.,.000
0000001
.0000001,
3.,.000
3.,.000
3.,.000

.6000001,
.0000001,
3.,.000
0000001

.0000001,
.0000001,

.008, 1.
»-0000001,
0000001
.008, 1.

10000001,
.0000001,

.008, 1.
.008, 1.

.008,19.,

.008, 1.

,.0000001,

.0000001
.0000001,
,.000

,.0000001,.0
.0000001, .

0
+ 0000001, .0
.0000001,.0

.0000001,
.0000001,
.000

.000
.000

,.000
,.000

.000 -
,.000

;0000001.

.0000001, .0

i
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~Table F.1 (eontd.) Input Data - George Dickie Substation

20

21

22
23
24
25
26
27
28
29
32
- 33

34

35

38 -

39

40

41
42
43
44
45
46
47
48

50

52 "
53

54
55
56

. 87 -

58

- '59
- 60
61.

62

64

- 65

- 66
74

2
2
2
2
2
2
2
2

49

2
2
2.
2
2
1
1

2
2
2
2
2
2
2
2
2
1
1
1
1
2
2
1
1.
1
1
2
2
2
2
5
2
2
2
2
1
1
1
1
t
1

9
10
15
15
16
15
15

10

2
29
29
29

29.

29
29
29

16

29
29
29
29

29
29
29

29
29

29
29
29

28
- 29 -

29

28

29
29
29

29

29
29 .
28

et

O
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Table F.1 (contd.) Input Data - George Dickie Substation

86 1 128

87 1 129

88 "2 16 29

89 1 131 | g

90, 1 132 . - )

91: 1 133 ‘ :

~92" { 134

g3 %1 135 "

84 ‘1 136 R :

g5 1 123

96 1 124

97 1 125

98 1 126

99 1 127

100 1 128

101 1 129 S

102 2 16 29
<103 1 131

104 1 132

105 1 .133 .

106 1 134

107 1 135

108 1 136 » : o | |

109 1 123 ’ . S

111 1125 ‘ , '

112 1 126

113 1 127

114 1 128

115 1 129

116 2 16 29 .
117 1 131 .

118 -1 132

119 1 133

“x 120 1 134

121 1 135 » -

122 1 136 - . L - .

123 216 29 - o o N

124 2 16 29 - e

125 2 16 29 « . I S

126 2 16 29 ST , ; : -
127 .2 16 29 ‘ - o
128 2 16 29

129 . 2 16 29"

130 2 16 29 : ' CR

131 21629 . o

132 "2 16 29 - . _ o o T
ﬁ133,'§‘16529 S . o o

1342 16 29
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Table F.1 (contd.) Input Data - George Dickie Substation

S R
A : .

120020221099099099000099 )

-

9ggggggg99909090900009009091191912122122122921122
NANNANANNNNN N -— - -— - — Al -~ B
11111 - - . )

~ B — -— = - vy —— - — -
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Table F.1 jcontd.}mlnput Data - George Dickie Substation

o 2215 2 910
22 29 2 15 16
23 2 910
53 25 2 15 16
2416 2 210 5
24 29 2 15 16 - -
25 15 2 9 10
2529 2 15 167+ .
26 15.3 9 10 28 - .
26 29 -2 15 16 L .
27 15 329 9 10 LA
2729 2 15 16 o o
28 16 3 28 10 2 & . - -
28 29 2715 16. | |
29 15 3 186 9 10
32 16 3 29 2 10
32 29 2 15 16 - -
33 16 329 2 10
34 15 3 29 9 10
34 29 2 15 16
3515 329 9 10
35 29 2715 16
38 54 2 16 29 |
39 136 2 16 29 : .
20 16 3 29 10 2 | .
40 29 .2 16 15 " ( ' R
41.16 329 2 10
4129 2 16 15
42 16 .3 29 10. 2
4229 215 15
43 16 329 2 10
43 29 2 15 16.
44 16 3.29 10 2
4429 215 16
45 16 3 29 2 10
4529 21615 .
46 16 329 2 10
46 28 2 16 15
- 47 16--.3 29 2 10 -
47 29 2 15 16
48 47 . 2 16 29
49 47 2 1829
50 47,2 16 29 .
53.46° 329 10 2 - |
C 5416 32910 2 | TR
5429 215146 T
55 54 -2 16 29 .. - o | .
216 29 RS S T TS S

56 54

P
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87
.88
88
89

-
- 93
94

Table F.1 (contd. ) Input Data'- George DicKie Substat1on

57

- 58

59
59

- 60

60
61

61

62
62

63

63
64

- . 64

65
65
66
66
74

74

80
81
82
83
84

- 85

86

90

91
2 134
135
136
123
124
125
126
128
129
16
229

A3
132
3. 133
134

54
54
16
29
16
29
16
29
16
29
16
29
16
29
16

28

16
29
16
29

136

123
124
125
126
127

128

129

16.

29
131

132

133

‘ - héonpoaNcoundmnnmnonnowunmughaw
fuhah:NHQJOth) o
0

16
16
29
15
29
15
29
15
29

npwwuwwuwumww
SR
o

329
216"
2 16
216
2 16
2

16

29
29
10
16
10
16
10
16
10
16
10
16.
10
16
10
16
2
16
2.
15
29
29
29
29
29
29
29
29

:.-‘ N .
R = = PR N | N N N N N N

vt

29‘

‘99

29
28
29
29

29
2
29
2

15“

29~ -

29 .
29

.29

59
29
16

29

(

O
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Table F.1 (contd.) Input Data - George D1cK1e Substatwon

Ll e e T i G O G G

1 32

134
134

T 137

137
'138

107 135 2 16
108 136 2 16
109 123 2 16
10 124 2 16
11125 2 16
12 126 2 16
13 127 "2 16
14 128’ 2 16
15 129 2 16
16 16 3.29
16 fg 2 156
17 131
18 132 gfisA
19133 2 16
120 134 2 16
121 13572 16
122136 2 16
123 163 29
123.28 2 16
124 16 3 29
124 29 2 15
125 16 3 29
125 29 2 15
126 16 3 29-.
126 28 2 15
127 16 3 29
127 29 215
128716 3 29
128 29 2 15
129.16 "3°29
129 29 2:15
130 16 "3 29
- 130 29 .2 15
131716 3 29
131,29 215
163 29
-~ 13229 2 15
13316 3 .29
13329 215
16 -3 29
29. 215
135:16. 329"
13529 215
136 1673 29
- 136.29 215
15 39
29 215
138.15 3. 9
29 2’

:1
i
<10

‘10

29
29

29 -

29
29
29
29

29
2
15

29
29

29
29
2
15
2
16~
2

16 -

2

16

2
16

.2
16 -

2.

16
210 -
16
10
16
2
16 -
29 2
16

2

NONONO!

29;'
10
29

29 -

10

10

10"

10
10
10

10

-29,I;F,~'
29-

16

10

0
ﬁ}Qii i~,‘
ujO¥f 

: 10 E
=18

B
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Table F.1.

141

(contd.) Input Data - George Dickie Substation

9.

139 15 3.9
139 29 - 2 15
140 15 3
140 29 2 15
14116 3 29
29 2 16
142 16 3 29
142 29 2 16
143 16 3 29.
143 29 2 16
144 16 3 29
144 29 2:.16
145 9 2
146 10 2 2
147 9 2 1
148 10 2 2
149 9 2 1
150 10 2 2
151 9 2
- 152 9 2 10
152 10 2 9
153.10 2 2
154 9 2 10
154 10 2 9
155 10 2 ¢
156 8 2 1
499
1,2, 562.5.
- 499,0. . 0,.0

NN

oUIowno

O NN P

148
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©
, : . :
F.2 Tle sets and cut setshgﬁ Georrge Dickie Substat ion
. %) ) ’
a)aWITH NORMALLY -BPEN COMPONENTS OPEN
TIE SET OR SUCC%SS’PATHS ( 4) o/
PATH A. ELEMENTS
NUMBER ' _
1 2 4 21 12 14 16 18 24 33 45 42 40
46 47 48 49 50 52 | ) :
2 1 3 19 5 "9 6 20 11 13 15 17 23
. 27 29 28 24 33 45 42 40 46 47 48 49
50 52 | .
3 1 3 19 5 9 6 20 7 10 8 21 12
14 16418 24 33 45 42 40 46 47 48 49
.50 52 ey
.4 . 2 4 21 8 10 7 20 11 13 15 {7 23
- 27 29 28 24 33 45 42 40 46 47 48 49
50 52

- Component 52 i.e., load point assumed 100%
reliable and therefore deleted from cuts

b) CUTSETS FOR- NORMALLY CLDSED'PATHS

First Order Cuts = 10 o
The;e are element numbers shown below:

24 33 40 42 45 46 47 48 .43 50

~* Second Order Cuts = 65
These are given below:

~ Number Elements: Numbér Elements - Number . Elements
" 1 2 23 11 - 18 45 15 18
2 1 4 24 11 21 46 15 - 21
-3 1 21 25 12 13 47 1617
4 © 2 3. 26 12 15 48 - 16 .20
PO 2 5 27 12 17 49 16 23
6 2 b6 28 12 20 - 50 16 27 .
7 2. 9 29 12 23! © 51 16 28 -
8 2. 19 30 12 27 52 16 29 N
g 2 20 31 12 28 53 17 18 ’
10 - 3 4 32 12 29 - - 54 17 21
11 .3 21 - 33 13 14 55 18 20
12 - 4 5 34 - 13 16 - 56 18 27
13 4 6 18 28

35 13 18 57



150
o

Second order cuts (contd.) with N/O branches open - George
Dickie Substatiqn o

Number Elements Number Elements  Number Elements

14 4 9 36 13 21. 58 18 29
" 15 4 19 37 13 15, 5 19 21
16 . 4 20 38 14 17 60 20 21
17 "5 21 39 14 20 61 21 23
18 6 21 40 14 23 62 21 27
19 9 21 41 14 27 63 21 28
20. 11 12 42 14 28 64 21 29
21 11 14 - 43 14 29 65 18 23
22 11 16 44 15 16 :
Third Order Cuts = 120. These are:
‘Number.  Element Number Element Number Element *
1 1 7 12 - 41 3 8 12 81 5 10 12
2 1 7 14 42 .3 87 14 82 5 10 14
3 1 7 16 .43 3 8 16 83 5 10 16
4 1 7 18 44 3 8 18 84 5 10 18
5 1 8 12 45 3 10 - 12 ~ 85 6 7 12
6 1 8 14 46 3 10 14 8 6 7 14
7 1 8 16 47 3 10 16 87 6 7 16
8 1 8 18 48 3 10 18 88 6 7 18
9 110 12 " 49 4 -7 1M 89 6 "8 12
10 1 10 14 50 - 4 7 13 80 - 6 8 14
11 1 10 16 51 4 7 15 - 91 6 8 16
12 1 10y 18 52 4 7 17 92 6 8 18
13 2 11 53 4 7 23 M 6 10 12
14 2 7 13 54 4 7 27 - 94 6 10 14
15 2 7 15 55 -4 7 28 95 6 10 16
16 2 7 17 56 4 7 29 96 ' 6 10 18 )
17 .. 2 7. 23 57 4 8 11 97 7 9 12
18 2 7 27 58 4 8 13 98 7 9 14
19 - 2 7 28 . 59 4 8 - 15 9g 7 9 16
20 2 7 29 60 4. 8 17 100 7~ 8 18
21 2 8 11 61 4. 8 23 101 7 12 19
22 2 8 13 862 -4 8 27 102 7 14 19 .
23 2 8 15 63 - 4 8 28 108 7 16 19 °
24 2 8 17 . 638 4 .8 29 104 7 18 19
25 2 8. 23 - 65 4 10 11 105 = 8 9 12
26 2 8 27 66 4 10, . 13 106 - 8 9 14
27 2 8- .28 - 67 4 10 15 107 8 9 16
28 ° 2 8 29 68 -4 10 17 108 8 9 18
29 2 10 1 69 4 100 23 .. 109 8 12 19
30 2 10 13 70 4 10 © 27 110. 8 14 19
2 10 4 10 28 111 8 16

w
-t

}

IS
.
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Third order cuts(contd.) with
-. George Dickie Substation

Number

32
33
34
35
36
37
38
39
40

PATH

'

.

10 .

11

;.‘12

tlement Number Element ‘Number - Element
10 17 72 4 10 29 112 8 18 19
10 23 73 5 7 12 113 9 10 12
10 27 74 5 7 14 114 9 10 14
10 28 ' -75 5 7 16 115 9 10 16
10 29 76 5 7 18 116 9 10 18
7 12 77 5 -8 12 117 10 - 12 19
7 14 78 5 8 14 118 10 14 19
7 16 79 5 8 16 -119 10 16 19
7 18 80 5 8 18 120 10 18 19
WITH NORMALLY DPEN COMPONENTS CLOSED
TIE SET OR SUCCESS PATHS ( 12 )
ELEMENT NUMBERS
1 3 19 5 9 6 20 11 13 15 17
23 30 34 36 38. 51 52 ,
2 4 21 8 10 7 200 11 13 15 17
23 30 34 36 38 51 52
2 4.21 12 14 16 18 24 33 45 42 .
40 46 47 48 49 50 52 ‘
2 4 21 12 14 16 18 24 28 29 27
23 30 34 36 38 51 52
2 4 21 12 14 16 18 24 33 45 42
40 53 54 .55 56 57 58 38 51 52
1 3 19 5 g9 6 20 7 10 8 21
12 14 16 18 24 33 45 42 40 46 47
48 43 50 52 . B
1 .3.19% 5 9 6,20 7 10 8 9
12 14 16 18 24 28'&29 27 23 30 34
36 38. 51 52 .- ,
1 3 19 5 9 6 20 11 13 15 17
23 27 29 28 24 33 45 42 40 46 47
48 49. 50 52 » - i SN
2 4 21 810 7 20 11 13 15 17
23 27 29° 28 24 33 45 42 40 46 47
48 49 50. 52 R
1319 5 9 6 20 .7 10 8 21
12 1416 18 24 33 85-.42 40 53 54
55 56 '57 58 38 51 53 .. - b
1 3 19 5 9 6 20 11-13 15 17
23 27 29 28 24 33 45 42 40 - 53 ‘54
.55 56 57 58 38 51 52 - T
"2 4 21 8 107 20 11 13.15 17
23 27 29 28 24 33 45 42 40 53 54
57 58 538 51 52 '

O b W N

WWWWNNNNN

N/O branches open
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c) K TYPE CUTS
First Order Cuts = Nil -

. Second Order Cuts = 6% _ ,
'_These are the sawi as "the second order cuts shown above.

Third Order Cuts = 120 . |
These are same as the~third order cuts shown above. -
4] \\ .

d) H TYPE cuTs
First Order Cuts = 10
These are the following element numbers :
‘ 24 33 40 42 45 46 47 48 48 50
Second Order Cuts= Nil '
Third Order Cuts = Nil
e) SUCCESS PATHS CONSIDERING ACTIVE FAILURES
ACTIVE FAILURE OF COMPONENT= = 1

REMAINING SUCCESS PATHS

PATH -

NUMBER | | ELEMENTS ‘
1 2 A 27 12 14 16 - 18 24 33 45 42
‘ 40 46 47 48 49 50 52 .
2 2.4 21 8 10 7 20 11 13 1% 17

23 27 29 28 24 33 45 42 40 46 47
48 49 50 52 ' ~

. CUTSETS BECAYSE OF ABOVE EVENT
First Order Cuts = Nil

Second Order Cuts = 13; These are:

Number Elémeht " Number Element .'Number Element
' | 40 ET T

1 1 2 6 1
2 1 4. 7 1 42 42 1. .49,
.8 1 21 8 1-45 13 ¢ sp.
4 1. 24 9 1 48 e -
5 1 .33 10 147 o .



Ry
B

"~ Third Order Cuts = 48. These are:

Number

Elément

Number

Element

Number Element

1 1 7 12 17 1 12 13 33 1 14 28
2 1 7 14° : 18 1 .12 15 34 t 14 29
3 1 7 16 ° 19 1 12 17 35. 1 15 16
4 1 7 18" 20 1 12 20 36 1 15 18
5 1 "8 12 21 1 12 23 37 1. 16 17
6 1 8 14 22 1 12 27 . 38 1 16 20
7 1 8 16 23 1 12 28 39 1 16 23
8 1 .8 18" 24 1 12 29 40 1 16 27
9 1 10 12 25 1 13 14 41 1 16..28 .
10 1 10 14 26 ° 1+ 13 16 42 1 16 29
11 -1 10. 16 27 1. 13 18 43 . 1 17 18
12 1 10 18 28 1- 14 15 44 1 18 20
13 11t 12 29 2 14 17 45 1 18 23
14 1 11 14 30 1 14 20 46 1 18 27
15 1 11 16 - 31 1 14 23 47 1 18
16 1 11 18 - 32 1 14 27 48 1 29

18

DROP THOSE CUTS WHICH HAVE BEEN EVALUATED BEFORE‘
REMAINING CUTS TO BE EVALUATED

“First Order Cuts = Nil,

.Second Order Cuts>=vNil

Third Order Cuts = Nil
1 |

28

153
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The cut sets for active failures of!other componentsgaﬁé‘[
also calculated- in the same way. The count and order of cuts:
other components are tabulated

. below in Table F.2:

‘because of active failures of

‘Table F.2: Cut sets due to Active Failures- ‘
- Actively failed #First order #Second order- #Third order
: component .- cuts cuts - cuts
2 nil ~ 8 nil
-3 - nil nil nil
4 Conil 7 nil
5 il 12, nil
6 nil 13 - nil
7. 1 - nil nil
8 nil 15 nil
9 nil 12 ¢ nil
10 nil 15 nil
1 1 nil ‘nil o
12 nil 6 nil B
13° - ni'l . 2 nil. RN
14 nil 6 nil =

15 nil 2 nil
16 nil - 6 - nil
17 " nil nil nil.

18 nil _nil nil-.

19 nil - nil nil

20 nil nit oonil]

21 nil nil’ ‘nil -

22 - nil .5 - 6 S :
23 nil ‘ nil oonil s L

24 nil - nil niy o e e
25 nil 5 ~ 6 .
26 nil 5 .. Y - IR
27 nil - nil A s
28 . 28 nil 25 8 PR TR
29 nil nil il e
- 32 nil’’ 9 18 -

- 33 . nil . nil nil oo
34 nil .5 6. .
35 nil . .. 5 B

. -38 nil nil nit - o
.39 ‘nit nil R 1 5 B T
40 nil nil . SN 1§ S

41 nil. g 18 s

42 nig - nil nil o T

.43 “nil . 9 18 Q\
44 - nil 7 9 18



Table F.2 (contd.) cut

- George Dickie Substation

' \Actively failed

#First order

componént

45
46
47
48
4g
50
52
53
54
55
56
57
58
59
60
61
62
63

Id

65
66
o 74 .
80
82 .
~ 83
84
.85
87 .. .
88
90
91

- 93
-7
97
98

100,

101
- 102

oy

64

#S5Second order

cuts cuts
nil nil
nil nil
nil nil
nil’ nil
nil nil
nil nil
1 nil
nil 9
nil- S~
nil -nil
nit" nil-
nit nil
nil nil
nit 9
nil 9
nil - 9
nil -9
- nil 9
nil 9
nil- 9
nil 9
.nil 9
nil . nile
nil nil:
nijl nil
nil nil
o oenil - onil
Cnit o nil
‘nil (,A&,i»nilﬂ
nil \H nit. -
1 P R 1 )
nil /'~a;'.ni1 )
nil v nil . .
oonil: A
nil - niﬂ{
ni-l onil
nil R B
. nil o nil
. nil nit
©oonil nil
nil - nil -
il eonil: .
nile - eonil o
nil 15

sets due to active failures .

#Third order
cuts

nil
nil
nil

nil.

nil

i

nil
18

18

nil
nil
nil
nil

18

18

~18

18
18
18
18
18
18

nil

nil
nil

Rl

nil
nil

nil
S i
nil
nil
nil-
nil-
ooonil
R £ ) ) R
L nil
conil oo
-nil-
nil
nil -
onil -
Sonil

155
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Table F.2 (contd.) cut sets due to active failures
- George Dickie Substation.

Actively failed #Fjrst order #Second order #Thir rder

componen t cuts cuts cuts
103 ‘ ' nil Conil nil
104 ' nil - nil - onil
105 - nil nil nil
115 - nil - nil nil
116 a1 nil nil
117 : ' nil : nil nil
122 F nil nil
123 . o ©onid nil
124 ~ 1 nil nil
136 1 .nil nil .
137 nil 5 g 6
138 nil 5 . 6
139° nil 5 | 6
140 nil 5 6
141 1 nil . nit
142 1 nil . nil
143 1 nil nil
144 1 nil nil
145 nil 3 12
146 nil 15 ,nil
147 nil 3 12
148 nil .15 nil
149 nil 3 - 12 .
450 nil 15 nil
151 nil 3 12
152 nil T nil
153 nil 15 - nil
154 . nil 7 - - -nil
155~ o nil ' 15 nil
156 - S nil: 3
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f) Cut sets with éctfve'failures and stuck breakers
- ACTIVE FAILURE OF COMPONENT= 1
STUCK BREAKER= g

SUCCESS PATHS REMAINING AFTER ABOVE EVENT

PATH ‘ ELEMENTS

NUMBER . : -
1 2 4 21 1214 16 18 24 33 45 42

40 46 47 48 49 50 52
CUTS WITH STUCK BREAKER ' |

First Order.Cuts = Nil

Second Order Cuts = 17. These are:

Number = Elements - Number Elements .= Number  Elements.

1. 1 2 7 121 13 1 46
S 4%? 1 4 8 14 24 14 147
| 12 9 .1 33 15 i 48
4 1 14 10 1 40 16 1 49
5 . 1 16 1 142 - 17 1 50

6 1 18 12 1 45

© Third Order Cuts = Nil - -
_DROP THOSE CUTS WHICH HAVE BEEN EVALUATED -BEFORE
'REMAINING CUTS | o
| vFirs( Order Cuts = Nil. o

Second Order Cuts = 4 .
Thes _are ;. - -

| | o B S
A h Ff\\ 112 3. - 1 16

2° 1 14 4 P8
~ Third Order Cuts = Ni1 .° |

The cut sets for other combinations of -active failures of
~components and the stuck breakers present. in. the system are
calculated in the same way as demonstrfited above for active
- failure of component 1 and sfuck breakér..9. The order. and -
~count of cut sets thus obtained are listed in the table F.3
. : ' i .

- R gh? 2

o"

o
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Table F.3: Cut sets due to active failures and stuck -
breakers - ' T
Actively Stuck » #First #Second #Third
failed breaker = order cuts ‘order cuts order cuts
_component —_ '
~2 10 1 nil . nil
3 9. nil , 4 nil
4 10 1 nil nil
5 9 - nil 4 nil
6 9 nil 4 nil
.6 10 1 nil nil
7 9 nil 7 ‘ nil
8 10 1 nil nil
9 10 1| : nil nil
10 9 | DR . nil nil
1 9 nil: 2 nil
1 10 1 il nil
lé> 10 1 Eil nil
13 - 9 nil 2 - nil
13 10 1, nil nil
14 10 1 ‘ nil nil
15 9 nil ‘ 2 nil
15 10 1 - onil - nil
16 10 1. nil .nil
17 5 _ nil 2 = onil
18 16 . nil: 6 o nil
19 g9 - nil il
20 9 - nil nil =~ nil
20 10 1 nil nil
21 “10 1 c nil nil
22 - 15 Conil. 7 nil
22 29 1 - nid nil .
23 15 - Lnil 2 " nit
23 29 - 1 - “ nil nil
24 16 1 nil "nil-
24 29 - niT ; nil Lonil
25 - 15 ‘ nil- ‘ 7 - oonil
25 29 - { . nil - .ni)
26 A5 0 7 mil ' 7 : nil
26 29 1 nil - nil
27 . 29 1 ) nil - nil e
28 16 T 7 Topil i L pild
28 29 | ‘nil : nil
29 15 1 nil Ani
32 .16 L. . - onil : -nil
32 28 1 , - nil nil
33 16 T oni

it nil . opid



Y

&

o A
Actively Stuck "#First #Second #Third
failed breaker order cuts r
component . . :
34 A5 nil 7 nil
34 ‘ 2 1 nil - nil
35 15 nil 7 nil
-35 ' 29 1 nil nil
38 54 1 nil ‘ nil
- 39 136 1 nil _ nil
40 16 il nil nil
40 _ 29 - nil nil ~ nil
41 16 . 1 nil nil-
41 29 T A nil . - onil.
42 16 nil nil- nil
42 . 29 ‘nil nil nil,
43 ‘ 16 1 nil . : nil/
43 2@ 1 nil nit
44 - 16 1 nil cnil
- 44 29 . 1 nil o nil
45 16 nil .nil Cooonil
45 29 ‘nil nil nil
46 - 16 nil - nit nil
46 , 29 - nil T ni nil
47 16 ., nil nit . nil
47 .29 - nil ' nil LooLnil
.48 47 ' nil -~ nil. nil
249‘«\\_, : ‘4; % nil v nit . (ni} &
50 N -4 nil. ' nil ol s
53 . 16 T ©onil Conil R
53. 29 1 ' nilt & nit
<54 - 16 1 nil YNl
- 54 - .29 1 nil oonil
-85 - 54 b nil - onil
® 56 - ' 54 1 nil- ~  nil .
- 57 54 a1 o onil nil
58 s5¢ & 1. o © i
- 59 Q 16 1 ' nil - nil ‘
59 E 29 1 ni.l - - onil
60 .. 16 : 1 . nil . nfl
60 - 29, . 1 S 1 5 B I nil
61+ . 16 1 oonil onil
61 o 28 1 nil nfl :
62 . 16, | SR ¢ 3 B R 13 1 DR
‘62 - 29 1 y - nil o nil
.63 " 16 T nit™ - - nil
B3 L - 29 1 - oonilt T nil

Table F.3 (contd.) Cut sets due to active failures and
stuck breakers - George Dickie Substation.

~ 159
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Table F.3 (continued) cut sets due to active failures-
and stuck breakers - George Dickie Substation.
Actively  Stuck #First #Second  #Third -
fajTed breaker order cuts order cuts order cuts
64 16 1 nil BT |
64 29 1 nilt nil S
65 : 16 1 nil . nil
. 65 - 29 1 nil niq
66 . 16 1 nil - ni
.66 29 1 nil nil 7
74 16~ 1 nil Snil
74 29 1 nil Copiloc
80 - 136 1 ,nil pi
<81 . 1230 1 nil - nil
\ 82 124 1 nile. nil
. . 83 125 1 nilt nil
84 - 126 1 . nil -~ ni)
85 - 127 -1 nil - - nil
86 128 1 -nil : nil
- 87 - 128 1 nil nil
88 . 16 1 nil . nil
88 . 29 1 nil . nil
89 13 1 nil nil
90 . ‘ 132 1 nil. ¢onil
g1 133 1 nil . nil . -
92 134 1 nil =~ T nil
- . 83 135 1 nil ‘nil-
- 94 .. - 186 1 nil oAl o
95.-" . - 7123 1 nil-. -~ nil T
96 - 134 1 nil opiy o,
87 .. 125 1 nit i
: . 126 1 nil ©oenil :
127 1 Snil il
128. 1 nil o o onir
129 1 nil Yool o
.16 - nil ndlo o
.28 v pil R L
A 131 1 cooonil o R SRR
Cospa 1320 0 S onilk RN 1 1 B DR .
/1 133 SR T 1§ T | R -
134 te ol il
. BRI |< 1 R 1 -oonil, o nil. T
. 108 . 136: - 1 -nil oo - nil o
- 118 - 123 i ~nil- o it o
1 125 L L 1.1 AR
S22 0 128 1 - ;b..;;\s L R 8 S
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Table F.3 (continued) cut sets due to acttve failures
and stuck breakers - George Dickie Substation. :

ively  Stuck™  #First #Second - #Third
ad breaker = order cuts order cuts oraer cuts -
component o , o . '

>
°

I

-
)

l

KL

—t h mdh b b ek wmd
-‘—AL—L—"—A-‘—A.‘
OOIODUV LW

—
n
(@]

121

123
123
124 -
124

—
»n
N

125

125
126,
126
127
127
128
128
129
129
130
130
131

127
128
1129
16
29
131
132
133

134.

135
- 136
16

-29

16
16

297
16
29

16
.29

16
29

16
29

29 -

16
29

.
1

“'f:gz

1
1
g
-1
1.‘
1

1
4 .
.1 »

1
1
1
1
1

1

1
1
1
1
3
1
1
1
1
1
1

-

- L

nii .
nil -
nil
nil
nil.
nil
nil
nil
nil
nil
nil
*nil

nil B

ca
¥

nil -
nij:
nil
- .nit
onil
nit
il Ty
SRl s
.onil
nil

Al

il

il
nil

nil
nil

nil .

nil
nil
nil
nil
nil

nil

nit
ondl

nil

‘nil

nil

nit. -

nil

_..' yh1 ]‘ L “

nft
oonits :
& nil

o ndl

o ‘,ﬂi];_w;,
-onil
il

oonil.

3 Ehil;“@‘”'

. n1] 1
. i1/
' d}?TF*‘; »

131 729 . 1 5 i
132 186 1 ST i il
ooz 290 Lo enil o

133 .0 029 15 i nf

134 29y Smil e i

L1850 B A nil. - nil =

85 29 T nil o el

186 B nil nil

o138 29 - oAl opd) -

137 15, o nil CF 7 i) o
TR L RS SN |- SR} & RPN SPINRTR ¢
BRRT R 1 R nil - il
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Table F.3 (continued) cut sets due to active failures
and stuck brgakers - George Dickie Substation.

Actively \S #FIP ~ #Second #Third L
fajled Rer order cuts order cuts order cuts ;
gmgonent , . : U
L . . P Pl -
139 15 nil ‘ 7 7 nit -
133} 29 1 nil nil
140 . 15 nil 7 nil
141 18 RN nil nil
*141 29 1 N nil - nil
142 - - 16 a " nil - nil
142 ° .29 - 1 C nil . onil o §
143 16 1 nil ' opil e
143 . . 28 1 nil . nil
144 16 1 nil ' nil .
o Y44 . 29 1 nit o nil- - »
- ﬁ%S» 9 . - nil 7 .onil
mu(;‘, 146" 10 1 nit =~ . nil.
B f47v_’ 9 nil 7 o onil
St 148 . 10 1 il - nil
149 . .9 nil 7 - nil
150 10 1 nil ni-1l
151 9 Al o 7 .. nil -
152 g - nij 7 . - nil
152 10 . 1 nil- nil
© 153 ¢ 10 - A R o nil - nil -
-154. 9 - il - T Tonil o
154 10 ~; .. N ; ni\l nil -
_ 155 , 10 .g/‘. D ( _ u»ni\ nil
.18 9 iR L1~ . . il



APPENDIX G

-

EQUATIONS FOR EVALUATION OF CUT SETS

-The assumptiohs made in the formulation of these equations are as

follows: o ~ ¢

1. Component‘failure and repair events are independent of each other.

2. Component repair rates are much larger than their failure rates
3. Preventive maintenance is not performed if there 1s some outage
existing i a related portion of the system, “

4. The p%obability of two or more active failures is approximately

equal td? zero. ’
5. Probability of two or more stuck breakers 1in the system 1s :

"approximately equal to zero,.

© " “In the following section the equations centributing to
"load point failure rate and durétion are- developed and all failures

. - 9]
are referred to as a load point failures.
: )

-

a) Passive failures and overlagping;gassive failures

1)First Order Cutset _ :
. Let 1 be the component in the cutset, then

Contribution to the failure rate = X ) o
' s
e ’ .o Duration - = r,

. ii)'SeconB Order Cutset

Componehts in the cutset = i,‘j“
The~components of the cutset are in _parallel and. the Markov
model . of a two component parallel system is shown in Fighre

G 1
o - ) M . . v “ . \ '
4| e AR i
i vp ' A -~ i;dduﬁn Lo
j down y TR — J' *Wﬂ :Q

Qe . : h o N . B .

Flgure G.l: Markov model of‘bftwo,coﬂpoﬁeot'paféllelﬂsysteh




le4

where: )

Ai = Failure rate of tomponent i’

Aj = Failure rate of component j

My =.Repair rate of compoment i

uj = Repair rate of component j

r, = Mean repair time of ¢omponent 1

rj = Mean_repair time of Fomponent j

by = ry

pj z .l/rj | “
Pl’ Py P3 and P, are the probabilities of state 1, 2, 3

and 4 respectively. As has been described ‘in Chapter 2 "the _
steady state probabilities of occupying each state can be found by

using frequency balance approach resulting in the following :

e
1

Meooou, ) : _ o
Pi= _'i_‘ J E o . ) . ( 8.1)
LT T O U
: i
by e o | \ - _
P, = ) N - (8.2).
{ g * A } o uj + Aj } ;>
P, - i i : . e (8.3)
{u +’»\ }{uJ+92 } " '
'Ai . _Aj , . . 5
B,= . _ : (8.4)
- { uic.-.i- Ai‘} { uj.:'}f'j } ,

fhe system availabiiiﬁy is defined gé = P1 +'P2 + Pj
‘uil_ll + Uin + Hi)\j

~ ST (ui +‘Ai)'(‘u 2

3

<t
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| - 1/r'11/rj + Xi/r:]-+ _Aj/rj
"' - » . (1/1‘i + )\1)‘(1/1‘j + AJ)
» 1+ )‘iri +7)\ { .
4 = . (8.5)
—— ' @+ A0, Ar,)

3]

The probability of system failUre (i.e., P ) is the pré%ability of -
residing in state 4 ahd is defined as follows

P_= A2

£ 157155 /¢ 1 + ME) (14 Ay

33 S :

The frequency of failure = Probability of system failure x Rate

~of departuré from the failed state
= Peo(uy 4+ uj) |

Y nAn) | 4
= - : - (8.6)

(1+X .
iT1 )( 1+ Ajr? o ]

roa

The failure rate, A= Freqoency of failure / Availability
A (rp ) 1+ (TP@+ AT

ij.° 3 "3,

174 A (T + Ar, 1+ Ar, + A1) o

( ¢ 3% ) ( i1 ‘j'j .

A (r + r. ) y

1 + Aty + AT N

( jj)
In many practical studies the following assumptions can be made R
IE Ay <<ug and A<t e, |

Sl 4+ 4Tt Ar ”1" .
L | -

and*therefore ‘ o e P ‘ R

" the loéd po%nt foi}ure rato A= }ixj(r1'+‘rj)

and, v 3 '

the load point average gUfation‘of repair,.r = P, /'ff
Substitutinglvélues of.Pf and f., we get. N

6. SN
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r=r.r/(r +r-) . .(8,8)

where: :
A and r are the load point failure rate and mean duration of repair
time. '

The same results can be obtained by the following proéedure:

The load point 1is in"Tthe down state wnen.both components have fgiléd,
Assuming that no simultaneous or common mode failure can occur, the

system failure state can occur with the components failing sequentially

" ‘ o - '.
in one of the two different combinations. These are:

combination - order of failure
1) : . i

i1) i j -1

. - . "‘ﬁ-"'}\
Since the events are mutually exclusive, the total load point
failure rate is the addition of the contributions'to failure
rate by each of above combinations.

The contribution to load point failure rate by the first combination

Al = Failure rate of component- 1 x (probabillty component
N fails while i is failed) -] '
. = A (Aj i)/(l ¥ Ajri) , . oo (8.9)

Since it has been assumed ‘that repair rates of cbmponents are much
larger than_ their respective failure rates, hence the denominato‘k

* term in eguation 8.9 equals unity approximately R s R

Therefore, A ‘A (A

L ;
\,milarly, the contiibution to. failure rate by second combination

»

R}
4

P '%Q" Failute rate of component 3 x (Probability
component i fail,s while j s failed)

Aj(Ar)

Total contribution to ’load point failure rate = A, + A

S ' : v . : . 1.
. L . . X
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. 111) Third order cutset

Let the components in the third order cut be 1, j, and k.
“Since the components in the third.order cut are in parallel] ,
hence the load point is in failed state when all three
components ‘have failed. This state can occur with the

components failing in one of six different combinations.

These are :~

-~

A
Combination order of failnre .
1 . 1 3 Kk
2 1 ok o3 !
3y 5 k1
‘4) k 3 1
5) , j. 1k V
6) . k 1 ] '

The total failure rate is the addition of ‘the contributions h |
to failure rate by each of the six combinations
The contribution to the failure rate by the" first combination is J
. = Failure rate of component 1-x (Probability component
j fails while 1 is failed) X (Probability component
"k fails while 1 and j are failed)

= Ai&jri.’ irj/(r + rj) o : s oo

Aik A (r r )/(r + rj) o 't“ L f“ i P

The contributions to the failure rate dué to rest of the S

combinations can also be written- in the same fashion. ‘ _ i

The total contribution to load point fuilure rate, o e

l ‘f jAk(r rj/ri+rj) + A Xj k(r1 )/(ri+rk)"
i‘+ Aixj)\k(rj nk) /(rj+rk) + Ai J k(rj r )/(r +r

- +° A AjA (rk ri)/(r Tr ) 1Ajlk(r tk)/(r +rk) ey

= J‘Aikjlk(r r, + rﬁr +! rjrk) ::__ L f. n;,‘ | (8.10?

k) : i » f¢7

‘-
.o
-
-
P
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Co -
b) Maintenance Outages and maintenance outages overlapping passive .
failures S - _;. ‘ , ,
I) First order cut - . . o

Let ‘the component in the cut be 1 and let its maintenance
11

outage rate be defined as Ai and the 'maintenance restoration

" N

* rate as' r,, Then, " .
i "

2t Load point failure rate contribution = A, -
i"
Mean outage Duration = r,

There can not be any contribution by maintenance outages
overlapping passive failures because of the assumption
that if there exists an outage in the system the maintenance'
activity is not started V ' ’
® *
I1) Second order cut .
The contribution to the reliability indices.due to the

-maintenance outages overlapping the passive failures can
be obtained by the same logic as explained for the h &
njﬁ; ] Overlapping passive outages . o ‘ :
 Let the components in tne cut be i and j. Since.maintenance
activities are not started when there exists an outage in the

system, only two combinations are possible which lead to the. 1oad

point outages They are:

"1 component 1 in maintenance outage and component 3 in .

,

. .
°

passive outage mode. _
2, component j in maintenance outage mode and component
P 4 - 14n- passive outage mode, o .
The él%tribution to load point failure rate and mean Vs
duration 1ndices by ‘the first combination is given’ by:

9

yio f;A = A (A r )

;-e l ji ‘

- . ll . ~ o
‘T, = T . T, .
10
1T ‘ ,

e x i
ERE B : ¢ : .

X A A !;_fp?;vx T A ST .

2] J
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Total failure rate = A = A 4+ A = Af(A - ) + A (A r ) (8.11)

’ ' 1 2 -3 173
Mean outage duration = ¢ = '
g uration r flxl + rZAZ )
' A
1t
If ,
_ A e - " " ” " "
v, = = =
i _iri, Ui Airi, Uj Ajrj
and,
' _ 1]) " '
Vij Ty / (r, + rj)
where: - _ .

Ui is the total annual passive outage duration. of component i. )
. : . -~
- 1t

91 is the total annual maintenance outage dyration of component Il.

’ ”n . - )
.V, is the total annual maintenance outage duration of component 3.

’ v = <4
iJ is the.mean outage duration when component i is on maintenance

Outage ‘and the component j fails passively

Then, . ) )
_\ - " " .
. - = + . { . )
the mean outage duration, r = ( Uiui\)ij ujui\)j1 ) A (8.12)
111) Third order cut set SR T n )
: L

Let the compqpents in the cut set be 1, ] and k.

b

The three, events which lead to the load point interruptions are‘

:as'follow5'

1. component i 1n,maintenance, j and k in passive outage mode,
-2, component j in maintenance,' 1 and k in passive outage mode;
‘3..component k 1n maintenance, i‘and 3 1in passive outage mode.‘
3Each of above events .can have can have’ 2 subevents because of.

the- order of/ failure of passive failures. Fot-egamplet eyent 1‘

can, have the following subevents: - .o .
1. subevent r 1- in maintenance, R fails and: then k fails;i")

L b
{LZ, 8ubevent 2 i in maintenance, k fails and then j fails,

ﬂThe out gg,r’ ; ;fv,”ing from event 1. is defined as:

R
P : ~ A,f‘yg.a

,v..'w‘.” v.( | B
Aif(k ri)(kk f j/(r +rj)) + A ( )(A )(ri k)/(r k)

i




yr

" ~ ' 170
where: - . :
”

Ai = maintenance outage rate of component {

Ajr'i' = probability that component j fails while i in maintenance

outage .

Akrilrj/(r:+rj) = probability that component k fails during
the maintenance outage of componenc 1 and
repair duration of component k -

It may be notgd that the above two terms are numerically

"equal to the .respective probabilities because the

\denominator terms have been ignored (Refer equation 8.9).

The outage duratiun due to above event is given by the follow1ng

b

equations .y o . ) P - \
A . - Y .,
e] no " " A - :
= + . - )
~l/r1 Vr, + l/rj. Uz, L ‘ ﬁ
T . . : - . v ,
r, =r r,rk / " " . o .
1 E iJ. (rirJ +rjrk+r rk)

-

' : N b ’ Lo
- Similarly, the ‘indicés?resulting from events 2‘and 3 are given
by: - .

-

’\2"=' /\j(A rj)(kk)(r ri)/(ri-i-rj) + Aj(kkrj)(i )(r ' )/(r +r X/

. 11}  " i . .

I, = rjri e / (rjri + r r, + rié S T
o, : . ks

[1] '

E é_izciirk)(xj)<r )/(r +rk) £ (&j k)“ o ),(r -

+rr)

,3«11 kij/(rr +rkrj j .' »

- The tptal contribution to- the load point reliability indices ,
- is given by the following equations. . S h :

o -
. Load point failure’ rate A = Ai + X?_ + \Ag A & 13)
Mean outage duration - r = (Alr +12r +A3r )/l . (8. 14)

RN



c) Active failures and active failures overlapping passive failures:

o

Let:
ig = Active fai;ure rate of coﬁponent i
Si = Switéhing duration of component 1

A, = Passive failire rate of component: i
r, = Mean repair duration of component 1
A = Equivalen; failure rate of the ‘cutset =

- \ .
' = Equivalent mean repair duration of the cutset

i) First order cut set o7 e

-

Let the compénent in the cut set be i, :then: . : -
Lo@d-point failure rate contribution = Aig' P (8.15)
. - !

. Load point mean outage duration
1f the component can neot be switched, then: .

- € _ N
the load point medn outage duration = T,

-

ii) Second order cut set

7 Let th® components in the Tut set b;Ai and j, where 1 1s the
actively faiigd‘éobponent; »
Load pointigaildke rate = Active failuré rate of cdmponenE i
R . Sl (Probability 3 fails passively while
| | N o4 is actively failed) ;///
’ Lo + '
..'; T passive failure rate of\component 4
- ) (Probability 1 fails actively’ while
- j is failed passively)

A S + A X r

171

=Sy . ‘ | (8.16)

.o igji jigj""-". T (13.1-7)"

if the failed component can not be switched ‘then,

[N

the mean outage repair time is given by: A

,,«‘fj’:" . i N ra
L » f

!

eribj}TS;-i;rj).‘ e IR |
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If the component can be switched then the event can be terminated N
by the mean. duration of Si L . -
. ‘ . \
111)Third order cut set o .
Let the componenta in the cutset be i, J and k and let i be the
—actively failed component. . .
Load point failure rate = Active failure rate of i(Probability j .
S ' fails passively'while i is actively failed)
. " .(Probability k fails pasgively while 1 1 '
‘\‘,\ actively failed and j is passively failed)
3 : ' . S + )
_ -L{' ' . s Active failure rate of 1. (Probability k fails ‘ .
R ) passively while i 1s actively failed) =
! fh' . )(Probability j fails passively while { isy \
- .\;~ L .aq;ively failed and k. is passiyely failed)
~ R v + . o
Passive failure rate of F. (ProBability i
_ » fails actively while j 1s passively failed)
';%;l ’ . e ‘Probability K fails passively while j 1is . °
. . passively failed and 1 is,actively failed)q
-y ‘ - o Passive failure of j. (Probability k fails A\

passiver ‘while j is passively failed)

' /—» (Probability 1 fails actively while . S
o \\g\\\\J and g_are passively\failed) -;j N : (;}/,;éff

+

-

Passive failure of k.(Probability 1 fails %"

“(i,,. L o actively while k is passively failed) . g
B (P;Bbability 3 fails: passively while%k 1s o *\i
) 1 | passively £a11ed and i is actively failed) i_f -“l\.
- I “ff} _— Passive failure rate of k (Probability j !ails

p

passively while k is passively failed)

LA . ‘v
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, .(Probability i fails actively while §
@ ' | » and k are nassively failed)
N N ' ‘ = :
Load polgs failure rate, X A jSiJ\kSirJ/(s +‘j) + Aig 1S 1 J { k/(si+rk)
N v - + R
: R ' = i { rj)‘krjsi/(ltj."si)" + Xjkkriaisrjrk/(rj+gk)
S o + . :
3 R SIN - A ! P
v . 3 . xkxi K Jr:ksi/(r~k+s ) + Akxjrkxi K J/(r )

f I_L«
o 9f§ " . . o 819)
l’.f If the e can.not be terminated by . switch}ng then the mean~” C o

- 13
: rebair duratien is given by the following equations:
1 1 + S L | R
T = /S 1/rj 1/rk I . .
r= SirJr /(r, rk+Sirk+S T y - o e Yo " (8.20)
oo W ’ ' . -
":‘-,‘i - ' I
OtherwISe, f the event can ue terminated by switching, tHlen ,
the mean re a1r time is given by the following equationt - N
» . ) . .
r =Si " R ) " - ) .4"' , ) - . Ty (\82.21)
Sd) Activer failiWes overlapping Maintenance Activity : . Sy
1)"First ‘Order Cut.Set ‘. - " .
e : — , . - t
- o o : %= g

© N

There can not- be any cdgtrihution byvmaintenance outages overlapping» .

acéive failures because f the assumption that if there exiets an.-”fj“,”n

'.‘ outage in the system the maintenancebactiviuy is n?t stﬁrted. .
”‘, PR o . g ,- )_ : . i, P K .
‘ 11)",‘Sec'di&’d?o:dé‘r ,ca't:.:-'s’ex:*‘"f A At S \
Let the compbnqup in the-CUt set be i and j; where i fails ‘ ;é’.l .
actiyeiy while ] is on maintenance outage., '_: - ‘»'; ) ~,i ‘1; i
- Load point failure rate = Maintenance outage of j (Probability
o : .;. i fails actively when j is on maintenance -
g Outage) O f,v‘F“i'
DEETI o ; s ." Tk

-.I ‘“ ’ },V‘\ bﬂ L, ' ro - “. S :' "' AT -
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[ - "

Load point failure rate, A= Aj(xi rj) . o (8.22)

If the event can not be terminated by switching, then . Soe
-the mean outage duration =S r /(S + r ) (8.23)

/q -
If the event can be terminated by switching, ‘then

' (8.24)

\\\the mean outage ddration = Sy

" 111) Third Order Cut Set

o
»

Let the components in the cut set be i, j and k where i fails

actively, 3 can be on: maintenance outage and k can fail passively.

.Load point failure rate = Maintenance outage rate of j. (Probability
3 : : i fails ‘actively when 3 is on mpintenance
a.outage) (Probability k fails pas§ive1y
1" d . . While j.is. on maintenance outage.and i ; ;#_
: : 1s failed actively) :
¥ : + .
o ?f“g; hd S ‘ Maintenance~outage'rate of j. (Probability
- | o 1 _‘ | k fails passively ‘when j is on maintenance )
J:. ) - ,:;.'outage) (Probability i fsila actively ‘
! ' R “while j is on maintenance outage and: k is
o oy o failed passively) '
RS ST o 3
S Similar terns when component k is on

- %

",maintenance outage and component j fails

r,\“

passively.

| Let.the event when comj t i fails actiggly, j on maintenance 3
"outage and k fails paséively be termed as event 1 and the event ’j
~-when component i fails actiyely, k on maintenance outage and 3 |
fails. Pﬂssively be termed as eve t 2. And alao let, the failure ;

v»rate and mean repair duration contributions be’ called Al’ r and

o k r

o fgs Ty resPGCtiyely for event 1. and 2; Then.[:.
1 J 1 j j 1/( j+si) -krjrk/(rj-i-rk)} _‘
ibl" k 18 klj{rksi/(tk+si) + r rjl(r +r )} B

2 L s . 8 ( S



Al

Total 'load point contributiom = A + 2, u : ) ’
- N - N . N

L XY

If the event can not be terminated by switching, then - Co e
N . . . R " N - - o ) e :&5\ .1 . V. .
" e . R v N o f,'r-..'.'

= j 1rk/(S r + rjrk + S rj) . : : - oy

[

and

2A.E§j/(8r +rr +r"S) - o .

The.equiualeng:loEd point faiiure duration = ri=(11r1'+ erz)/(lj+ Az) (8.26)

ﬂ (

If the event can be terminated by switching, then the -

load point failure duration, r ='Si”~

S S (8.27) -
. “_! B . _ . ' ‘ vze\'\. " .‘,“ i : . :’
e : L T SR ; e U w
Active fadlures with stuck breakers and overlapping passive.failures p

) First Order Cut Set I T 4
. : . . o - . Cw

5

Let i be the actively falled component and j be the stuck‘breaqu present T

*5in the system, then the' "d point fallure rate.= A Pr(j)

| where. Pr(J) is the pro ab 1ity of the stuck breaker.
1 s

e

If the component can ' -
of repair =.ri o _ =g 'raﬂ” _ A,l; , (8 29}
L e e E R ;‘
'If:tﬂe componentacan be‘ewitehed then the load point mean duration\of »
= Sy RO ;f%? ”i°f?" e (8 30) L

Crepair = Sy 0. v S OEE ) T

e

e

) Sedond Order cut Set’ o o oo\

-

el

‘Let 1 be the actively failed component and let § be the stuck breaker.. . -~ .

,A)‘ If: the components in the cut aset are i and Vj, then the
loaé point failure rate = A p;(j) i S
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‘5.§\Crlterla Qf Successfuf System Qperation |

I
\

The crlterla of successfu1 substatIOn operat1onv1s
dqflned as the cont1nu1ty of service between either or both
Sources | and 2 and the/load point 52 which was selected to
i1llustrate the retiability methodology proposed in this
thesis. ‘

5.4 Operat ing Procedure

"1 With reference fo Figure 5.1, and consfﬂeringsﬁoad
point 52 the follow1ng d1scuss1on descr1bes the operat1ng
procedures for the substation configuration. The

| d1stonnect1ng switches 30, 31, 36, 37, 51, 67 to 73 and'75
to 79 are normally open. The transfer bus 38 and 39 are Kept
charged by closing the d1sconnect1ng sw1tches 53, 58 and_
circuit breaker 54 and dlsconnectlng_sw1tches’36 and B0’ and
circuit breaker 136, respeé;nvely In the event of act1ve |
:fa1lures of components 46 and 47, breakers 16 and 29 operate
to isolate the fault. However wfor active fa11ures of
components 48, 49, 50 and 52 the. fault is cleared by the
’ breaker 47. It is assumed that the ‘normally open components
.are fully re]1able ‘In ‘the event of an outage of components
'~in the feeder bay 4F57 or any other component in the
normally closed t1e set, the faulty COmponent 1s 1dent1f1ed
and lsolated for repair. It is then ascertained whether
cont1nu1ty of servwce between the: load point and any of the
. sources can be establjshed.by clos1ng the.normally open

compgnents or not. If so, the nornally open components are

80
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4 < losed and the supply resumed It may}be noted'that in thes

event of fa11ure of the main bus: and the components in the
feeder and transfer~bays' the supply to the feeder e.g.,

" 4F57 can be restored by 01051ng the normaily open .
disconnecting sw1tches 30, 36 and 51 and hence transtenringh;\\\—
the protection to the main bus breakers 15 and 29 instead of
the breakgpf47. In practice, the feeder'loads'may be ., ¢
transferred to the'adjacent feeders (e.g., the feeder 4F57
can be fed by feeder bay of 4F58 by Qlos1ng dlsconnemt1ng
switches 67 andﬁ51 provided" the components in the feeder
‘bay 4F5é have enough capac1ty mgrg1n) Th1s act1v1ty is

- "s1m1lar to _transferring the feeder load to the trans;er bay

In this stud)\( the bayg for feeders 4F65 and 4F56 have been

cons1dered‘as transfer feeder bays and the act1v1ty of
1w “ e T
2 transfe/rlng the 1oad to adJacent feeders has been

e -

restr1cted in th1s study

5.5 System anélysrs

The 1nput data for the George Dickie substatlon
'conf1gurat10n is presented in Append1x F. The paths or' (jeb
“sets between the sources and ‘the load po1nt by’ con51dering
1the normally open components open are Fprmulated and the

corresponding cut sets are: deduced These tie sets and the

cut sets are presented in Append1X)F Sim11arly, the_t1e |
sets and. the cut sets by closing. the normally open -
components are also dedﬁced Next the K type® and H type B

cuts wh1ch represent the events whlch can be terminated by
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~#apair and switching respectivelyéere calculated. All the

above tie sets and the cut sets are presenfed in the

Appendix F.

The contributions to the reliability ifdices i.e.,
failure rate, mean duration qﬁ)repeir and the annual
interruptien time for the designated load point are
calculated ﬁoﬁuthe passive failures, oVerlapping passive

failures and passive failures overlapplng ma1ntenance by ‘the

-82

-‘appropr1ate equations presented in Appendlx G. The“impact of

each component failure in an act1ve mode, actrve failures

ma1ntenance are also calculated by the appropriate

equations.:Next, the 1mpact of-active faitures with stuck

bgeaRer§*bresent in'the system is iﬁalysed and fiﬁéf?& the
impact. of common mode failures is stud1ed The load po1nt

re¥iability 1nd1ces of¥ the George D1ck1e substatlon

conf1gurat1on are presented in Table 5 2

‘overlapplng paSs1ve fa!lures and active failures overlapplng‘
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Table 5.2: Load point reliability indices of George Dickie
substéAtion configuratiosw

-LOAD_POINT INDICES OF RELIABRLITY: .. s

e et YRSy U . A R AU S

EVENT ~ OUTAGE RATE  AVG DURATION . OUTAGE TIME

SRR \\\. HOURS ~ HOURS/YR
-»_ﬁl__..-_-_-----_-_..-__-__..__-___-__-1. _____ e e dme it wan
o 10.0194475 60.5544739 .. 1.1776333
2 '0.9075107 5.4066353 . :+0.0406073
3 0.7600482 3.0000000 = '2.2801418
Vs 4. 1.2500000 3.0000000, ¢ 3.7500000 .
| B 0.2666599'“’ 1.9455576 - .. o.@iij913* o ﬂ;f .
\. 6 " 0.0035%69 2.0538054  0.0072230 | SRR
7 00930719 2.3328838  0.2311233 o
8 0,0000358  2.1325779 - 00000765
9 0.5620000 L5.4999952 ;m53.0909967 I R
0. 00 0.0 T o
TOTAL . 2.8684868 3.7382651  11.0959896 O

LOAD POINT AVAILABILITY = 0.99873435497  ° -
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'load po1nt is that formed by - eiements 24, 33, 45, 42 40,
46, 47, 48, 49 and 50. The fa1lure of any of these
components cause a load point xntgpcuptlon and hence they.
F&onst1tute f1rst order cuts But” these events can be
termwnated by sw1tch1ng i.e. by cJoSing»normally'open .

d1sconnect1ng switches 30, 3% and 51. Hence, the firstiorder

cufs detectett by the program are the H type duts i.e., the
events which can be term1nated by reconf1gurat1on Since

these are the first eader events, the1r contribution to the

load- point failure rate is the 1ghest. The 0venﬁapping
passive fai1ures‘with'maintenance outages which Gan be o
éwterminated hy’switching i'e ' eveég 4 has the next h1ghest
contr1but1on to the load po1nt fa11ure rate This is
.fo1lowed by event 3 (i.e., the pass1ve fa1lures and g
overlapp1ng passive failures whlch can be tgrm1nated by 3

sw1tch1ng) The next\h1ghest contr1but1on to the load p01nt

.rrel1ab1l1ty 1nd1ces 1s due to common mode failures.

The contr1but1on to the rel1ab111ty 1nd1ces to the load

'-pojnt by act1ve fa1 clearly seen from the

FUP :
. 5. The contr:butlon to the rel1ab1l1ty
-indices to the load point by act1ve fa1lures overlapp1ng
'passlve failure: is considerably h1gher than event 1.1, e.,
the passive fallures and the overlapping passive fa*lures :

because tﬁere are numerous components wh1ch are not on the
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d1rect path betweén the sources and the load po1nt (e.g.
adjacent feeders) and the1r fa1lure 1n act1ve mode cause

A
T ;— 2ot

1nterrupt1ons to the load point be1ng considered.

5.7 I'mpact Qﬁ Reserve Supply

r

Often a resefve supply (e.g. generator, UPS ,etc.) is
- >
.ﬁavaIIable or there are ad jacent d1str1butlon l1nks (4. e..

another substation) present whlch can haVe a s1gn1flcant
1mpect on the neliab111ty leveds of the load point, This

aspect can be studied by a Markov.modéle[41_shbwh in Figure

U

) = | substation : ° R
s ) under repair ~ — - s
' supply from )
| reserve 7
‘u“ i N
h'.& .' V“‘
S . - :
substati'on!" YR ;:I;::::ionq s2 8
in Mrmal |
‘operation - : : supply )
. P interrupted
.f.‘ﬂ “2 : -
: K3 |
subst. being?‘ E
maingained | N R »
| supply frqq - o Y R
| reserve o o Xa W 1Y T
. — 1 » - O _ , . JY.-,,&#- Ky
) ":,‘o . . \ - . : [ ‘ .
A - . : ,
A . . ’ R -~
subst.being | . ;ubsutien M ‘‘sutnut»iciﬂ_:é’E o
maintained |- Bs - lin o'pcntion" —> fatlyre = |-
reserve = reserye —— reserve .- |
I fatture - B under npur i "~ under repair:

Figpbe 5.2}_MarKOV-mode1'forireSe?ve1§upplyf¢ons1derati6hsf7-

; w
[y !

.85
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Under normal operat1ng cond1tlon§ the electr1cal

supply to the load is. fed by the substation In case of a

| substat1on fa1lurb the ‘supply - 1$ fed by the reserve system

After the repa1r process has been completed the substat1on

configuration fs returned to its normal operating

; cOntiguration When the substation is undergo1ng

et

maintenance, the load is again fed by the reserve system.

Pl /
P o

The def1n1t1ons of symbols used for the MarKov mod'i
presented in Figure 5.2 are listed in Table 5.3.

Table 5.3129eftn1t1ons of symbols‘used‘1n,MarKov mode |

. Symbo|1 ' o Description

A Failure rate o?isubstationw‘ff

%, . K . o

baSed on random events - ’

Ag o ‘ MaIntenance outage rate of o
‘substat1on 0 '

'Aj‘ - , | lFa11ure rate of»reserve supp]y

My ‘t P Restoratlon rate of subsfatwon

based on random events

| Mo i: vMalntenance restorat1ontrate
L My= YAy o Restoratwn rate of reserve supply
4“4#'/4ff v N Sw1tch1ng rate of system reserve -
'__,d_c.,- '/""5', " Rate. of time lapse reqmred ,; |

o return substa91on,to service

-

86
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@  Referring to Table 4.2, i-t'?ca'nvbe'clearly seen that all
"odd nurrbéred evénts are random events and the even nunbered /\/
events are mamtenance omented and hence represent | | / ‘

scheduled activities. ), and ,a, are random events and are

_ defmed in Table 5.3. )1and Azare, based on mamtenance .
events. Referring to- Table ¥ 2 the substat1on random event
failure rate and 1ts meaﬁ durat1on (i.e., 4 and r1) and the
substation mamtenance fa1lure rate and its meanl durat1on

: (i.e., Az and r2) can ‘be calculated as follows : !

/\l Aevent 1 +. Aevent 3+ Aevent 5 + A eventi 7 . 4

4 /\event 9 . ’ ' , (5.1)
G s -,
P o

—(Aevent X r event 1 + .+ Aevent 9 x r event ‘_9)./(\,(5‘.2')

S1rm larly. | ,'

A event 2+ A event 4+ Aevent 6 ‘+/\=event8 _' (5.3)
Ll *# /\ event 10 | ’ ‘ S |
(/\ event 2 x. r event 2.+, +)event 10 - r event 10/ //\‘(5 4) K
hef system reserve rel1ab111ty data was selected fr‘om

"ef_erence [4] and is. llsted in Table 5.4 below

5 o thour

| Table S.4: Data for system reserve -

| A3 S 1.0 fa‘i}ldr/e/year.'
o o r3 S | .4{0_hbw$'

i a0 s minutes -
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and,

vreserve supply

[

If P1, P2, P3, P4, P5, PG and P7 are the probabilities

‘5‘5‘ . .
aof ‘occupying the states 1, 2, 3, 4, 5,-6 and 7, respectivejy

in the Markov model shown in Figure 5.2, then the ﬁgllewfng

~_equations can be generated“by-frequency.balance approach:

PI( Atz ) = P2AUy + P74'1-0 +.P5 AL 3 | (5.5)
P2( Mz+A3) = H1 Ay ’ L (5.6) -
P3Ms = P24z T T (5.7)
T opbay o=pr o, 7 ) | (5.8
P+ AY) =P3hs + PEMI |  (5.9)
szu{u3)\=P5{/ + P7 A3 - “(5.-10)

P1(1+P2/p1+93/p1¢p4/p1+P5/p1+P6/p14-r?HﬁJ?"O (5.11)

The evaluat1on of the above set of s1mu1taneous equatlons,w

leads to the ‘indices of rellab111ty shown fn?Table 5.5.

Tab1e 5.5: Load point indices of‘rel1ab1l1ty by cons1der1né

~ LOAD POINT FAILURE RATE
ST " LOAD POINT MEAN DOWN TIME
LOAD POINT DOWN TIME PER YEAR
.L0AD POINT AVAILABILITY

nn

0.4234409 hours/yr.
.9990517

"The impact of'donsideration of system reserve on the

"Ioad point 1nd1ces of rellab1l1ty can be clearly seen from

Table-S 5. All three 1nd1ces i.e. ._Ioad po1nt fa1lure rateL

3 mean durat1on of an outage and the annual outgge time are

o smgnificantly lowered

ﬂ
[4
5

) o

1.7082615 f/yr.. o
0.2478783 hours = .

A

R
h3
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CONCLUSIONS: . | -
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L

The methodology for reliability analysis of power

system substations has beén developed in this thesis. The
/

various concepts regarding state space and cut set modelﬂing

. .has been 1ntroduced

‘ It/Was p01nted out that the- results obtained by Markov
”l modellﬂng are accurate prov1ded the underlying assumpttons

of . the failure processes assoc1ated wwth a given substatiofi

#

configuration are not violated. But this approach begomes

»

unmanageable as the number of components 1n a given system
//ncrease The complex1ty of the problem increases
/ .
_// 51gn1f1cantly 1f the compoqents can occupy Various failure
/ states. - D Lot
7 X : , P ot
_ SR v , B
‘ The cut set technique 1s qUite useful in analy51ng
'fcomplex and as well as 51mple systems It identifies the
weak p01nts in the system 1n terms of the order and the -

.- number of cut sets. The results obtained by cut set. .
i 3=

1

'-‘taken 1nto consideration The larger the system _
configuration in terms of number of components, the larger '
- is the order of cut sets and 1t becomes computa%ionally

'inefficient to analyse the cut sets beyond third order Int

vpractice, the contributions to the indices of reliability by ]V”'

P s

modelling are exact 1f all the cut sets of tHe system are
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higher order cut ‘sets"’tha’n‘third order may be negligible (3,

‘—6. 12]. Thus, complex systems can be analysed accurately by

cons1dering all the cut sets up to third order.

The impact of various modes of component outages"on
ioad‘point interruptions has been studied. The modes of
comoonent outages considered in(this thesis are listed as
follows: | ' | _ |
iit passive failures and overlapping passive faiiures;
‘2f° passtve failures overlapping maintenance,

3. -pa551ve failures ang over]apping passive failures which

0 j'can be terminated by switching; | |

4, pa551ve failures: overiapping maintenance which can be
?'terminated by sw1tch1ng, v ;_ » L

»5,fbact1ve failures and active failures oven]apping pass1ve
’A\failures | | |

6; fact1Ve failures overlapping maintenance outages;f.v:‘

‘;Z.;guctive failurqs w1th stuck breakers and active failures

w1th stuck breakers and active failures w1th stuck ;' :

R

‘.breakers overlapping pass1ve fai]ures,_

‘ uiBJ active failures with stuck breakers overlapping

.'n_.
H

- maintenance, 'g_‘f'- DR AR k~44xv7
9. common ‘mode outages ‘and common mode outages overlapping |

',passive faalureS' f',~ e

1 10. common mode outages overlapping maintenance outagebAT_i&fjé
Each mode of above failure events has a distinct impact ‘f!

on the frequency and-duration of load pOint 1nterrupt1ons,_*.7u-'

-3

'f"?f_‘};ff;*”'

e e
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‘The contributiOn and their net effect on the rellability' |
indices of each of these events was-studied in'detailvzgr
ten basic sUbstation COnfigurations being used by the
electric utilities. The single'line-diagrams_and‘a |
discussion of the results of the ten publfshed substation J\.]

nconfigUrations is Shown in Appendix c. - T I

Each mode of component fa1lures has a dlst1nct 1mpact.
on the rel1ab1l1ty levels of a load po1nt Based on the need
) and ‘the qual1ty of servtce de31red the effects of fa1lyre ) h
modes of components. can be studted for d1fferent substatlon '
.conftguratlons The most su1table conf1gurat1on can>then be
selected by select1ng the best load po1nt rel1ab1l1ty level *f

“pnflgurat1on from these

§
" W

Ed

The compu&’r prograp descr1bed in’ the thes1s 1s very ,v
r~general in nature It 1s su1fhble for predtcttng the load
"lp01nt reltab1l1ty 1nd1ces of any general substatton V{is""n:tﬁf

"COnleuratton Many other relevant fa1lure modes and thetr_!'-’

J

o effects can also be ea51ly~added to the program The effects
& 3

’,7af varytng the system conf1gurat1on on the load point

’1nd1ces have been 1llustrated.clhts form of analysts g’

erOVldeS a quantttat1Ve bas1s for the Judic1ous selection of
a rell\ble and economtcal substat1on desfgn e Lo

LA
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| APPENDIX A
Def inition of Terms and Reliability Indices

Théufollowing definitions have beern used in the thesis
[18, 27, 28, 29]: , ‘ L V :

+

2%

‘Component: A component is. a piece of equipment, a line, a
section-of line or a group of items which is viewed as an
entity for the purpose of reporting, analyzing and
predicting outages.

System: A system is a group of components which are
interconnected to form a fixed system configuration to
perform a specified function. , :

Relfability: Reliability, is the probability of a sYstem or a

component performing its intended function (i.e-., purpose)
adequately for the period of time intended under  the '
operating conditions encountered [5]. by

Power System Substation: An assembly of switchgear \
components used to direct the flow of electrical energy in a
power system, and to ensure the security of the system by

- providing a point at which automatic protective devices, and
means for diverting the flow of energy along alternative

routes can be installéd.

[N

7

. A substation may be associated with a generating* -

#5’St5tion. directly contfolling the flow of power into the

power. system, or with power transformers converting the
voltage of supply to a higher or lower level, or .it may

connect a number of supply routes at the same voltage Jevel;’

Basically, any substation consists of a number of incoming
and outgoing circuits connected to a common bus bar system,

-~ the main components_of each circuit being a circwit breaker, -

instrument transformers and one or more disconnecting
switches. ‘ .

" Clrcult Breaker: A circlit breaker is defined in IEC

PubTication 50, Section 15 as. “a dévice capable of making,

carrying and breaking normal loadscucrents;fand‘alsormékfhg,_

and breaking: (under predetermined conditions) abnormal
currents such as short circuit currents”, a description
making clear its two fold function. The first use is.in

- -switching circuits in and out to control the flow of energy,

..and. disconnecting circuits, or part of powenrs system, to
allow maintenance work or extensions to be effected. In
performing its second duty, a circuit breaker is part of a
scheme of protection that automatically disconnects any part

. of. the system on which a fault occurs. IR

°

- 96
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Outage Terms

. . $ .
- Outage: An outage describes the state of a comppnent when it
is not available to perform its intended’ function due to
some event directly associated with that or any other

component . _ Can
.

]

Failure: A failure describes the state of a component when
it is not available to perform its ihtended function due to
.the malfunction of that component: ‘A component failure
results in a component outage but a component outage can
occur without a component failure i

Switching Time: Switching .time is the period from the time a
switching operation is required due to-.an outage until that .

switching operation is performed. For example, switching.
operations include successﬁully reclosing a circuit breaker

after a trip out, opening or closing a sectionalizing switch
or circuit breaker. or replac1ng a fuse link.

Exposure T ime: Exposure time ig, the time during wnicﬁ'a
- component is performing its intended function and there is a-

probability that this component. may fail Quring this - time' ‘%tf'v

speriod. A } et
Outage Rate: The outage rate for a particular claSSification
of outage and type of componenf is the mean number of

- outages per unit exposure time per component. For example, a.
10 km. section of line averaging one outage every 10 years
has an annual outage rate of .01 failures Km/year

”Outag_ Durat ion: Dutage duration is the period from the : -
initiation of an outage unti] the affected component is

- repaired or replaced and becomes available to perform its
1ntendedcfun§tion S o
Interruption: An interruption is the loss of service to one ~
or more customers. (load points) and is the result of onhe or

. more component outages or component outages- overlapping
maintenance activity. , o _

Interruption Dunatlon.\lnterruption duration is the period
from the initiation of an interruption to'a customer until
oserV1ce has been restored to that customer.

vMeasures of REIlablllty or Rel!ablllty Indices f‘ R

‘.'~

-Many different measures of service reliability are
possible and useful. Measures of reliability usually: relate.
- to the frequency or duration of interruptions or both.

Useful measures of reliability should have two properties

?
4

" be calculable Yrom the operating history of the system. ;

=

<-
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2. be calculable from component data using system
reliability calculation techniques.

Measures of reliability which have been used in this the51s
are as follows:

L

Outage Rate: This has been defined above.

Outage Duration: This has beensdeflned above.

Reliability: This has been defined above

However. it can be added that the felationship between

reliability, R(t) and outage rate exists for all
" distributions i.e., : _

RL&> = ge"l’ [- ﬁ('{;f € %]

in the spec1al case when ~is constant and independent of

t .
'”ne i R((") - 2K‘9 (_ ){-)

Avallablllty‘(A) This is the rat1o of ‘mean up time of the
component to the total cycle t1me (1 e., m+r)

N

m 4‘ B
A = eemeccma- = _—_—————-
. [ N m+r /)gf/(‘—
- where: . ‘
' m = mean up time of the system : o
r = mean down time of the system : BN
A = failure rate of the system S o
M= restoration rate of the system .

=

'thévallabilfty "The rat1o of mean down time of the system to

the cycle time 1s called the unava1lab1llty of the system.

Outggg fﬂggg gy This is the ratio of the ava1]ab1l1ty of
. the system to. the outage durat1on. . ;

l—‘ -

O utggg dUPation per y ar: This. is the mean outage t1me of
- the system in ‘one year. ‘

v ;i&
A1l these ind1ces are related through the- follow1ng o
;equat1ons T : : - U SRR
w Rz fur- .
7.2'#“1~"€3= £/A .



)

& i

where: T is the basic period of‘énalySis (e.g., one year)

W
» B 4

The total outage rate of the system when all outage modes

are -taken into account may be evaluated as follows:

Ar= 22' Ai
t ] ] .
‘The total availabi1ity of the system as follows:.-
b, “ *

o
v AR

where: Ai and Ai be1ng rel1abil1ty indices for the outage-
mode involved, r is the total number of outage modes and 1 -

is the 1th outage mode

- 99
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APPENDIX B

The Al gonfthm for Evaluatlon of Substation Relfablllty

=

The algorithm described here performs the failure modes
and effects -analysis and computes system reliability
indices. The criteria of success is the continuity between
any source nodes and a load point by at least one path. It
is assumed that each source and the path are capable-of
meeting the load requirements. In other words, the failure
of any circuit between the source and. the sink (load p01n§J
does not cause overloadrng of ‘other o1r uits.

The fo]low1ng are the steps for the evaluat1on of load
point . rel1ab111ty of a. substat10n conf1gurat1on
-
1. Read the 1nput data. It consists of a number of
components in the system, the substation graph
(oonf19urat1on) in terms of préﬂecessors of each
- .component, the reliability data i.e., .the passive
- failure rate, passive repair.rate, maintenance oytage
rate, matntenance restoration. rate active failure rate,
sw1tch1ng time and the stuck probab1l1ty :The stuck
probability of a breaker 'or a sw1tch represents the
probability of its being stuck i.e., not operat1ng when -
required to do so. The stuck breakeF probability is
estimated from the ratio of the number of -times the
breaker fails to operate when called upon” to . ‘@do so to
the total number of times the breaker is caliled upon to
operate. The effects of failures of components in active -
mode.on other components of the system.are read. The .
unfaulted components which are isolatéd 'as a result of ./
"~ the fault on the component .under consideration are s
identifeid. Similarly the combined effects of a :
component active failure and the stuck breaker. condition

present in the system are also read, All those breakers e

which operate during the active fa1lure of the component
‘under consideration are considered stuck one at a time -
and the effects on all other healty components are:
_reoognized ‘

L

pde

There are certain components in the system which
,are not on a direct" path between the source and the
“sinK, hence their passive failure will not cause any
A-effect on the system outage dindices .but their active:.
- failures. may do so. Such. components -are assigned zero
“'values (f.e., zero to. six significant. decimal places)
for the passive failure and restoration rates. The ..
~ maintenance outage of such components will also not
_'affect the load point outages The act1ve fa1lure and

~

g

-y
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restoration rates are assigned the actual values.

o A The components wh'ich can fail in common mode are
also recognized and their respect1ve fa1lure and repair
rates are specified.

2. The minimal paths. between the source and the designatgg
load. point are established [25] with the normalIy opéfY
branches open. .

3. The minimal cut sets [3] corresponding to m1nfma1 paths
for N/O branches are deduced. Let us refer to these cut
sets as G. . )

4. The minimal paths are also formed by clos1ng the N/Q
branches.

5. The m1n1mal cut sets for above paths are also deduced.

101

.- 6. .Some of the cut sets deduced’1n step 5 obta1n add1t1onali.

elements than those’deduced in_step 3. Let us denote-.
“these cut sets as H: Let us denote the. rema1n1ng cut |
sets of G as K. It can be seen that the H type cuts are
those which can be e11m1nated by ‘closing. the normally
open branch%s : o T

g SN

7. Calculate the outage rate, average duration éhﬁ totél’
c outage time die to passive failures for K type cub
b/aUSing the appropriate equations. Pnce the fg]lune
~ ghate and the average outage durat1on of a partwguiar..
“"event are known the non-availability. of. the system. due
~to that event can be easily calculated. The everft ‘i,
this case is passive failures. If is the outage rate
and "r" .the ‘average- repa1r t1me or. the average outage
durat1on then: : _ _ Y

Non-availability = ‘A7
S Tt

:p8,b Ca]culate the contr1but1on to above ind1ces for the
- event passive: fallures ovenJapp1ng maintenance outage
for K- type cuts. ‘ . R

9. The substat1on outage Frequency for H type cuts is
- evaluated by -the formula (3.5) described in Chapter 3.

, The" switching time S is assumédequal for all components"
A and is the time period starttng from the . active'failure._'

of a component and lasting up to the time for
disconnecting the:.faulty component from service. and
reconnecting all other ‘healthy components back: to
serv1ce The fault 1dent1f1cat1on time is included in
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R
1 «

the switching time.

Let the frequenc} of failure for these cuts be denoted
as f, then the Non-availability due to this event, A=fs

Having Known the availability and the frequency, the
failure rate contribution due to an event can be
calcutated as follows: . -

- W

-

Sys}eﬁ'failure rate = Frequeﬁcy/availability

System;gverage down time/yr = failure rate*average -
‘ a repair time

2
-

The above indices of r§1iability for overlapping of .
passive fajlures and mdintenance outages for H type cuts
are evaluated in the same way as K type cqts:ag shown in

step 8.

Consider the}aCti!g‘failure of each cdmpbnent; Interrupt
all those paths containing the actively failed component

- and the healthy . components which are switched out as the

effect of the faulted component. If "all the paths

between the source .and the load point_are’interruptedle;é.

“then the faulted component forms the first order.cut. If

there are some paths available between the source and
the load point then deduce the cut sets out of these

.. paths.. The first'order cuts thus obtained will form the
"~ second order cuts, for the system-when:considered with
~the ‘actively failed component under_consideration, That
~is, if the actively failed component ‘is i and there are .
- - n-paths still remaining connected or unaffected between

- -the 'source and the load point and if j, k, 1 . . etc..
'are”the:first'ordered-cuts‘qeduced-out?of,patbs,n,tthenl
for the camplete outage to occur between the Source anq,.

the load point the following cut sets-.are involved:

K
1

’
!
. *
'

bt ade wbe ‘wd

i
e .o

‘VWhere:“i'{S fhéfa¢tive]y-failedfcomponent éndgtHel6ther'

-~ components may fail in passive mode or .can be on-
“+. maintenance outage mode. .. . T P LT
"+ The probahility of two active failures in the ‘system is =

- -assumed zero. = .- R Ce e

o e : .- . .
D . - L0
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+

Since all component faults are )ncluded in the
passive failures i.e., it is only a particular fraction
of total component failures which form the active
failure, therefore,-1f component passive failures or
overlapping passive failures can cause an interruption

- at the load p01nt ‘therv the contributions due to active
- failures need not be considered. Hence, from the cut

sets obtained by. considering active fa1lures, those cut

. sets are dropped which have been evaluated in K type or

H txpe cuts.

If the cut sets can be el1m1nated by switching
i.e., by closing the normally open branches the repair
time -for that component is replaced by the switching
time, otherwise, the repair time is used for the
calculat1on of reliability indices due to this mode of

“failure.

Y

The contr1but1ons to the load point rel1ab1l1ty 1nd1ces
due to combined active fa1lures and the stuck- breaker -

- condition are also done in the same way as in step 11.

All thosé breakers are considered stuck one at a time
along with the actively failed component which take part
in clearihg the fault of the component under
consftderation. The probability of two stuck breakers is
assumed to be zero. The contributions dye to this ‘
failure mode over‘lappmg passive outage% and the ,
maintenance outages are evaluated by-th appﬁppriate
equat1ons presented 1n the Appendxx G.

. The overall 1nd1ces of reliability are evaluated asi

availability contributions then, the follow1ng
rel1ab111ty parameters can Ue calculated

overall ﬁallure hateﬁ‘l';EVZ:Al fa1lures/year

“overall outage durati'on,b- ‘Z/\;Az//l hours
: - &81

. e

overall déw.~time[yr;:T- /*&' hours/yearf

-overall fion availability = A= E’ A e
or v' e RS ’
~overall availability, A =1, - %

105

follows: b
CIf Ao Aa, A3"T""A“ are the fa1lure rate contr1but1ons

due to each failure mode;® rand rl, r2 . . rn, the :
‘average outage duration and K1, 13 ln, the non



APPENDIX C ) : )

C.1 Single Line Diagrams:

Figures C.1 and €.2 represent the single line diagrams
-of the ten published substation configurations and their
load point indices of reliability are presented in Tables
C.1 to C.10. The relifability data has been selected from

reference [18] a i
and 4.2 in Cha

the same as used for case studies 4.1

lsny Y B\P—— . I o .
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?&* Table C 1: Load.POInt Rellab111§y Indlc
gg . 3 ) 4***********" bESIQN NO-.
b S LOAD_POINT INDICES OF RERIABILITY
o R A ot S St S U S
e ¢ CONTRIBUTIONS
EVENT 7 ouTAGE kK’E AVG DURATION
o * »FL/YR® ~ . - " HOURS
AU
o v0,0129596 93.4931335
S 270070041045 © 11,1485033 .
-3 0:0°. .. 0.0 ‘
4 0.0 0.0
5 . .0.0313090" . 1.,9736452
6 0.0004201, 1.4103251
T 0,0008501°  * 1. 5882168
<8 ©0.0000008 0.0
.8 10.5620000 5.4999952 &
10, - 0.0 - 0.0
A ‘roTXLf © 0.6116432 7. 2134562
LdADAPOINT AVA;LA@ILITY;O,99949663877
B Table C, 2
o Ckkkdkokkkkokkkk  DESIGN NO. 2
) . 'LOAD POINT INDICES OF RELI AB{ ITY
N CONTRIBUTIONS
T EVENT , DUTAGE RATE AVG DURATION
. > FL/YR HOURS
N ey §x0.0135215 © 89.6880951 -
o -2 %0.0042273 10,9638662
3 0.0026129 3.0000000
4 .0.0010778 3.0000000 -
-5 - 0.0302601 '2.0077639
6- - 0.0001765 2.4062052
7 -© 0.0016402 1.5731382 -
8 . 0.0000012 °1.'7043758
- ,0.5620000 {5.4999952
10, 0.0 0.0 ;
- TOTAL 0. 6155173 ~  7.1888952

.--_---------------------_-------------a ......................

--—-_--—--------.----—-----.._--—---_--__-__——_..---.-

. TOTAL OUTAGE TIME
©- HOURS/YR

% ok *k

o

TOTAL OUTAGE TIME
HOURS/YR - -

?§“Of Des1gn #1

K kR

- = .."____......_-‘_-..-5-'.”-.._ _________________ ’ -

Load Point Re11ab1}1ty Ind1ces of Design #2

3 3 o 3k %k kK

2127151
0463476
.0078386
.0032333
.0607551
.0004247
0025802
-0000013
.0909967

| LDAD POINT AVAILABIL;TYéO.99949526787

{

- e - -
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Table C.3: Load Point Reliability Indices of Design #3

o A K Ak A X Ak %k K koK kK DESIGN NO. '3 4 3k 3k o o 3k ko 2K 3k
LOAD POINT INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT OUTAGE RATE AVG DURATION TOTAL OUTAGE TIME
'FL/YR HOURS HOURS/YR
1 0.0340842 36.0718079 1.2294788
2 0.0028665 12.5465918 0.0359653
3 0.0030537 3.0000000 0.0091611
4 " 0.0020491 3.0000000 0.0061473
5 0.1199999 1.9998990. 0.2399998
6 0.0. : 0.0 } 0.0 _
7 0.0028500 1.4035072 0.0040000
8 0.0 0.0 0,0
9 0.5620000 5.4999852 3 0909867
10 0.0 0.0 * 0.0
TOTAL 0.7269034 6.3498264 4.6157465°

- e e e e e e e e e e e - DR e T e T T T Sy S i Ch .

"LOAD POINTﬂAVAILABILITY=0.99947357178

Table C.4: Load Point Re11ab111ty Indices of De51gn #4

************

DESIGN NO. 4

% 3 38 ok ok K e ok ok ok ok

LOAD POINT INDICES OF RELIABILITY

-------------------------------------------------------------

EVENT

OUTAGE- RATE

FL/YR

frrmec e, ——— T T ey ey By g U s -

WA HWN —

10

- mme--- -

04QOOooooobe

{0073532
.0019810
.0293319

1199999
ngaoooo
Isegoooq

- 15
1

.0029248

--—-------——---—----—-—----------—-------—------

CONTRIBUTIONS
© AVG DURATION TOTAL OUTAGE TIME

HOURS HOURS/YR
6.6836853 - 1.1521225
4.2140570 0.0282997
'3.0000000 0.0879956
3.0000000 0.0087743
1.9899990. 0.2399998
0.0 0.0 -
1.4333315 0.0043000
0.0 . 0.0 ‘
5.4999952 - © 3.0909967
0.0" 0.0
6.3480349 4.6124859

~ LOAD POINT AVAILABILITY=0.99947386980
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/
Table C. 5: Load Point Reliability Indices of Design #5
2 3 % A ok ok K 3K ok % ok ok Xk DESIGN ND. 5 #*%xx®:xxkkkx*
LOAD POINT 'INDICES OF ,RELIABILITY
CONTRIBUTIONS
EVENT  OQUTAGE RATE AVG DURATION  TOTAL OUTAGE TIME
FL/YR HOURS HOURS/ YR
T 0.0129498" 93.5601044 1.2115850
2 0.0040571 11.3447628 0.0460265
3 0.0292784 3.0000000 0.0878351
4 0.0025914 3.0000000 0.0077743
-5 0.1599999 2.2499962 0.3599992
6 - 0.0 0.0 0.0 _
7 0.0029500 1.7118626 0.0950500
8 0.0 0.0 0.0
g 0.5620000 5-.4999952 3:0909967
10 0.0 0.0 0.0
TOTAL 0.7738265 6.2149124 4.8092632 y
LOAD POINT AVALLABIL:TY:O,99945139885
Table C.6: Load Point Rel1ab111ty Indices of Des1gn #6
Cakkaokkkkxxkx  DESIGN NO. B Ekkkkkkkk
| LOAD POINT - INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT  OUTAGE RATE AVG DURATION - TOTAL OUTAGE TIME
. - FL/YR ‘ HOURS . HOURS/YR
1 0.0103698  113.9890289 1.1820450 |
2 0.0029517 12.2393322 0.0361265
3 0.0031157 . 3.0000000 0.0093471
4 0.0012761 - 3.0000000 0.0038284
-5 - 0.3339998 1.5808372 . 0.5279993
6 0.0000000- 0.5739490 0.0000000
71 0.0006001% - 1.3333797 0.0008002 -
, 8 0.0000006 -~ - 0.8724269 0.0000005
-9 i70.5620000 5.4999952 _ 3.0909967
T 10 0.0 e .O.Q ‘ 0.0
TOTAL 0.9143137 5.3057737 4.8511410

- LOAD«POINT AVAILABILITY=0.99944663048_
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Table C.7: Load Point Reliability Indices of Design #7
Ak 2 o B 2K K Ak ok 3K K DESIGN NQ 7 A Ak K K ok K kK
LOAD POINT INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT OUTAGE RATE AVG DURATION ‘TOTAL OUTAGE TIME
FL/YR HOURS HOURS/YR
1 0.0075789 152.1700439 1.1532774
2 0.0028507- -11.6987009 0.0333493 - W o
3 0.0 o 0.0 0.0
4 0.0 0.0 0.0
5 « 0.0307924 - 1.9979944 0.0615229
6 0.0005548 1.5390921 0.0008539
7 0.0016626 1.5124254 0.0025146
8 0.0000000 0.0 : 0.0.
9 0.5620000 5.4999952 3.0909967 "
10 0.0 0.0 ' 0.0 .
TOTAL_ 0.6054444 ° 7.1724386 4,.3425121
LOAD POINT AVAILABILITY=0.99950468540
Table £.8: Load Point Reliability Indices of Design #8
2K 3 I XK A K A A K DESIGN NO. 8 23 I3IIITEY)
LOAD PDINT INDICES OF RELIABILITY (/?
CONTRIBUTIONS N
EVENT ,OUTAGE RATE AVG DURATION TOTAL OUTAGE TIME o
| : FL/YR "HOURS _ HOURS/YR
1 | 0.0079762 : 144.5971069 ,1.1533337
2, 0.0026018 11.2818251 0.0293533
"3 0.0 ’ 0.0 B 0.0 .
4 - 0.0 . 0.0 0.0 - .
5 0.0014531 1.9906425 10.0028927
. B 0.0005481 1.9997864 0.0010962
-7 0.0012275 1.9858694 ©0.0024376
8 0.0000125 0.3319820 0.0000042
9 0.5620000 5.4999952 3.0809967
10 0.0 0.0 0.0
TOTAL 0.5758193 '9;4330845  4.2801123
- .--—----------------—--@ ----------------

| LOAD POINT AVAILABILITY=0.99951171875 -

=



—---—-----p--'-----——---—,—----------------——-------------—---

- LOAD‘POINT AVAILABILITY=O;99951225519

Table C.9: Load Point ReI1ab1thy Indices of Des1gn #9
5 o oK o e o oK ok ok ok ok oK DESIGN NO. 9  kxkxxamakx
LOAD POINT INDICES. OF RELIABILITY
CONTRIBUTIONS
EVENT = OUTAGE RATE AVG DURATION  TOTAL OUTAGE TIME
FL/YR - HOURS ' HOURS/YR
1 0.0130838 88:9582825 1.1639090
2 0.0039864 8.0455503 0.0320730
3 0.0 ' 0.0 0.0
4 0.0 0.0 = 0.0 .
5 0.0214655 .2.9310932 0.0629172
6 0.0005619 1.9997873 0.0011236
7 0.0012298 1.8860315 0.0024423
8 0.0000144 0.4192657 0.0000060
9. 0.5620000 ‘ 5.4999952 3.0909967 ‘
10 0.0 0.0 - 0.0 .
| TOTAL 0. 6023416 7.2275677 4, 3534641 '
LDAb POINT AVAILABILITY=0.99950337410 . =
Table C.10: Load P01nt Rellab111ty Ind1ces of Des1gn #10
: o o e o K o o o Ko oK DESIGN NO. 10 _ *%xkkkkkkk . .
- LOAD POINT INDICES OF RELIABILITY
CONTRIBUTIONS
EVENT OUTAGE RATE  AVG DURATION TOTAL OUTAGE TIME
» FL/YR * | HOURS o HDURS/YR
1 0.0073596-  156.5519714 - 1.1521568
2 . 0.0019933 14.2033005 0.0283109-
3 0.0 ‘ 0.0 - 0.0°
4 0.0 0.0 0.0
5 -0.0014196 . 1.9841425 0.0028310
. ) ,'0.0004935 - . 1.8996061 0.0009868 -
7 0.0001329 - 2.7119856 0.0003605
-8 - .0.0000144" - 0.2950544 ~ - 0.0000043
- R 0;5620000‘ . 5.4999952 3.0909967-
10 0.0 0.0 0,0
TOTAL 0.5734133 '7}4564791 i4.2756433
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C.2 Discussion of substat ion designs 1 jand 2

The design 1 ané 2 have been ignated as "1“‘%reaker
designs. The only difference between the two is the addition

.of a transfer bus in design 2. The load point reliability

indices of the two .designs are approximately the same. and
there is no 1mprovement to reliability levels of the load
point by addition of “the transfer bus because there are 24
second order and 12 third order cuts for the first design
and 23 second order and 13 third order cuts for the second
design. However out of the cuts mentioned above for the
second design, there are 6 H type second order cuts and 7 H
type third order cuts in design 2 i.e., those events which
can be terminated by switching instead of repair. But based
on domains of the data, there is noﬁimprovement in load
p01nt reliabiiity levels of de51gn 2 than over de51gn 1l

C 3 Dlscu5510n of substat ion des:g s 3 to 6

The de51gns 3 to 6 have been: de51gnated as "2" breaker
stations in reference [26]. No cirecuit breaker has been ™
provided for transferring the .Joad to the-transfer bus.
Hence, if the Toad is transferred to“the transfervbus by
closing the normally open switches e.g., switches 7, 8 and 9
in design 3, then any active faults on the tie sets between
the sources and the load point, the far end-breakers of

- sources 1 and 2 operate to clear the fault and the faults:

within the substation are cleared by the components outside
the substation, which is not a good- operating procedure.

- ‘Hence, for making the designs practical, either .the normally

. and vice versa for event 4 (i.e., those events which can be R
f,terminated by sw1tch1ng) L R , ;

- open switches 7 and 8 or the normally open switch 9 be
- replaced by-a normally open circuit breaker. The similar

reasoning holds . for normally open switches 7, 8, § and 10
for designs 4 and 5. For the-studies presented'in this
thesis, the normally open switches 7 and 8 were treated as

v norma]ly open breakers

The overail contribution to load p01nt reliability
indices by designs 3 and 4 are approximately the same. In

. design 3, only the load point A can be switched to the
- transfer bus but in design 4, both Toad points A and B canv~j
- be switched to the transfer bus Consequent ly., ghe o
‘,'contributions to the reliability.levels of :loa ypoint by

event 1 (i.e., those events which are terminat bymrepair)
is . 51gn1f1cantly higher .in design 3 than those *in design 4

111

The. 1mpact of active faiiures on load pOint reliability RO

‘levels in case of designs 3 and 4 1S'significantly higher

than those in designs -1 and 2. It is because there is only
one single contingency event each -in design 1 and 2 which

leads to a Ioad point interruption In design 1 this event
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C.4 Discussion of sUbstationlde§ng§'Z to10 .

) , 112

v ’ S
is active failure of bus coupler breaker 9 and ih design 2
it is bus side breaker 3, the active failure of which leads .
to load point interruption. tn designs 3 and 4 there are 5 o
single contingency events each which lead to load point o
interruption. These events are the active failures of )
breakers 3. and 4 and S&C interrupters 5 and 6 and the main
bus. Similarly since the number of events leading to load
point interruption are more in designs 3 and 4 and also the
number of circuit breakers taking part are more, thérefore,
the load point due to event 7 i.e., the impadt of active
failures with stuck breakers present in the system is higher
than those for‘de%igng 1 and 2. Hence, it is the impact of N
active failures which causes the load point fa'ilure rate to

SEN 0D

be 18% higher in designs 3 and 4 than those in designs 1 and

' Substation designs 5 and 6 fare even worse. The design
5 relocates the position of the S&C interrupter in design 4 , =
and an additional normally closed switch -is added. in the tie :
set and this causes the. load point failure rate to rise. . - , .
Also, there are 7 active failures of the components alone
which cause a load point interruption resulting in a higher

~failure rate. - . , R

"The load point relfability'ihdices of design 7 are
better than substation Hesigns 1 to 6 because of reduced
number,of:qomponentS'ands¢onsequent]y.‘lesger,events leading

to load point interruption.

’Substatiqn:deSigns,B,and,Q hepreSent.é~traditional:ring : v
bus arrangement. The only difference between substation sy
designs 8 and 9:.is.the inclusion. of two: additional bus o ‘

._components in;design.g.;Consequently;'the_load,point indices

of design .8 are slightly better than design 9. The main

advantage of a.ring bus system is that there is no single g

~the ring bus configuration is that from a construction stand',f ‘1f‘,

;:;f.fs;pahticUlan]y important.if even momentary .

- contingency event ‘that can lead'to-10ad]point.ih%errupiion," e

‘inferruptions can cause problems. This is frequent1y the' '
dse for large petro-chemical plants and other important

loads ‘e.g., digital equipmemts. One of the disadvantages of -

point it is not easily expandable to more than 4 to 6 lines.

S

The IOad@pOint'heliébilifyiindfces‘ofg5ubstatiQn,désignf

'" 10’i;e;,'breaken:and-a‘half‘scheme;-are;quite comparable to . _. f;";

‘-Za;he‘hjng bus. Its main advantage over the ring bus is that .
it can easily be expanded to accommodate more lines. Many. .~

- generating switching statiQnsvuse this design in practiCe.‘u

.
-Z5
v



) "APPENDIX D .
D.1 Inpyt data for case study 4.2 : (Breaker and half
scheme)™ -~ ; ' '
-~ The 1nput data for case study 4.2 is shown and -
expla1ned”below 1n Table D.1.
Table D. 1 Input data for’ case study 4.2
- Line No. - Data ' -
1. 19 1
% 19 19 R
0 . 5
4 5 1516 17 18 19 G
5 6 3 4 5 6 7 8 '
6 1 -1 o ;
7 g 2 -1 -
8 3 1315 R
g 4 15 17
10 - 5 47 14
1 6 13 16
12 - 7 16 18 : o L :
13 8 18 14 L S U . .
15 10 12 . '
16 11 15 \
17 12 18 N : o
18 13 '3 6 o
19 ¢ 14 5 8
20 15 3 4
21 16 16 7
22 17 2 4 5
23 18 7. 8
24 . - 199 10
- 25 499 19._‘ L o
26 '14 et .
27 .09,7. 33,1 ,8.,.09,1.,.000 .
28° .09,7.33,1.,8.,.09,1.,.000
.29 - .23,11.13,.25,24,,.03,2.0,.005
.30 .28, 11.13,;25,24.,.03,2,0.;005
31 ‘-xw.23 11.13,.25,24.,.03,2.0,.005"
32 : . +23,11.13,,25,24.,.03,2.0,.005
33 - 07.238,11.13,.25,24,,.03,2.0,:005
34 - - ,23,11,13,.25, 24...03,2,0,.005
35. .22,2.09, 25 z. ,:02,3.0,.000
.36 . .22,2., 09,.25 4, 02.3,0,.000 v N
37 . 10,1000, 50 48. .10,1.,.000 K
- 38 .10, 10001. 50,48.,.10,1.,.000 e
” 28 .024 2. 0000001 0000001 .024,2.,.000

-024,2.,.0000001, 0000001, .024,2. ; .000.

e

"g'§?44"7j2f“ 1l3-“fiff}pl¥;,3 f'ﬁ” -'*' ;ff*_f:a5ﬁ{f?
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Input(dafa for case study 4.2

Table D.1(continued):

Line No.

—————————

Data

P

. 1 A . .
M o - .,5768344835(61 DO N+ . ™o

Yo

L0 0~ O _ 03838215387738675363165654745_5
‘7563436748486807654642222111121542843876127‘&f
no
06442211537373502222333333333333323323322332 e e
w $ . .
22233332222222067454635483768574347347&3658.20
TANMTNONORNO~NNTRN——ANANNOT IO O~0DNNNO — NN T TN~
-0 Ll ol ol K ol ol X e )] (o))

< y v < <
TNOTOOCVDNO—NMITINOSDVNO~NMITINWEDNO v~ OISO Or=ANMT DO~
4444444445555555555666666666677777777 Q0 €0 G0 00 0 €0 C0-C0

C e L
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4

D.2 Explapation of input data

, The input data as reported in references [18] and [9]
has been used for the analysis. The first block in the input
data, (i.e., from line.1 to 25 in Table D.1) is the -
information about the connections of the configuration. The
first. line of the data means that there are 19 number of o
components in the system and there is one load point.
However, there are two load points in the system but they
have been labled by a common name 19 because the criteria of
successful operation is the continuity between any of the
~sources to at least one load point. The second line
specifies the output node i.e, number 18.. Since the program
requires any integer number for an output node to start
with, hence, the number 19 has been specified twice. The
third line specifies the number and then the labels of )

- normally open components. Since there are no N/O coffponents
in this particular example and hence zero value has been
specified. The fourth line of the data specifies the number
and then the labels of those node points which. have been .
labeled just for the ease of specifying. the predecessors of -
the components. After formulation of the paths between the
sources and the load points these nodes are deleted because

- these are assumed as 100% reliable and their inclusion in
the further analy$is unnecessarily adds to the computer

 time. However, if these are not 100% reliable then they.can
be retained as other components in the system. The fifth
line is used for specifying any restraints on'the paths. For
example, if power could be routed through a’ limited number
of components only (e.g., each path must contain a circuit
breaker) then these could be specified here.. = ‘

-~ The-lines 6 to 25 specify the predecessors of each SO
component. The predecessors for the sources have been i
specified as.-1. Some of the components have more than one
predecessors. This means that power could flow.from-all of
 those components to that particular component. For example o
the component or node 17 can-get feed from line 2, breaker 4
-or breaker 5. A fictitious number 499 has . been incorporated

- to specify the end of the predecessor matrix and the , v
~ _predecessor of the label 499 is the label of the load peint. "

The next block is the reliability data for each - .

component. The first line of the block i.e., line 26 in this
~ case, specifies. the number. of components for which the data

is to be read. The next Tine of the block, i.e., line 27 is

the data for the first component and next the second and so
~on, Each line in the block specifies the passive failure o
rate. in failures per year, repair time in bours, maintenance
"outage rate in actions per year, maintenance restoration :
time.in hours per activity, active failure rate in faflures

© .per year, switching time in hours and the stuckvprobab111ty,¢:§'f _f

The stuck probability of circuit breakers'is deflnedf '



e

quantitatively and 1n case of other. components it is
meaningless and is therefore specified a zero value. The
next line i.e., number 41 specifies the switching time
required to 1dentify the fault, disconnecting the faulty

components and closing the normally open components.

: The next block i. e, line 42 to 56 represents the
effects of actively failed components, the number and the
lables of healthy components switched out as the effect of
the actively failed components. For example, line 42 means
that component 1 is actively failed and as a result, :
components 6 and 7 are switched out. As before line 56
‘specifies the arbitrary number 499 to 1ndicate the end of
the block. . -

o The next block i.e., lines 57 to 85 spec1f1es the
effects of the actively actively fa11ed components and the.

e

~ stuck breaker conditions. For example, line 57 means that

‘component .1 is actively failed and the. breaker number 6 is
stuck and as a result 2 hea]thy components d. €. number 7
and- 3 are sw1tched out of serv1ce e -

The next block i.e. ,_llnes 86 and 87 spec1fy the

™S
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o components falled in common mode, the1r fa11ure rate and the' ’
T repa1r time : : . . : o
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D.3 Tie sets and Cut sets of Case Stuqx 4.2 : Breaker and
half scheme

xxxxxxexx  BREAKER AND HALF SCHEME bt
a) WITH NORMALLY OPEN COMPONENTS' OPEN
.TIE SET OR succsss PATHS (8 )

PATH ELEMENT NUMBERS
NUMBER !
‘'t 1 16 .7 18 12 10 19
2 2 17 -4 15 11 9 19
3 1 16 6 13 3 15 1 9 19
-4 2 17 5 14 8 18 12 10 19 |
5 2 17 4 15 3 13 6 16 "7 18 12 10 19
& 1 16 ~7..18 8 14 5 17 4 15 11 -9 19
7 2 17 5 14 8 18-7 16 6 13 3 15 11
‘ -9 19 ' s Ea)
8 1 16 "6 13 3 15 4 17 5 14 8 18 12
A ~ 1r'w ‘ ' o
e CUTSETS AFTER DELETING 100% ‘RELIABLE NODES
" First Drder Cuts = NEL U T -~ L

~Second Order Cuts =* 5. These are:

‘NquQF Elememts  Number Elements -
1 . .

el 2 .o 3011 o L
2 9 10 - 5 1 12
39 a2 o | |

Th1rd Order Cuts = 18. These are:’
Number ~ Elements

—

N , _
TNOWNNBROO

mﬂmmaam;
LOELWRNINAIN — —
B RANOWHADN
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Cut sets for tie sets'with;N/O components open continued:

~ Number Elements in the Cut

10
12
13
13

—t b
NOOOY

w
NNNNOU S S S S
—aooooo\l\:

o

‘ 1
b) - WITH NORMALLY OPEN COMPONENTS CLOSED
TIE SET OR SUCCESS PATHS ( 8)-

ELEMENT NUMBERS

o
>
—
x

=2
nc
=
[v]
™
g

O ON = RIN =N
o
(o))

10 .
9
15 .
18
13
14

- 18 -
13
14
15
.‘1»4l v‘

13

i S

vwwﬁmwmw;p_
‘044
—  —r

T i eaeaan
B NN OO

R
e

}w:
A A

woiw.” .
SIASUNITERE

© NOUDWN -
"

-
\,
Lo UINSUO BN
0O WA
. -l N :
®  wo |
Y

—r
~3
O ObNOO

15!]

T e

out ssrs AFTER DELETING 1004 RELIABLE NODES e
N |

F1rst Order Cuts N R
v5._'These:arezg;

Second Order Cuts

| 7 ;',NumbeEi .E1§memfs Number Eiements -H';iﬁixwuwa._ﬂ
'Lv “t ;%1;E2"fﬂw 10 ..@fﬁM=Wﬁ
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18. These are:

Third Order Cuts =

thg.ggt

5847‘73020233919144

1111111. — - v
- -
T OO T TOOONS OO~
) L dl ol and
7
) .
c _ R _ A
m111222334444557777
E ,
- LY
it
o o
m123456789012345678
o]
p-d A

Four th Ordeh Cufs =449,‘Thesé'are:

'.Elémé%fs‘ih thé'Cut7 -

Number

S NMOMMMOITL IO O©OOOOPED o™
s R . . T d.l.

,123456789012345 8
: N = N

919144029133914433440

558891776691889191335%f

g ;

e

iy ey

o
ao
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" Fourth order cut sets for case study 4.2 =
'(Breaker and half scheme) continued: . -

Number ' , Elements _ L
22 2 3 5 12 '
23 2 3 8 10
24 2 3 8 12 -
25 2 3 10 14
26 2 3 12 14 /
27 , 2 4 7 9
28 a 2 4 -7 11
- 29 ‘o2 5 6. 10
.30 2 5 6 12
3t 25 10, 13
s - .32 2 5 12 13
¢ 7. "33 2, 8 8 10
\ 34 2 b 8 12
N 35 2 6 10 14
36 2  B6- 12 14
- 37 2 8 10 13 )
38 2. 8 12 13 _
39 2 10 13 14
\ 40 2 12 13 14 -
41 "3 4 5 7 .
: 42 .3 4 7 8
x 43 3 4 7 14
44 4 5 6 7
45 - 4 5 7713
46 4 6 7 8 o P
47 4 6 7 14 2708
48 4 7 -8 13 '
49 - 4 13 14
c). K _ (i
« : First Qnrder €uts = Nil . -
- Second Order Cuts = 5. \Ihese are:
‘ #Number , \\ "~ Elements in. the Cut
‘ R S . : : : Can
' S2 g 10 . -
3 9 12 SR .
4 i 11+ - , v
5 L] 11 ‘12 ’

9
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Third Order Cuts = 18. These~arei -

Number Elements in the Cut
1 1 4 5 o
2 1 4 8
3 1 4 14
4 2 3 7
5 2 6 7
6 2 7 13
7 3 4 710
8 . 3 4 12
9 4 6 10
10 4 6 12
11 4 10 13
12 4. 12 " 13
13 5 7 g
14’ 5 7 11
15 7 8 9
16 7 8 11
17 7 9 14

18 7 11 14

d) H TYPE CUTS

First Order Cuts = Nil
- Second Order Cuts = Nijl .

Third Order Cuts Nil

e) SUCCESS PATHS CONSIDERING ACTIVE FAILURES.
- ACTIVELY FAILED COMPONENT= 1

~ REMAINING PATHS . |
- Path Number | ___Elements_

1 2 17 4 15 11 9 19
2 2° 17 5 14 8 18 12 10 - 19

Cuts because of above event after delet1ng
- 100% reliable nodes

First Order Cuts = N3l
‘Second Order Cuts = 1. This is:
Number4._ o Ele@énté in_the Cut
BN o

 ; o | | 0



122

Third Order Cuts = 15

These are :
Number Elements in the Cut .
1 1 4 5
2 1 . 4 8
3 1 4 10
4 1 4 12
5 1 4 14
6 1 5 g -
7 1 ..5 11
-8 1 8 9
9 18 11
10 1 9 10
11 1 -9 12
12 1 9. 14
13 110 11 -
14 1 11 12
15 1 11 14

CUTS WHICH HAVE BEEN EVALUATED BEFORE ARE DELETED
REMAINING CUTS TO BE EVALUATED
Ni 1 )

</

First Order Cuts

Second Order Cuts = Nil

Third Order Cuts

8. These are: o : {/uéy

" Number Elements in the Cut

Y

OO T WA —
S OOOUTUI
e, DR OaOND

1
1
1

—h

, PN ‘
The active fatlures of other components are treated in the
same way as shown for component number 1. The cut sets
obtained after considering the active failures of all the
;'components are tabulated below in Table D.2: : ,
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Table D.2: Cut sets due to- Active Failures

/

Thir‘i_Qm.e_r

cuts

B 4
[+}]
Tl
| 5
(o]

~)
2l
T
Q
Q
[72]
[ &
()]
ho)
[ 4
Oflwn
bt
o
0o
[
-
[V
ke)
1))
o= Lot
[\ Y =
w10
[
N0
em‘
>
.-IC
>
Q
<I

OCNO~O) T
L audl ood - - - -

e

TIODWODOD —

nil

-—---.mm—--- -

4 .
el e R et T T T i U S U UG,

o
A3

ONO~OMM
-~ —

-

10
12

3
3

OO~ SNSON

N OV ON NN ON N N

nil

nil

bt il e Rt i e TRl T T I CYPUNIPUG UGy U S S S

OT~OT

bt To ¥ o o

MMM MM

nH

nil

D it B T e T T g i e S

nil

~~ON
-——
f

ST

Qu.

~ONSONMMM

- — e g

NOOMOWOONSON
-————

nil

B T U P

S e e e mmeemer e r e .= — - -

n§1

A

e

-

nwooNk®

WD W W WLWCW
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ER

:,Cut'sets'due.tb active failures

Table D.2 (continued)

Third order

Ty

Second order

First order

cuts

onent

Cc

Actively failed

/.
- O NS ~ QT
L el il Al i ad ol

NOOVDOANHO +— —

P sl andlh and

O O O WO O WO WD WY WO

-

RS MS 4 e M LT E e S o G e er T M e G e S S b o @ A e o em Gm e R o ah e e Ov Gm A em mh A e e W W W e W Em

nil

AN —
~—

[l N A

nil

e e T ey SO S U S

< il

NTMOMIT O™
- -—
——aaNNOT S

€0 C0-CO G0 O €O €O O

0 O

1 BN

]

‘ i

100 ST~
H -—

t

[}

1 =i
. :
' .

5

[ 2 XX X~
(R i

---_--_l----—‘-‘--b--"---;—,---‘---------—\-’-----.-r,

nil

“nil

9

R b T g R L P

nil

nil

10

R M . .
e e i it T T ey ey U U S U S

nit .

nil

1

.-----—.--------,5;.-----------------—--------——-,-i—-----—--'-—,

TMOm
o

—ONONAN

12
12
12
12

nil

nil

12

-----—---------——--\--——-------—---9-——--—-—---‘-------—-----
3 ; . . R .
. N o Y N . .

nil

nil

13

,. , nil ‘ , o _
. »—----‘-—-_---———q----—nQ—-’--—----g—-—--Q-—---———-—vG'.—--‘-‘---_‘-?-—-

T

BRNER nil. nil

14

3
H N
A

'\{
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f) IMPACT OF ACTIVE FAILURES AND STUCK BREAKERS
‘ACTIVELY'FAILED COMPONENT= 1
STUCK BREAKER= 6
' *REMAIYING [SUCCESS PATHS. |
Ealeﬂum_e.P Elements

2 174 15 11 9 19 o
2 -2 17 514 "8 .18 12 10 19

Cut sets because of above events : Ry
after deleting 100% reliable nodes ‘3é'
First Order Cuts = Nil | |
Second Order Cut = 1
That ts: ’
 Number . . Elements
A . - T s
T 12 ,
Third Qrder Cuts = 15
These are: ‘
‘Number- ‘ o Eleménts'ih the Cut
1 | 1 4 5
2 1 4 8
3 1. 4 10 -
4 1 4-" 12 .
. b 1 5 .9 8
7 -1 5 11
-8 1 8. 9
10 - 1.9 10
11 g 1 9 12 .
12 1 9 14 3
13 110 0 11 >
14 1 11 12 .
15. . 1 11 14
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CUTS WHICH HAVE BEEN EVALUATED BEFORE ARE DELETED
- REMAINING CUTS

First Order.Cuts = Nil o -
Second Order Cuts = Nil : e
Third Order Cuts =-11. These are: -
,”Number g - .7 Elements in the Cut >
«*_ K 1-. 4 5
2 1 4 - 8
3 1 4 10
4 1 4 12
5 1 4 14
6 1 5 '8
7 1 5 11
8 1 ' 8 9
~ g - 1 8. 11
10 1 9 14
11 1 11 .

The cut sets for the rema1n1ng components are formulated as
shown above for component one and are tabulated below in ‘
vTable D.3 .

, Table D. 3 Cut sets due to act1ve fa11ures and stuck
breakers - : .

g nt 1n the Cut

v ivel - Stuc ' F1rst .. second . ° Third .. .. -
%giléﬂ ' breaKer  order = order - -grder ' '
~ component L S T
R T A 111 IR R niv.
o T 178 . | .
LI B B 1//\\\
2 4 nil 2 17 nil L
' . 2. 10 ' o
= 2 12 | ?;
2 5 nil nil 2 3 10 .
2 .3 12
2 6 10
2 6 12
- 2 7 11
&S 2 10 13
~ 2 12 13
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Table D. 3 (cont1nued?ﬁ¥cut sets due to active failures and
sfuck breakers

gléhentggin the Cut

Activel Stuck - Ffirst -Second = Third
failed - breaker order - order order
component - : : ' ' : ‘
3= o4 T 3. 1 -nil-
‘. : < - o . 3", 7
3 10
312 .
3 6 nil 3 2 nil
3 5
3 8 ‘
3 10
3 12
3 14
4 3 nil g 1 nil
4 7
4 10
4 12 !
4 5 nil 4 1 nil
4 7.
-4 10
. 4 12
5 4. nil 5 1 nil
! . . . ’ S "7
-{~} ' 5 10
5 12
5 8 nil 5 1 .nil
Su 5 3
5 6 ¢
5 9 d
5 11
. 5 13
6 3 . nil 6 2 nil
.65
.6 8
< 6 10 +
. 612
6 14
6 7 nil 6 2 nil
‘ 6 4 §
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Table D.3 (continued): cuf sets due to active failures
and stuck breakers. ‘ '

Elements in the Cut

Activel Stuck First  Second Third
failed - breaker order order ‘arder _
component  * T NEPTCEE \
SR - \ . B 9 ) ".
; L6 11 |
7 6 . it 7 2 nil
7 4
. - 7 9
7 11
7 8 nil 7 2 nil
7 4
7 .9 .
7 11 k
8 5 nil 8 1 nil ’
5 HE |
'8 B
, g8 9 %
8 11
8. 13
8 7 nil '8 2 nil
8 4 |
8 9
C. _ 8 11 .
9 4. 9 opil nil |
9 =3 Nl nil 9 1 5
| a ‘1 8
. ‘ 9 1 14
| | 9. 2 7
9 4 nil 91 ni1
| 9 7
10 7 nil 10 2 nil
)  ) 10 \4 )
11 3 nil nil 11- 1 5 .
o 111 8 "
111 14
A1 207

iLY
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Table D.3 (continued): cut sets because of active failures
and stuck breakers. : %

:;;u:"
e

_ A' , s " . E]ements in the Cut .
ctively tuck irst Second Third
failed breaker order order Qrder

component .

e e e et it T T T T T T U S

S S R e R o e & e e m e e e o E e mm e e e e . enE . e e Ee. e e A e .o .- . -

S P R e e e E e C E C E E r C e e - .o, e e e e oo ee e o meme - wn-se-memeee-oe

w
= OO DD
B
EB A WaOHOO

—

»’-_..--__-__---_----.._-----'..----..---.----..----------..--_ ........

ol

i ?mhwmwwwwuc:vsxmo\z

14 8 il 149 14
| - 1411 14

. »
—h, °

o
B BRWNNNNONNDNWWW
PRSI



.~ transfer bus system--

) , APPENDIX E

‘Tle sets and cut sets of case stud[z4 3 Mafn bus- and

3

*********; DESIGN NO. >4 ,***#****;*

R a" *xx MAIN BUS AND TRANSFER‘BUS SYSTEM *#x
) wer NORMALLY OPEN. COMPONENTS GPEN
TIE SET OR SUCCESS PATHS ( 4 )

Y
PATH . .. ' ELEMENTS -
NUMBER SN O R i
"1 N Y 3 13 5 20 15 11 17
2 3 13 6 21 16 12 17
3 4 13 5 20 15 11 17
4 i 4 13 6 21 16 12 17
CUTSETS FOR NORMALLY CLOSED PATHS R
_ First Order Cuts = 2 - | |
These are element number 13 and 17 o
Second Order Cuts‘= 25 These are: -
Number - - Elements Number' Elements - Number lEﬂements
1. R 2 10 . 5 12 18 - 12 15
2 1 4 11 5 16 . 20,"[12 20 ‘
3 119 12 .5 21 0 21 0 15 4B
4 203 ‘ 13»‘,.’ 6 11 - .22 15 21
5~ 2 18“ 6 15 23 . 16. 20 ..
6 3 4 ‘q’gs .6 .20 24 . . 18 19 -
7 3 19 1t 120 25 - 20 21~af‘\,_ B
8 4 18 ‘ 11 16 - T
9 5 ’6 ;_ 18] 11 ',21u N
Third Order Cuts = NiT . 1
b) WITH NDRMALLY OPEN COMPONENTS CLDSED -
TIE SET OR SUCCESS PATHS { 24 )
CPAIH B ELEMENTS -
NUMBER - . ) ks o
t i 18 313 5 20. 15 11 17 - ‘
2 -1 18 3 13 6 21 16 12° 17
3 118 7 14..9 20 15 11 17 . :
-4 118 7714 10 21 16 12 .17 o
5 2 19 4 13 5.20 15 11*%17 i
6 2 19 "4 13 6 21 16 12 17 - i
T 219 8 «141_ 9*:20_v15*}11fjj7;n L
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18

SRR R
kfi;w'ef23~7

. . ' IR _:4_:'. B

. NUMBER

D R
43
'15*f

5

OB BWWRNNNL wLm

T1e sets (cont1nued) with. N/0O components closed for case

Ilw

_ELEMENTS

study 4.3 ( main bus and transfer bus scheme)
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g

S R

;g,;, o

m&ww+44J@Qmmh4gem“
w0

B R
N A

Flpst Drder Cut

bs, Setond Order Cu
NUmber f‘.v

tsi
- Number |

#5@@@@§prmwGqum

14
14
13
14
14
14

wpqub

D b b

44

<._A .""_ .
LHOHDCLQJ>GHDC00rQ~JUﬂDgNDC>

'f13j,!
CUTSETS FOR NORMALLY UPEN COMPONENTS CLOSED

21

21 -
21
- 20

20
18
18

18.

18
19

19

19

v H9'
21 -
20

'f20 s

- ESN

-

CUIDODBBITWWONO O

N\

12
13
14
-13

13
13
14
14
13
13

13

;p

14

T:$’1 e ..element 17

L@#@w

B

a . .

 oRoRusnwiosnd

LR DO ~I0 N IS WK =

m
[+ 3

-
-

14‘
13, -

14
18
15
18
19
18
18 -

. | i  s5j
" ;fE{ﬁﬁfOquﬁ CUts‘j

ucuoaﬁqc>

14
16

.19

18

"~Ngﬁb§r',
13

5

20
21
~22-“°'
.23 .,

24

ATt

12
1R

13
“15.

14; These are 5f3m

w.ElementsfisNu

14 .

14
14 .

13
14

. — . - — —nd
CDWOONIOOWRINUIOWLIHLNONWMN
N
R

—ty .

34 These areis

‘m@m¢¢mmmmmmm

5 9 1

9
14
- 14
10
10~
10
11
14

21

Ii15“

20

14000 1

‘fEIements
12 .

16

11

14
15

Numbe
R
12
13
14

21

14 -
16

21
15. .
20 o
.34

20

.
MR 0T LA

@

Ngmb r'

25

I

27
28 .
29

32
33

300
31

16

_‘:{13
20

OO0 OWWOOm-

" N .
B e e JE= NP OV i G G (R G i G Py

r'f?Elv‘
35

nts
21

17

17

17
17
17
47

17
17
17
17

17

n .

17"
17

- 20
19
21
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Fourth Order Cuts =z 20. Theée are: o .
Number . Elements - Number ~ Elements

7 8 11

9 10 12

9 21 13
10 2Q 14

10 19% 45

1 21 N . 12[

19 20 |

10. 18

18 21 N 19

18 20 \ 20

c) K TYPE CUTS . ... .\

&  First Order Cut = 1 | “\\  AN )
. It is element numper 17 S SN ’

N W

JSécondtOrdér Cuts ="13. These are: \

" Number ~ Elements Number' »'Elements\\ Number Elements A
2 6 o121 n,11,." 16 20
7 120 15 212 18 . 19
- 18 8 - 1220 M3 - 20 . 21
12 9 15 16 - Wt

~
— R
ODWDWOO I

N
COWODWHBIEIN

DO TTNITIOT I
ONNDIIDODD

£

. — - .

, OWONOUVIDWN =
B BWWWWWW W

—
G b b
N
(]

7
S
)

e

OBWN ~

" Third Order Cuts'ﬁ;Nil
'd) H TYPE CHTS . | o .
First Order Cuts = 1 - - : t R
It is element number 13 &%5 R
‘fv Second-0rder Cuts ='12 These are: 4; o | £ 
iNumbeb”> }Elémehts&'Number Ejementszf.NU%bér?  Elemeﬁts‘T*
1 1 4 5 18 5 21 N
2 2 "3 6 6 TR
-3 - 3 a4 -7 12 6 115
4 -3 19 8 " 16 6 20

- Third Order €ats = Nil

 mmmb

9]
.
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e) SUCCESS PATHS CONSIDERING ACTIVE FAILURES

ACTIVE FAILURE--OF COMPONENT= 1
REMAINING SUCCESS PATHS - S

PATH » . ELJENTS T SR
s 2 19 3.5 20 15 11 2
2 . 2 13 4 136 21 16 12 17, -

CUTSE]S BECAUSE OF ABOVE EVENT
First Order Cuts = Nijl

"~ - Second Order Cuts ; 5 These - are:

SNt o . .,

, Number- Elements ‘Number Elemehts . Number

Number :Elements Number Elements = Number . Elements .

1 12 73 R R K o T 19 -
2 1 .4 B 17 - : .

Third Order Cuts # 1%/ These are: Nu? : o 'iet3£]’"

Elemgnts‘ S
I xS’ 6 7 - 1T 6 20. - 12150 18
12 8 - 1 12 14 RIS I 2 21_-.};
S A RN 1. 16 16 1 1620
S2t - 10 S21 16 0 1020021
S 11 S 15 S IR
1

17

1T

» 1.,

b
1 ‘1153 12 '-20

p)Uthgh:
cnncnur'

1
1
1
1
1

" DROP THOSE CUTS WHICH HAVE BEEN EVALU&*ED BEFORE
. REMAINING CUTS TO BE EVALUATED: ~ |

First Order Cuts
Second Order Cuts
: Th1rd Order Cuts

,N1I o
Nil Ll e
Nll 1”;"> - .?ﬂ’__j,

 The act1ve fa1lures of other components are also’ treated in‘I77>t

the same way as the component number ‘1. The cut sefs. ©

‘ obtazned this way are tabulated below 1n Table EV1.

Table E. 1 Cut sets because of Act1ve Failures

Y

0"'
[ el oy |
ad
U]

1 _

e

.Act1vely falled F1rst order 1 econd orge 'th;bd_gtdgr :Nz-;

component ST cuts -~ . . cuts ‘1';“=

oy

hoeso>qh§oo&r
’.,f
oNbw

3

wad
3383333333
Tambe ambe e wile wibe mide webe anbe mabs mds
-.—1f—ﬁ---f-'—."—q—¢'_—oe-a.

33393335393

o
‘
!
3
ande
—

."_;;
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&

- f)Cut sets due to active failures and stuck breakers

+ .+~ - ACTIVE FAILURE OF COMPONENTS = 1
¢ STUCK BREAKER = 3

U SUCCESS - PATHS REMAINING AFTER ABOVE EVENT
NO SUCCESS PATH TO LOAD POINT
CUTS WITH STUCK BREAKER
Firsf Order Cut =
.Second Order Cuts
Third Order Cuts =

" DROP THOSE CUTS WHICH HAVE BEEN EVALUATED BEFORE

'REMAINING cuts

" " First Order Cut

Second Order Cuts
Thxrd Order Cuts = N

1 e., element 1

i
Nil
Nil’

1 i.e., element. 1
= Nil :

1]
The act1ve fa1lures with stuck breakers “for other cases are
done the same way as done for component 1 actively failed

-and breaker 3 ‘stuck. These are tabulated below in Tabte E.2.
L

Table E 2: Cut sets because of act1ve fa1lures and stuck

breakers
. -~ Actively = Stuck order ofwcuts
. failed = breaker First . Second - Third
v;ﬂ)/COmponent,.Tf- ' L C Wg ‘
20 4 0 2 oonit nil
.3 4. 3 nil - . nil
4 © 3 4 . nil nil
5. 3. 5 nil - nile
~ 6. 3 6 nil ' " nil
6 4 6 il -~ nil
A1 5 11 s . nil - onil
12 - -6 12 . nil - nil
13 3. - nil nil .. nil -
13 4 nil nil, - onRil
15 -5 15 - nil’ . nil. e
16 6 16 'nil . nil )



APPENDIX F

Input .data, tie sets and .cut sets for Geo rge Dickle‘
Substat ion (Figure 5.77 B

F.1 Input Data: The 1nput data is shown below in Table F.1.

Table F.1: Input Data for George Dickie Substation
Configuration

*x*xxx B C., HYDRO GEORGE DICKIE SUBSTATION #*%#%=
156 1 ' ‘
- 52 52 .
17 30 31 36 37 51 67 68 69 70 71 72 73 75 76 77 78 78
1 62
2 1 2 ’
R o

—t —h ek e NN ey, | pu—ry
SN - .
0 —-O
1

CWONNOUIBWN OO AWN =
DOYWROUIBWN 2 2« O~VUNOOWWON = — —

. ;
[\ I G O P N QY
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Table F.1 (contd.) ‘Input Data - George Dickie Substation

33 24 -
34 30 ~ -
35 31 - | -
T
38 36 58 - , e ‘
39 37 80 _ -
40 42 i - . ’
41 43 ‘ .
42 45
43 44
44,32
45+33
46 40
47 46
48 47
49 48
50 49
51 38
52 50 51
53 40
54 53

. 55°54
56 55 .
57 56
58 57

5940
60 40
61 41
62 41
63 41 -
64 41 -
65 41 -

66 41 .
67 38
68 38 .

69 38
70 38

71 38

.72 38

73 38°

“74 40
75- 39 , Ty
76 39 - B
77 39 | - , :

78 39 . .

79 39

80 94

81 95

82 96

NG
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Table F.1 (contd.) Input Data - George Dickie Substation

83 97

84 98

85 99

86 100

87 101

88 40

89 103

90 104

91 105

92 106

93 107 .,

94 108

95
96
97
98
99
100
101
102
103
104
105
196,
107

o
w

PN O
h h amdh () e —h eh ik eh
WO DBEWN—2O

-—

[ R

w0 o
—h b ok
NN
N—O

123
124
125
126
127 ‘
128 . .
129 .
40
131
132
133
134
121 135 . o R
. 122 136 . _ ‘ -
- 123 60 o ‘ ER SR
124 130 ' o )
125 116 - , .
126 102 : _ :
127 57 _
128 58 . “ i . -
©129.59 . o S Sy
130 40 . . ' : S ; ”
131 61 ’ 4 -t
132 62 : '

B I e QI Gy S G Y
COWAONOUNEWN—-O



Table F 1 (contd.) Input Data - George chk1e Substation .

133
134
135
136
137
138
139
140 .
141
142
143
144
145
146
147
148
149
- 150
151
152
153
154
155
156.
499

63
64
6

o8
22

137
138
139
24

142
143

— —t
=N

— eh bt N wa
»

.09..25.4. ..
2371113 508 22.

141

8
8
4
4.,.
4.,.
4
4
4

.23, 11 13,.25,24,

22,2

.09, 25,4 v 0

.22,2.09, 25.4 o
.10,1000.,
.10, 1000

.02,3.
.02;3
22,2

;024
.024,
. 024,
.024,
.024,
024

5,48 o
25.12...0
.95, 12 ..o

.09, 25
.22, 2 09,.25,4,

2.
2.

2.
2.
2.

*
’
[ 4

?
A4

.0000001,
.0000001,
.0000001,
.0000001,
0000001,
.0000001-

.0000001,
.0000001,
.0000001,.
.0000001,
.0000001,
..0000001

.024,2.
.024,2.
.024.2.
.024,2.
.024,2.
.024,2.

.000
.000"
.000
. 000
.000- .
000 -

138 -



Table F.1

',22 2,09,

{contd. )" Input Data’;AGeOQQe;chkie

.024.2. .

.0000001, .
. 0000001,

wr T

024,2.

.024,2.
.024,2.

.0000001,
.0000001,

.004'1
100871,

.004;1.,

<008, 1.,

.000
.000.

.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
.02,3.,. 25 12, ,-01,1.,.06
.02,3.,.25,12. ,.01,1.,.06
.02,3.,.25,12...01,1.1.06
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01;1.,.06
: .0000001 0000001 0000001
.0000001, .0000001, .0000001,
.22,2.09,.25.4,,.02,3 000
.22,2.08,.25,4.,.02,3.,.000
.024,2.,.0000001r,0000001
.024,2.,.0000007,.0000001,
.024,2.,.0000001,.0000001,
.024,2.,.0000001, 0000001
.22,2.09,.25,4.; 02 3.,.000
.22,2.09,.25,4.,.02,3.,.000
: .0000001,.0000001 0000001
. 0000001, .0000001,.0000001,
.22,2.09,.25,4. 02v3 .000 -
.0243. 25 12, 01 1.,.06
.004.10 0000001 0000001
.008,10.,.0000001,.0000001,
.22.2.09..25;4.,;02,3.,.000
.22,2.09,.25,4.,.02,3.,.000
0000001, 0000001 0000001.
.22,2.09,.25,4. 02 3.,.000
0 .22,2.09,.25,4.,.02,3.,.000
.004,10., 0000001 0000001
.008,10.,.0000001,.0000001,
.22.2.09 25;4;;a02,3 .000
.22,2;09. 25,4.,.02,3.,.000-
.22,2.09, 2514;..02,3., 000
.22, 2.09,;25,4;;,02 3.,.000
22,2.09 .25, 4,,.02,3;,¢000
22,2.098,.25,4.,.02,3.,.000
_22,2;09, 25,4.,.02,3.,.000.
.22,2.09,.25,4.,.02,3.,
22,2.09, 25,4.,.02,3.,
22,2.09,.25,4.,.02,3.,.000
22,2.09,.25,4.,.02,3.,.000
22.2;09, 25,4.,.02,3.,.000
22,2.09,h25,4.,.02.3.,.000 
22,2.09,.25,4.,.02,3.,.000
22,2.09,.25,4.,.02,3.,.000
22,2.09,.25,4.,.02,3.,.000
,2.09,.25,4.,.02,3.,.000
25;4.,;02,3;..000 ’

a

0000001

.0000001,

.. 000
.000
.000
.000

.000000
.000000

.000
.000

i

.0000001, .

0000001,

.000
000

Substdtion

,.0000001,
-0000001 .

.0000001,
.0000001,

.0000001

0
.0

i
, .0

.0
.0

N
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©-.22,2-09,.25,4.

©.22,2.09,
| ;008 10.

-y

Table F.1 (contd ) Input Data - George Dickie Substatlon/

.02,3.,.000 *
.02,3"
.02,3.
.02, 3.
.02,3.
.02,3.
.02,3.
.02, 3.
.02,3.
.02,3.
.02,3.
.02, 3.
.02,3,
.02, 3,
.02,3.
.02.3.
.02,3.
.02,3.
.02,3.

,22,2.09,.25,4.
.22,2.09,.25,4.
.22,2.09, .25,4.
.22,2.09,.25,4.

2.09,.25.4.
.22,2.09,.25,4.
.22,2.09,.25,4.
.22,2.09,.25,4.
.22,2.09,.25.4.
.22,2.09, .25,4.
.22,2.09,.25.4.
.22,2.09, .25,4.
.22.2.09;.25.4.

.22,2.08, .25, 4.
.22,2.09,.25.4.
.22,2.09, .25, 4.
.22,2.09,.25.4.
:22,2.08, .25, 4.
.22,2.09,.25, 4.
.008,10.,..0000001,
.008710. ,.0000001,
.008,10.,.0000001,
.008,:10.,.0000001,
.008',10. , . 0000001
.008,10.,.0000001,
008, 10. , . 0000001,
.25, 4.

.0000001,
0000001,
0000001,

W e W % % e w4 doww e w w e w ow w e -

.008 10.

.008,10.,.
',008.10w; 0000001,
.008,10.,.0000001,
.008,10.,.0000001,
:004,10.,.0000001,
.004,10.,.0000001,
.004,10.,.0000001,
.004,10.,.0000001,
.004,10.,.0000001,
- .004,10.,.
.004,10.,
.22, 2, 09, .
’}004_10 ;
., .004,10.,
.004,10.,

.0000001,
25,4,
.0000001,
.0000001,
.0000001,

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
000
.000
.000
.000
.000
.02,3.,.000
0000001
.0000001,
.0000001,
.0000001,
i\0000001
.0000001,
.0000001,

e A I I T I R . T T T,

.000 .
.000 "

.008, 1.
.008,1.
.008,1.
.008, 1.
008.1.
.008,1.
008,1.

02 3.,.000

0000001
.0000001,
.0000001,
00000011
..0000001,
.0000001,
.0000001,
0000001,
.0000001,
.0000001,
.0000001,

0000007, .0000001,

.0000001,

.0000001,
+ 0000001,
00000071,

.004,10. ..OOOOOOL. 0000001,

*.004,10:;.0000001,
.004, 10.. 0000001

.02, 3,. 25,12,

.0000001,
0000001

b‘.02 K] 25 12 01 1 06

.06

.008,1.
.008,1.
008.1.
.008,1;
.008, 1.
.008, 1.
.004,1.
.004, 1.
.004,1:
.004,1.
.004,1.
004,1$
, .004, 1.
,;02.3.;;00051 :
.004, 1.
.004,1.
.004,1.
.004,1.

.004, 1.
004 1.

.01,1. e
-02,3.,.25, 12 4.01, 1,,.o§~ e

N Iﬂ .
B R “ : “s‘

- w® w e w e -

- @ w w e w e W w w wcew -

P oo e

,000

.000
.000
.000.
.000
.000
.000

.000.
.000 .
.000 -
.000
.000 .
.000
.000
..000
.000
000
.000
.000

.000
.000
000
000"
5.000"
+.000

140



&

.02,3.,.25,12. 61,1 .06 .
.02.3...25 12, ,.01,1.,.06
.22.2.09,.25,4. ,.02,3...000
.02,3.,.25,12.,.01,1...06
.02,3.,.25,12.,.01,1 , .06
.02,3.,.25,12.,.01,1.,.06.
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01,1.,.06
.02,3.,.25,12.,.01,1.,.06
.22.2.09,.25.4. .02,3.,.000 : :
.0000001 . .0000001, 0000001 .0000001, .0000001,
.0000001,.0000001,.0000001, .0000001,.0000001,
.008, 10.,.00000001, .0000001..008,1. ..000
.0000001,.0000001, . 0000001, -0000001. .0000001,
.0000001., .0000001, .0000001 ., 0000001 . 0000001
.008,10.,.00000001. ..0000001, .008,1...000
.007,10.,.007,1.,.00000001,woooooo1 .000
.007,40...007,1.,.00000001,;0000001,.000
.22,2.09,.25,4.,.02,3.,.000 L
. .22,2.09 .25,4.,.02,3.,.000 o
..008,10. 00000001 0000001 .008,1.,.000
.008,10.,.00000001,%0000001,.008,1.,.000
.22.,2.09, .25,4.,.02.3.,.000 u
.22,2.09,.25,4.,.02,3.,.000
.22.2.09..25 4. ‘ ©.02.3...000 ‘
_008,10,;.00000001.;0000001,.008,1.,;000
-..008110.;.000000011.0000001,.008,1,..000~ -
.22,2.09,:25,4.,.02,3.,.000. = o
0800001 ooooooq;;0000001,.0000001,,0000001,
o113
.2 110 o
3 2 19
4 .2 210
5 2 179
6.2 910 .
7l 2 'g 10 " P
8 210 .2 v
9 2 110 e
10.2 2.9
112 910
12 "2 . 210
13 2 9 10%.
14 2 210
15 2 '9 10 -
16 210 2 ‘
17 2-15 29 \
18 2 16 29 . o
18 2 1+ 9 CE e

»

Table F.1 (contd.) Input Data - George Dickie -Substation

SR

L 2

.0000001,

.0000001, .0
.0000001, .

.0000001,
-0000001,

0

.0
.0

0

. ."‘V"\'

141



4 .. ) 142

62

. ) ’ i
Table F.1 (contd.) 1Input Data - George Dickie Subg&gtion
20 .2 9 10 _
21 2 10 2 ] -
-22 2 15 29 * :
23 2 15 29
24 2 16 29
25 2 15 29
26 2 15 29
27 2 15 29
28 2 16 29
29 2 15 16 o :
32 2 16 29 v | &
33 2 16 29° o : o
34 2 15 29 ‘
35 2 15 29
38 1 54
39 1 136 , S s
1 1 : R o o
42 2 16 29 ° | - o ey
43 2 16 29 . | —
44 .2 16 29 : : ) :
45 2 16 29 '
46 2 1629
47 2 16 29
48 1
49 1
- 50 1 y
52 1 A
53 2
- 54 2
55 1
. 56’. 1
- 57 1.
58
59 o
60 h e
63
64.
65
66
T 74;.&2
80
81 - 5
. 82
83 1
84 1126
85 1 127 :
. 5



Table F.1 (contd.) Input Data - George Dickie Substation

86

87
88
89
90

g1

92
93
94

95

96
97
98

99

100
101
102
103

104
105

106

107

108

—
o
[{e)

—t eh —h emh b —d b b —t b
OOV NEWN = O

B e L G WUl W G g

128
129
16

131
132
133
134
135
136
123
124
125
126
127
128
129
16

131

132
133
134
135

29

29

136 .

123
124
125

126

127
128
129
16

131
132
133

29

134

135

136

16
16

16

16
16
16

16
16

16
16
16

16

29 .

29
29

29

29 -

29

29
28

29

29 -

29

29"

e

143

\\\\\
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Table F.1 (contd.) Input Data - George ‘Dickie Substation

135 2 16 29

/

Y
»

-
»

" \ . ) ) ﬁd.l!ldlull. :

16 29

2 16 29
142 2 16 29 _ .
143 .2 16 29.
144 2 16 29

137 2 15 29

138 2 15 29
140 2 15 29
2

138 2 15 29

136

141

~OMO~N
T T TN W
T v e - -

154
15
156

P Vo Y Y e = e e gy Y g y——
<r :

o

3458912345667890112334556789%01ﬂ,W
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Table F.1 {contd.) .Input Data ~ George Dickie Substation
22 15 2 9 10 : iy ,
22 29 2 15 16
23 15 2 9 1Q. : ’ e
23 29 2 15 18 . : _—
24 16 2 2 10
24 29 2 15 16

.25 15 2 9 10
25 29 2 15 .16
26 15 3 9 10 29 “

26 29 2 15 16 ' o
27 15 3 29 9 10 :

27 29 2 15 16 - ,

28 16 3 29 10 2 ' -
28 29 2 15 16 .

29 15 3 169 10

32-16 3 297 2 10 o

73229 2 1516
3316 329 2 10
34 15 329 9 10 )

3428 -2 15 .16 _ v »

35 15 329 9 10 S

3529 2 15 16 ' : - «
3854 2 1629 = . ‘ -

38 136 2 16 29
40 16 3 29 10 -2
40 28 2 16/ .15

41 16 329 2 10 .
4129 2 16 15 .
42 16- 3-29 10 2 ) ,
42 29 2 15. 16 L .
43 16 3 29 2 10 -
43 29 2 15 1g >
. 44 16 329 10 2 »
. 74429 21516 . - < | -
.'@fas 16 329 2:10 . | o
45 29 2 16 15 . S :
46 16- 329 210 | |
. 46729 2 16 15 - o o |
47 16 3 29 2 10 R | o :
- 47.29°2 1516 . C
C .48 47 2 16°29 - .
< 49 47 2 16 29
©. 50 47 2 16 29
53°16°.3 29 10 2 o |
. 5329 21516 SR Rl
5416 32910 2 - R I
5429 21516 . . e T
- 5554 2 16 29 . N R G
_ 5654 216 29 .. - T



87 129

-.‘}> 146
\-\' ) ~ . o

Table Fj1_(con§E.P Input Data - George Dicki

57 54 16 29 .

58 54 16 29 e

-89 16 29.10 S

59 29 15 16

60 16 29 10

60 29 2 15 16

61 16 29 10

61 29 15 16

62 16 29 10

62 29 15 16

63 16 29 10

63 29 15 16.

64 16 29 10

- 64 29 15 16

65 16 '3 29 10

65 29 15 16

66 16 29 2 o T

66 29 15 16 ;

74 16. 29 2 o .
74 29 -2 1615 -

80 136 16 29 . , - o

81 123 16 .29 ' : AT

82 124 2 16 29 L L

83 125. 16 29 i o '

84 126 16. 29

- 85127 2 16 29

.. 86,128 .216 29 . ..

4 16 29 -~ ;

88 16 3. 29.2 10+ .. do

Bg 289 21615 - .

90 132 16 29 -~

91133 ,2 1629 -~ .

92 134 1R 29 - \ ST
93 135 ‘2 16.29 o : s ,

-84 136
- 95 128

96 124 -
- 97 125~
98 126..

NN N NN NN

o L NGO B GO R GO NI GO R 63 NI GO R
PRI NIRIN. - ‘ LWL

e

62 Dbl n TR s
1629 B \

1628 e
629 - N

RIAINI NN NININ

-

©
w
¥
N
~
NN DN
<]
n
0
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o133

Table F.1 (contd.) Input Data - George Dickie Substation

RO QY N T\ P QUG L L. (P Y
QWO BAWN —

135
136
123

124
125
126

127
128
129
16

29

131
132

N

133 .

134 -

'._135

-— ek
NNN
WK

R R R NN RO N
~NOYO TS

197
428

128
- 129

129

130

- 130
. 131
131

132°

132
133

134
- 135
‘135

136
- 136

137
. 137
1138

'»e ﬂ38

136
16
.29
16
4 29

16

29 -
29
16
29

16

29 .
16 -
29
16~
29

16.
28

16,
29"

16

28
16
29

16
29
15

29
15 -
29?

&

LN W W NI WKW N W NG NI G G NI W R W I WA GO I GO RI G

AN NI NI R R A R A

m§

~231

NN NN

16
16
16
16

29
29
29 .
29
29

29 ,
29
29
29
2 10
45
6 29 -
6 -29
6 29
6 29
6 29, .
6 29 .
210
15
2. 10
6
210
16 SEN :
210 - S
e Lo
.2 10 B L
16 .. o AR
210 -
6 N
A6
290 0
16 T
-2 .10 o
16 :
210 = .
16 S ;
=210 7~ R ’
1% >
2 10+
16 o
210 SR
6. - S
210 R N
16 S
10

29; {{ - o 7 -?/f'
1029,w v S

J_O') O’J
1]

147




Table F. 1
139 15 3 9
139 29 2 15
140 15 3 9
140 29 2 15
141 16- 3 29
141 29 2 16
142 16 3 29.
142 29 2 16.
143 16 3 29
- 143 29 2 16
144 16 3 29
144 29 2 16
145 9 20 1
. 146 10 2 -2
147 9 2 1
148 10 2 2
149 .9 2 1
150 10 ‘2 2
151 9 2 1
152 98 2 10
152 10 2 9
153 10 2 - 2
1954 ‘@ 2 10
154 10 2 9
155 10 2 9
156" 8 2 1
489 -
- 1,2,.562,5
499."00-01 --0

‘cmmdmmaomomomomomomomo

(contd.) Input Data ’_Geqrge Dickie Substation

10 29

16

10 29

16

i

-

- ema

4
.o

N NN

N

148

//’“\\\
'
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é

F.2' Tle sets and cut sets of George Dickie Substat ion
a) WITH NORMALLY -©PEN COMPONENTS OPEN

TIE SET OR SUCCESS PATHS ( 4 ) @
PATH . El EMENTS.
1 e 2 4 21 12 14 16 18 24 33 45 42 40
' 46 47 48 49 50 52 . -
2 1 3 19 5 9 6 20 11 13 15 17 23
27. 29 28 24 33 45 42 40 46 47 4B 49
. 50 52 ‘ - | o
3 -1 319 5 9 6 20 7°10 8 21 12
14 16 18 24 33 45 42 40 46 47 48 49
.50 52 | . '
4 2 4 21 8 10 7 20 11 13 15 17 23
gg gg 28 24 .33 45°¢42 40 46 47 48 49

Tomponent 52 i.e., load point assumed 100%
reliable and therefore deleted from cuts

b) CUTSETS FOﬁ NORMALLY CLOSED PATHS

First  Order Cuts = 10

. ° : ’.V‘
‘These are element. numbers -shown below: '

4

24 33 40 42 45 46 47 48 49 50

.Second Order Cuts = 65 -
-These are given below:

~ . R . . “ LT )
Nunber Elqments Number Elements Number - Elements

- . 1 2 ’
Lo 12 23 .11 .18 45 15 18 .
2 18 24 "1 21 48 15 21
.3 121 25 12 13 . 47 16 17
4 s 2 3. 26 12 15 48 16 20
5. .2 5 27 12 17 - 49 16 23
6 .2 6 28 12,20 -5 ; 16 27
77 "2 g 29 12 23 - 51 - 16 /28
8 2 19 30 12 727 . - 52 16/ 29
9 2 20 31 12 28 53 .17 18-
10 3.4 32 12 29 54 17 21
1§ 3 21 33 1314 55 ' 18 20
12 . ° 4 5 34 13 16 56 .18 27
13 4 6 35 13 18 57 18 28
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Second order cuts (contd.) with N/O branches open - George
Dickie Substation

Number Elements .,Numbér‘ Elements Nugper Elements

.14 4 9 36 13 21 58 18 29
15 4 19 37 14 15 59 19 21
16 4 20 . 38 14 17 60 . 20 21
- 17 5 21 39 ‘14 20 61 . 21 23
18 6 21 40 14 23 62 21 -27
18 9 21 41 14 27- 63 21 28
20 11 12 42 14 28 64 21. 29
21 11 14 - 43 14 29 65 18 23
22 11 16 - 44 15 16 . _
Third Order Cuts = 120. These are: _ :
Number Element Number Element Number = Element
- /
1 1 7 12 . 41 3 8 12 81 5 10 12
- 2 1 7 14 42 3 8 14 . 82 5 10 14
3 1 7 16 43 3 8 16-° 83 5 10 16 .
4 1 7 18 44 3 .8 18 84 5 10 -18
5 1 8 . 12 45 3 10 12 85 6 7 12
- 6 1 8 14 - 46 3 10 14 8 6 7 14
7 1 8 16 47 3 10 16 87 6 7 16
8 1 B 18 48 3 10 18 88 6 7 18
9 1 10 12- . 49 4 -7 11 88 6 8 12
10 1 10 14 - 50 4 7 13 90 6 8 14
11 110 716 - 51 4 7 15 - 91 6 8 16
12 1 10 18 52~ 4 7 17 92 6 8 18
13 2 7 11 53 . 4 7 23 83 6. 10 12
14 . 2 7 13 . 54 4 7. 27 94 6 10 14
15 2 7 15 55 4 7 28 95 6 10 16
16 2 7 17 56 4 7 23 9% .6 10 18
17 2 7 23 - 57 . 4 8 11 97 7 .9 12.
18 2 7 27 -~ 58 4 8 . 13 98 .7 9 14
19 - 2 7 28 - 59 4 8 15 99 7 9 16
- 20 2 7 29 60 -4 8 17 100 7 - 9 18
21 2 B 11 61 4 8. .23 101 7 12 19
. 22 2 8 13 - 62 4 8 27 102 7 14 19
23 2 '8 15 - 83 4 8 28 .103 7 16 19
24 2 8 17 63 .4 8 29 104 - 7 - 18 19
25 2- 8 23 65 .4 10 11 1056 8 .9 12
26 .2 8 27 66 -4 10 © 13 " 106 8 9 14.
27 2 8 28 67 4 10 .15 107 8 9 16
- 28. 2 8 29 68 4 10 17 108 8. 9 18
29 2 10 11 69 - 4 10 23 109 8- 12 19
© 30 2 10 13- - 70 .. 4 10 27 110 .8 14 19
31 2 10 4- 10 28 111 8 16 19

5 7%
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Third order cuts(contd.) with N/O branches open
- George Dickie Substation

Number

32
33
34
35
36
37

38
39
40

PATH

1

o O BE W N

10

12

Element - Number E lement Number  Element
10 17 72 4 10 29 112 8 18 19
10 23 73 5 7. 12 113 .9 10 12
10 27 74 5 7 14 114 & 10 14
10 28 15 5 7 16 . 115 9 10 16
10 29 76 5 7 18 116 9 0 18

7 12 77 . 5 8 12 117 10 12 19
7 14 78 5 8 14 118 10 14 19
7 16 79 5 8 16 119 .- 10 16 19
7 18 80 5 .8 18 120 10 18 ~+19
_ N ,
WITH NORMALLY OPEN COMPONENTS CLOSED
TIE SET OR SUCCESS PATHS ( 12 ) .-
ELEMENT .NUMBERS
1 3 19 5 %9 6 20 11 13515 17
23 30 34 36 ¥ 51 52. Y L
2 4 21 8 10 7 20 11 13 15 17
23 30 34 36 38 5t 52 o
2 4 21 12 14 16 18 24 33 45 42
40 46 47 48 49 50 52 . :
2 4 21 12 14. 16 18 24 28 29 27
23 30 34 36 38 51 52 o o

-2 4 21 12 14 16 18 24 33 45 42
40 53 54 55 56 57 58 38 51 52

1 -3 19- 5 9 6 20 7 10 8 21
12 14 46- 18 24 33 45 42 40 46 47
48 49 50 52 ) ' .

1 3 19. 5 ) 6 .20 7 10 8 21
12 14 16 18 24 28 29 27 23 30 34

-36 38 51 52 . : ; : :

1 3 19 5 98 6 20 11 13 15 17
23 27 29 28 .24 3 45 42 40 46 47
‘48 . 49 50 52 : : . .

2 4 21 8 10 -7 20 11 13 15 17-:

© 23 27 29 28 24 33 45 42 40 46 47

48 43 50 52 : ' o :

1 3 19 5.9 6 20 7 10 8 21
12 14 16 18 24 33 45 429 40 53 54

. 55. 56 57-.58 38. 51 52 ,‘ .

.k 3 19 7 5 9 6 20 11 13 15 17 .
23 27 29 28 24 33 45 42 40 53 54
55 56 57 58 38 51 52 . -

2 4 21. 8 10 7 20 11 13 15 17

‘ gg 27 29 28 24 33 45 42 40 53 54

11

WWWWNNNNN

56

&7

<58

38

‘51

- 92

151



.¢) K TYPE CUTS
First Order Cuts = Nil

Second Order Cuts = 65
These are the same as the second’ order cuts shown above

Third Order Cuts = 120
These are same as the third order cuts shown above.

d) H TYPE CUTS )
First Order Cuts = 10 <
These are the following element numbers : S~ 7
24 33 40 42 45 46 47 48 49 50
second Order Cuts= Nil
. Thind Order Cuts = Ni‘l
e) SUCCESS PATHS CONSIDERING ACTIVE FAILURES
: ACTIVE FAILURE OF CDMPONENT- 1

REMAINING SUCCESS PATHS

PATH | : |
'NUMBER ELEMENTS . |
1 27 & 21 12 14 16- 18 24 - 33 45 42
a 40 46 47 48 49 50 52 |
2 2 4 21 8 10 .7-20 11 13 15 17

23 27 29 28 24. 33 45 42 40 46 47 -
48 49 50 52 T

CUTSETS BECAUSE DF ABOVE EVENT o LT
First Order Cuts = Nil '

SécondEOFder.Cuts = 13 These are o ‘_"iv K ;;»:

vNumbéﬁ Element Number . Element NuhberA Elemént

1t 2 -8 .1 40 11 1 ‘a8
2 .4 "7 1 4. 12 1 ag
3. 1721 .8 _ 1 45 13 t. 50
4 t 24 g 1 48 -

5 1 0 1

N

152



Third Order Cuts

= 48. These are:

Number Element Number - - Element

1 1 7 12 - 17 1 12

2 1 7 14 18 t 12 15
3 1 . 7. 186 19 1 12 17
4 1 7 18 20 -1 12 20
5 1 8 12 21 1 12 23
6 1 8 14 22 1 12 27 .
7 1 8 16 23 1 12 28
8 1 3 18" 24 "1 12 29
9 i 10 12 25 1 .13 14
10 1 10 14 26 1 13 16
11 1 10. 16 27 1 13 18
12 1 10 18 28 1 14 15
13. 1 11 12 29 1 14 17
14 1 11 .14 30 1 14 20
15 1 11 16 31 1 14 23
16. 1 11 18 32 1 14 27

13 .

Number -

- 33
34
35
36
37
38

- 39

- 40
41
42
43
44 .
45

- 46
47
48

—h h d oh od b odh ad cmd amh ek b wd —h o &

Element

14

 DROP THOSE CUTS WHICH HAVE BEEN EVALUATED BEFORE
REMAINING CUTS TO BE EVALUATED -
First Order Cuts = Nil

Second_Order'Cu

ts = Nil:

" Third Order Cuts = Nil

14

28
29
16
18
17

20

23

27 .
28
29

18
20
23
27
28
29

153_
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The cut sets for active failures of other components are
also calculated in the same way. The count and order of cuts
because of active failures<of other components are tabulated
below in Table F.2: | ‘

. Table F.2: Cut sets due t& Active Failures
Actively failed #First order #Second order #Third order

component cuts o cuts - cuts
2 nil 8 ' nil
3« nil nil . nil
4 nil 7 _ nil
5 nil 12 nil
6 nil 13 - nil
7 1 , nil nil
8 nil : 15 onil
9 nil 12 nil
10 nil :g,i;.; B 15 ' nil
11 1 ‘ nil nil
12 o onil : 6 : - nil .
13 ,o.onil S 2 ot nil S s
14 N R B 6 ~ - nil o
15 -nil- : : 2 o nil %
16 e nil - B = nil
17 2 onil nil o7 nil
18 nil . nil .. o nil
19 nil S .oonile o nil
20 nil - nit '~ nil
- 21 nil ' nil - nil
22 nil, ' 5 : 6
23 nil nil - nil
~§g nil : . n;l : 0 nil
nit. . - 5 , .6
2 - nil i s 6
2T Lomile oo nil . onit
28 V.- 28 o nin - ‘nil .
29 nil nil o mil
. 32 nil . s 18
33 il nil - ,nil
3 M1 s
ni o . ,
38 niY , nil = Agﬁ
39 nil . E nit = . . nil
40 nil ooooonil 0 0 il
41 nil .~ . g 18 T
- 42 .nil ~onil - pil
43 nil 9 4 % 18
44 nid - 9 w18
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Table F.2 (contd.) cut sets due to adctive failures
- George Dickie Substation _
Actively failed #First order - #Second order. ¥Third order
componént . Tcufs cuts cuts
45 - nil - nil nil
46 ' nil nil nil
47 nil nil _ nil
48 nil ni) nil
49 ‘ nil _ nil nil
50 ' nil . nil fil
52 R o nid ~nil
53 ; nil e .9 18
54 ’ nil e _ 18
55 : . nil nil - nil
56 nil ‘ onil ' onil
57 - nil nil nil .,
58 il ‘ nil. - nil £
59 . - - nil 9 - 18 .
60 -nil 9 18
61 nil - 9/ 18
62 -. nil | g - 18
- 63 ' B 1 ) 1B S N) 9 18
64 , nil g 18
65 B ¢ ) B 9 18
66 onil /)T 9 18
74 o nil 9 - 18
- 80 : nil nil’ nil
81 - nil -~ . - nil ‘nil
82 nil U i “nil
- 83~ Cnil o - nil . oonil o
84 . nil oonil ' nil
85 o nil . onil : nilt
8 . mil. il o nil \
87 - il R A . nil -
88 1 ‘ - nil - nil '
- 89 ' L nil nil - nil
0 - ntl.- C nil"” .. nil.
81 . - nil . - nil nil ‘
92 : nil nil nil .
93 , nil "~ - nil - piy s
94 _ nil : nil nil.
g5 v Sonil T Sonid)o nilt-
. 96 S L A 1} B IR § B I
97 . L nil - it nil..
- 98 il nil nil :
99 , nil . il nfl
100 R 1 1 R - nil nil
101 nil " nil- .o nid

102 pil 45 nit
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- Table F.2 (contd.) cut sets due to active failures
- George Dickie Substation.

& . ’
Actively failed - #First order #Second order #Third order
component & cuts cuts cuts -
N . , N
103 ~ o nil nil =~ nil
104 ’ nil , nil nil
105 b -~ onil Conil nil
- ; . . . .
115 ‘ nil nil nit
116 1 . nil nil
117 ‘ nil nil il
122 nil il il
123 1 nil - il
124 1 _ nil - nil -
136 1 nil nil
137 nil 5 6
138 nil 5 6
139 nil 5 6 2
*140 nil 5 6
141 1 nil nil
142 1. nil nil
143 1 i . nil nil
144 1 ’ nit nil
145 nil 3. 12
146 . nil 15 id nil
= 147 nil 3 - 12
148 nil 15. nil
149 nil 3 12 -
150 . nil 15 nil
151 0 nil 3. 12
152 - ; nil 7 nil
183« . nil 15 T nil o
154 °. - onil 7 nil
156 -~ .. nil »15 nil
156 ~ . Al 3 12

L
i



!

@

A}

1

PATH ELEMENTS
"NUMBER .
1 2 4 2t 12 14 16 18 24 33 45 42
40 46 . 47 48 49 50 52
"CUTS WITH STUCK BREAKER
First Ordgr Cuts = Nil
. Second Order Cuts e 17. These are:
Number Elements Number Elements Number Elgmgn15‘
Y 12 7 1 21 43 1 46
w9 1 4. 8 i 24 . 14 1 47
3 1 .12 9 1. 33 15 1 48
4 114 10 1. 40 16 1 49
-5 1. 16 11 1 42 . . 17 -1 . .50
6 - 1 18 12 145 T
Third Ordef‘Cuts(='Nil
DROP THDSE CUTS WHICH HAVE BEEN EVALUATED BEFORE’
© REMAINING CUTS . ;
- F1rst.;0rdgr_Cuts = Nil
Secdnd'Order‘Cuts =4 &
These are @ . \Q - |
> ; R 14 Y -t A

'Theﬁut sets for other conbmaﬁons of’ actwe failures of

f) Cutl sets with

,a_ct Ive fallures and stuck breakers

ACTIVE FAILURE OF COMPONENT= 1

STUCK BREAKER=

S

SUCCESS PATHS REMAINING AFTER ABOVE EVENT

-Third Drder Cuts iNﬂ

157

-components and the stuck breakers present in the system are .

calculated in. the

failure of component 1 and s

- count of cut sets

same way ag.demonstrated above for active
k breaker 9. The order and .
thus obtain€d are listed 4n the table F.3- -
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7

Table F.3: Cut sets due to active failures and stuck -

breakers mo
Actively Stuck #First #5econd #Third _
failed breaker order cuts order cuts order cuts
component . , i
2 10 1 nil nil
3 9 nil _ 4 nil
-4 10 1 . nil - nil
5. 9 nil 4 nil
6 9 nil n 4 nil
6" 10 1 nil - nil
7 9 nil 7 : nil
8 10 1 nil nil
g 10 1 nil nil
10 ] 1 nil nil
11 9 nil -2 , nil
11 . 10 1 nil nil
12 - 10 -1 nil nil
13 | "9 - nil 2 nil
13 10 1 nil o nil
14 10 U B nil nil
15 8. nil -2 onilse
15 10 b K nil nil
16 10" 1 nil nil
17 15 nit 2 - onil /
18 16 ni.l 6 nil
19" 9 - nil 4 ‘ nil
20 . 9. ‘ nil nil A .nil
20 10 . . niT ‘nil
21" 10 1 nil il
22 - 15 nil ) 7 - nil
22 .29 1 ‘nil ' - nil
23 15 nil 2 T nil
23 . 29 1 T il opil
24 16 .- 1 nil nil
.24 29 ' nil Snil ‘nil
25 15 - % nil -7 nil
- 25 29 .1 nil . nil
26 15 ~nil 7 nil
26 29 . 1 T nit - nil .
27 o 15 ‘nil 2 nil
27 - 029 1 nit nil-
28 | 16 1 Conil o il
28 .y 29 1 ‘ ~nil - pil
29 ./ 15 B - - nil o pid
32 / 16 . L o nil onile
.32 29 oA L0 il - .. nil
.33“.1')\, .16 nil . . nil. " hid
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Table F.3 (contd.) Cut sets due to active failures and
s tuck breakers - George Dickie Substation. :

Activel Stuck - #First #Second #Third
failed breaker order cuts r
component
34 15 nil 7 7 nil
- 34 29 | 1. nil nil
35 15 nil 7 ' nil
35 ‘ 29 1. nil nil
- 38 - 54 1 nil . nil
39 - 136 | nil nil
40 ' 16 nil nil - nil
40 29 nil - ‘nil nil '
41 16 1 nil nil
41 29 T nil B nil
42 16 nil nil nil
o 42 29 nil nil | nil
43 S 1 nil. = nil
43 %9 1 nil ‘ nil
v 44 e '6 1 nil < -nil -
- 44 29 1 ‘ nil . > ) d
45 _ % nit.. - : nil 1 @
45 .o 29 L nil - Nl . % nil .
46 16 nil " onil ' nil
- 46 - 29 Tl nit < nil
47 .16 - nil S+ . nil . nil
47 - 29 . nil. nil il
48 . @ nil- . - 7 nil o nil
‘49 C L e nit "> . nit nil
50 : 47 - nil. . 'nid : nil, -
53 . 16 o *oenil 7 nild
53 _ 29 T ool o conil o
54 . . 16 1 : nil nil &
54 . .29 1 nil o nil
55 54 - 1 nil oonil
56 . 54 1 nil S nid
57 54 1 nil : onil
58 - 54~ 1 “nil - onil’
5 16 - - . nitl - nil
59 . 29 1 nil. ~nil
- 60 - 16 1 nil . - . nil Cw
60 - 29 1. Cenil o onil o
61 16 T - nil - nil
.61 29 PR nil. - nfl
62 : 16. . 1 il nil
.- B2 : 29 1 ‘ nil . ni1 -
63 . - 16" S T 1} O A 111
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Table F.3 (continued) cut sets due to active failures
and stuck-breakers - George Dickie Substation.

" Actively  Stuck . #First #Second #Third .
failed T r  order cuts- order cuts order cuts

component
64. ~ = 16 1 nitl- nil |
64 29 1 nil ~ nil .
‘65 16 . 1 nil nil
65 29 - 1 nil : nil
66 . 16 -1 nil nil
66 - 29 1 nil - nit -~
74 16 1 nil . nil
74 » 29 1 nil - nil
.80 136 1 Tl nil ‘nil
81 123 1 nil nil
82 124 1 nil, nil .-
83 125 - nil- nil
84 126 1 nil .. nil
85 127 ; 1. Ril onil
. 86. < 128 - 1 nil - nil .
.87 .o 129 1 nil - nils .
88 16 .. 1 nil onil
88 .- 29 1 nil: .. nil
. 89 _ 131 1 - nil o nil
- 90 o132 1 nil _ nil
91, 133 1 nil. - nil ’
92 134 1 nil. nil o
93 o 135 o Sonilc o T il
T 136 1 nil. . nil
123 . 1 Conil- - onil
124 1 roonil o < nil-
125 1 nit L nil
126 - e 1 il oo il
127 = 1 onil o nil
128 1 nilt - onil
129 1 .opil nil
‘ v 16 1 nil - nil
102 . 29 1 nil. - nit _
- 103 131 | ail T mil .
- 104 . 132 - N eit T T an
- 105 . 133 . R nil. nil
106 - 0 134, 1 onil o nil
107 135 1 nil .. nit.
108 136 1 nil-- . nfl
109 123 1 - oonil nil
110 124 - 1 c=ooonilo o nil v
om0 128 RN -onil 0 opilb
o112 126 -1 onil o o hil S
i . '
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Table F.3 (continued) cut ‘sets due to actfve failures
and stuck breakers - George Dickie Substation.

" Actively  Stuck  .#FiFst #Second  #Third
ai breaker - order cuts order cuts order cuts -
component T - Tw T -

127
128
129

16

© 131
132
“133

134
: - 135
o . - 136
A - 29
124 T
124 .. 29

1 nil on
i .
1

1

1

1

1

1

1

1

1

1

1

1

125 . 16 ) 1
SR

1

1

1

1

1

1

1

1

i

1

1

1

1

il
nil il
nil : 2}1
onil oonild
v\ﬁ}_ ..o nil
2 niT
- nil
- nil
nil
nil
nil
nil
. nil
SRR 1 } B
nilt.
il
nil.

. g Coonilo o
B E 0 RN 1 1 1 I S
nil o TRt
nil. =~ " " pil
nil o nie
ik nil

[\ IR N P G N Y
COMNORNUILW

»

S
WN =

—r
N
w

e irde wdo wbe by wds wade by madi’

38475 5 533 3

125 29
1 . 29&
127 - f515§g' -
27 - - 29
128 - - L
129 MR | - TR BT
129 0297 L

130 . : 16

Conil. o onil
it it
nil. il
~ohnil nil o 34
nilc ‘nil--r»\-'
nil. - nil

o~

.7
)

131 e
131 29
132 . 16
w132 0 e 29 1
133" ¢ 16 e
~1338 .- . 29 ‘ . -~ o nits
134 . 16 4
134 . 29 L4
435 - T 16 R |
- 185 - - 29 o
136 18
s
i
1
i
1

3
b
—-—
3333333
be wobe wbs anbe wnbe wde wbe
[ U R R R p—"y

.3
e wnly

71;@E‘~' 22333
£

136. © © 29 - -
137 © . 15, . niv
137 29 it
138 15 opit g
. 138 . 29 . RIS

3333



" ctively, tuck
to ¥..%Ei[§§ " breaker
S — .
. 139 15
. 139 29
140 15
.14 16 .
141 29
- 142 - ;16
142 . v 29
143 16
143 29
144 ;7_16' .
© 144 t 29
S w145 P9
" 146 110
- 147 - 9.
148 - 10
149 -8
150 © - 10
181 - 8
} 152 9
o 152 “10 -
163 P10 ¢
" 154, 93
154" 10
155 - 10
156 9.

Tdbie F. 3 (continued) cut sets due to active fallures

and stuck ‘breakers - George Dickie Substation.

" #Third
~order -cuty

#First‘

order cuts

3

3

.

., 3

3

o |

‘a3

]
»

3., -
Ttk ks ade o ek s e ek, e ek wdt ik Wl b ed h ed ik h —d —k wde A b

3

#Second_ '
order cuts

niv
nil
nit
ni.l
nil
n1l

nil

. nil
nil
nil
nil
nil
n}l
nil
niil
nil

ni.l
nil
nil
nil
nil
nil
nit
.nil

. :,»ml

- ail

"nil °

P

kI

nil

4 oni]

‘nil

.nilb

162
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APPENDIX G

3 .

‘ P )
EQUATIONS FOR EVALUATION OF CUT SETS

The assumptions made in tne‘fOrmulation of these equdtions are as

4

follows: |
1. Component failure and repair events are independent of each other.

2, . Component repair rates are much larger than their ‘failure rates

3. Preventive maintenance 4s not performed if there is some outage
existing in a related portion of the-system. '
4, The probability of two or more active failures is approximately
equal to zero. ' ' u
5. JProbability of two or more stuck breakers in the system is
approximately equal to zero. \ f
4 5 ’
"In the following section the eouations contributing to
,1oad point failure rate and duration are developed and all failures
' are teferred to as a load pointvfailures.;

LY

. a) Passive feilures and overlapping passive failures P

i)First Order Cutset o ' : : Q} ' _ o Lt
Let 1 be the component in the cutset then - ' ’
Contribution to the f.ailure.rate_='5\i o v
Y S o Co S ’ N v SR
, /,' . - -,  Duration =1, S IR
| ii):Second Order Cutset - ‘i L . N } »'A”',:'::f77
N ‘ . ’ ) ' ‘ ' B o »'ﬁ' : ‘ ‘A..
Components in the cutset = i i -_Jf (IR o F A@"e":}f;
! E The components of the cutset are in parallel and the Markov 1\:3_ :
L B model of a two component parallel system is shown in Figure
o ﬂv‘ Gl - ‘ B : L ,.,; . - o
o L up o i down ‘
) a : 7] « - . V) : ‘< -
i d P - Aeg b Ly
A1 aye 1y
o ' L . N ’.‘.
, Al U dewn |- B
L j * down
- A ¢ _

;“n e N . E i

i'igure' G. 1 Markov mod‘eﬁ of a two component parallel system . R

. . . .

R LR e
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where:. *
-Ai = Feilure'rate of component {1
Aj = Failure rate of .component j
Hy = Repair rate of component i _ . e
uj = Repailr rate of component j
ri = Mean repair time of comporent i
rj =Jyean repair time_pf component j
My B oMy
uj = .l/rj . \ '
1, 2, P3 and P, arethe probabilities of state 1, 2, 3

and 4 respectively; ‘As. has been described in -Chapter. 2 the

steady state probabilities of occupying each state can‘be found by

- using erquency balance approach resulting in . the following :

.

." . u . uv“ v’, “.‘ . .‘ ) .v (. ‘ - N . B )
e i i . g o o .
P - —= '--jf’ o - ((»~8. 1)
ot J\i}f)u +>\}
R Aif ii‘ s o
2 e
1 K ’ ' ﬁ‘- . '/1‘ - -
N u ;A ‘ :(" _. w R
P3 = e i" . j . t . \ (8.3)
R G TR VS I QTR VR e e 3
I, o . - : . .
,._.Xi,:.' Aj . | .
”P4= ‘ . : (8.4)
{ u +L}{uj+A } I |
The system: availability is defined as-: Pl + P2'+_P3 . :__- O
- Y B ’ ‘ # .
N uipl + ujxi +,yiAj | . oo
. o . (ui.+ li)(pj + Aj) o i |
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o _ l(ril/rj + )\i/tj + Aj/rj : s
- s 1/, + AP Az + ).
. ~ . . \‘ T
14+ x,r, + 2.1
11 :
o X = 1l G
. R 1+ Airi)(l + Ajrj)

The probability of “system failure (i.e., P ) is ‘the probabiligy of
residing in state 4 and {8 defineﬂ as follows

' y
Pe = Aixjrir /C1+ M) ( 1+ Ajrj ' o~

The frequency’of‘failure = Probability of system failure x Rate

v . oﬁudeparture-from the failed state - c -
L= Pe (uy 4 uj) ‘
Aixj( r. 4 1 y .
= (8.6) -
o ( 1+ )\ ,
’ 1t1 1+ X1y o B
3 i) . .,
' The failure rate, A= Frequency of failure / Availability ' . '
\ Aik (ri + T ) A+ ri)(l + j) - .
T (FP@+ AT (L + Ar, +edr ) P
R PO+ M) At Am dedpE) ’
‘ | 3 =)\i>\j(ri + I'_i) ’
<A (1 + Aifi + Ajrj)

In many préotical studies the following assumptions can be made-'

_If Ap <<y and» Aj pf‘. By then, o . jl,. e

1 + ;!.' + Ajrj=l . : . , ¥ : ’ ‘v" K T

and therefore, ‘ o . :

the load point failure rate A= Xikj(ri +'rj) { . Lo (847)' " o

and, , . : . . . ’ " S
*ﬂthe load point average duration of repair, r= P / ff e .mfi

Substituting values of Pf and ff, we get . S R

s - » . 4
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'? Similarly, the contribution to failure rate by second combination .

- r=r, . r, /¢ r, + r, ) . (8.8)

where; : T L

A and r are the load point failure rate and mean duration of repair:
time. | '

The same results can be pbtained by the following procedure:
The.load'point is in the down state whén both components have failed.
Assuming that no simultaneous or common mode failure can occur, the R
system fallure state can occur with the: components failing: sequentially

1n one of the two different combinations, These are:

combination X . order of failure ;
Lt ' : . n .'i ‘
oo | ]
1) . ;oo

- Since the events are mutually‘exclusive the total load point

fatlure rate is ~the addition of thev contributions to. faiﬁre

A N
N

rate by each of above combinatidns.
The contribution to load point failure rate by the first combination

. c kl .= Failure ‘rate of component ix éprobabillty component

% j tails while 1 is failed) R
e ',. ”“1)/(1”“) o Y

"term in equation 8.9 equals unity approximately.,,\”

Therefore, A ‘A (A

o M T 4 1)

'Aéﬂ- Failure rate of component j=x (Probability R A

’ component i fails- while j is failed) Dot
Oyry) R

' J 1] = . _
'Total contribution to load point failure rate

it

( r +r,

.' - . ‘_.;...a 1}.] J
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.Since it has been assumed that repair rates of components are much ' g

larger than their respective failure rates, hence the denominat!ﬂs -
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" 111) Third order cutset - ‘

Let the components in the third order cut be i, 3, and k.
Since the componenta*in the third order cut dre In parallel
hence the load point is in failed state when all three
components have failed. This state can occur with the
components failing in_one of six different combigat 'ns;'
‘These are :- ' R e TJ/}O

»

H\ Combinatiop T order oﬁ'failure | 'w\i o v‘f_

n ' R S D J x e

LD g | |

. 3) I

| 4) T
\ | 5
oY X

6)

3

1 .
:1
-

3

N o

' The total failure rate is the addition of the contributions
.to failure rate by each of the six combinations R \f‘
_The contribution to the failure rate by tha first combination is )
= Failure, ra&e of component i‘m (Probability ‘component
. i fails while 1 1s failed) x (Probability component.
-k fails vhile i and j are failed) o R
T AN rj/(r trp) ERTR / - , S
(f.:f = ,ix A by 2 Ty )/(r + rj) e .AJ“KQ ;ffifi' 8 S
The contributions to the failure rate due to rest of the

binations can also be written in the same £ashion.‘i' .

The total contribution to load point failure rate, .; N : Ry
| ZZA’, a Ai : k(ri j/r +rj) + Ai J k(ri i3 )/(ri+rk) S :"?;nij’: ;;,'ﬁ’l
S < { \y jAk(::j k) /(rj ) +: Aixjxk(rj ri)/(r +rk)

‘ | | . /‘ + Xi)\j)\ (r )/(r ‘ ) -+ AiAjAk(r rk)/(r k) . x

4

- B .
- o

e s T R . . Y .
® . . L . I R . e R . D
.;,’3 . D . we e el il G

LS
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b) Maintenance Qutages and mainqenance outages. overlapping passive

failures .

I) First order>cut of

Let the component in the cut be 1 and let its maintenance
) "

& outage rate be defined as Ai and the maintenance restoration
: "o . : . o
i . Then A ‘.. . “ - " . ] . . ..
Load point failure rate contribution = ]
i
Mean outage Duration = ry

There can not be any contribution by maintenance outages .

: rate 88 r

‘ overlapping-passive»failures because of- the assumption

‘that if there exists an outage in the system the maintenance

'
e . i

activity is not started ‘ . , -,
II) Second order cut .

‘The contribution to\{he reliability indices dueéto the

@ g
maintenance ‘outages overlapping the passive failure§ can
i be obtained by the sam%;ldgic as expiained for the

- ovérlapping passive outagés o ‘
o Let the components 'in tne cut be 1 and J Since maintenance'
activities are not started when there exists an.outage in the

system,.only two combinations are possible which lead to the load

pointaoutages. They are: - R ‘_'. v
1 component 1. in maintenance outage and component j in ‘ }..L, e kd
1i§. passive outage. mode,’ ; ',;-33’:”fj L & :
‘ .45 2; component j in maintenance outage mode and component 1}_ iy R
a ' 1 in passive outage. mode.* “';__' B L o R
The contribution to load point faiIure rate and mean Lo ‘,_ f,";;@;i
l;sf.:l'duration indices by the first combination is given by IR
P __-@ SRR o
bldﬁ - X (Ajri) S o .’r ' o
LR . " ' v’ ’ . - ‘ «.
; Tytry - ’ 5 .
.y c ; / - : »
..»¢~_m;_ ’ “]'z L :
: .u.,: et Ll e e e :
CwaBe :;ggﬂyi‘ﬁéAj:'i I T k

v ';:’»r - 1’ r /. (r. +98) .0
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Total failure rate = A = A_ + A_ = A, (x r, ) + 2 (O r ) (8.11)

1 2 31
Mean outdge duration = r = r Al +r A2 R o
3 ) . Ny “
R S
If ~
. A ) 1 " " " " 1"
U = . = - =
17 AMFgps Vi = ATy Vy = ATy
and,
Lo ", "’ - -
v,, £ t
15 50/ ry) - |
where: - . ‘ s

Ui is the total .annual passive outage ‘duration..of component 1i.

* o

. Ui is the total annual maintenance outage duration of component ..

V. is the total annual maintenance Qutage duration of‘**‘%oml’one“t K

U B "

iJ is the mean outage duration when component i is-on maihtenance

outage and the component J fails passively

’Then, : .
A " Lo ‘ . -
T+ . . ‘
the.mean outage duration, r =(v Ui £ Ujui\)Ji ),/ A (8 l2)-
III) Third order cut set '-'_" . ' S 1ﬂ£‘x'

Let the components in the cut‘set be i, 3. and k., o

. The three events which lead to the load point interruptions e ~

= as; fbllow5' ,"'_'fr o S I o -

, X
R ,gomponent i in. maintenance, R and k id passive outage mode,

‘ f=2.-component hE in maintenance, 1 and k in passive outage mode, o

"31;: 3.Acomponent(k in maintenance, i and j in’ passive‘outage mode.

Each of above events can haVe can have 2 subevents because of

- - the order of failure df passive failures. - For example, event
,u.-‘ )

‘can have the following subevent - . _
:5311;.subevent 1 i iq'maintenance,uj failg and then k fails,j_'

a2, subevent 2 i in maintenance, k fails and then j fails,, '_3,5

The outage tate. resulting from event 1 is defined as'°' : ‘f - '«;7
BN i R
. 1. A (Ajri)(kk ij/(r +ri))+ )1 )(A)(rirk)/(riﬂk)

. . . . ~
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- 3 "The total concribut' 7
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where: L
(1] , .
Ai = maintenance outage rate of component i
Q
; .
A "A&r;'= probability that component j fails while i in mdintenance
L4 w B

outage

. e
0 M e

A Ly /(r +rj) = probability that- gomponent k fails during *..
. . . the maintenance.outage of component.4 and
| repair duration of componeént k
- It may be noted that the above- two terms are“numerically
~ equal to the respective probabilities because the
' denominator terms have been ‘ignored (Rgfer equatipn 8.9).

a

The_ outagze dunatiun due to above event 'is given by the follow1ng
Equations
" 5 n
.1/r1 = i/ri'+ 1/1‘j + l/rk
l'l

r.. "

o ¢ : k / (r rj ¥ rj‘r. + rirk '.,;, .. . ‘ ‘:‘

. » : ’ . "{ i { v ‘ . o ‘ : ’ )
o7 ( Lo v . - : . . L
8imilarly, the indtcés feéultﬁpg frgm efgn;s 2. and 3 are given‘ .

by:” :

8t
'

27 Rj(A j)(J\ )(r ,.)((r j) Y (AkJ)(A )(r rk)/(r or ),', i
” r?‘sﬁ r;ruirk / (rj T l'j'rk Frr ) N

@.;‘ \ o

’ - A\ 7"0 : g : -
. y . " g : L
Ag= ,_Ak(-xi;:k_)(xj)_(_r r )/(r D + (Ajrk) (A{)'(kr_j?*)/_-_(tj#k) :

:5'r3,.f> r, 154 /(r Ty + r 't +»-r.1r )

k "N j =

, . . S
] the load point teliability indicesv: L

:'is given by the followin& eqdations.; AT | - N
ELoad point failure rate A = Ai + PYSEE D F U :;."(8313):7b
faHean,outagg.dqration,avr *&(Air1*12§2+lar3)/l‘:~ .(8y14y’"‘

- ¢
- . B . ‘
T e



'r = Equivalent mean repair duratyan of the cutset

c) Active fajlures and active failures overlapping passive failures:

. N

- . ; \ ) .

Let:

Active failure rate .of component i

Switching dﬁration of component 1 ' ' ‘ , .

> W >
[N

i Passive failure rate of component i , .-
) :
Mean repair duration of,component i

e
[N |

Equivalént failure rate of the outset »

-

. R 2 o
i) First ordér cut set

171

Y . N - . .

Let the component in the cut set be i, then:

=S\)\/ .

Load point failure rate contribution = A g ) - < (8,15)

- Load point mean outage duration 54 . (8.16)

‘1f the oomponent can nct -be switched then:

the load point meari outage duration %~r1

-

*V

ii) Second order cut set S ' ,:.,{{/i>,‘
0 . :

Let éLe components in the cut set be 1 and j, where 1 1s the ‘

.actively failed component.

i Load point failure rate Active failure rate of component i A&

I -~

o _ ‘ (Probability 3 fails passively while
- L hé :-~ i is actively failed)’ '

. . e
' passive failure rate of component i _
Fﬁ\v S ‘_t 'fxt (Probability i fails actively while R
S AT :}, o ) j is failed passively)a-

A A S + X A 1,

- If the failed componentjcan not be switched then,en~

‘the mean outagevrepairftime‘is given by - .

"r . s iy /(s )

Ceedn o Mgt T gty ',-(é:i75‘vv

L L 1. D | L h o R .z Lo e ‘»
A R _ - S ¥ , .




111)Third order cut set

\

\

1f the component can be switched then thesevent can be términ

['..," /;( o g ’H fails activelyiwhile J s passively failed)
R _ . : (Probability K fails passively while j is . .

N ' : . . - 172

by the mean duration of Sif

!

R
Let the components in the cutset be i j and k and let i be the
actively failed component.
o ; * >
koad point failure rate = Active failure rate of i(Probability h]
R fails passively while i1is activeuy failed)
FE ' ] (Probability k faﬁls passively while 1 is
\ u actively failed and j is passively failed)
:’- ) .
Active failure rate of i. (Probability k fails '

* passively while iis actively faiLed) T

- (Probability i fails passively ‘while {° is e

_ .actively failed and k. is passively failed) '
S R + ,
'“Passive failure rate of j. (Probability i

fg o vf‘v passively failted and,i_is.actively failed)ké“
» .;.. ot B v ST "_,:l
B Passive failure of' j (Probability k- failS*'
passively while j is passivefy failed)
. (Probability'i fails. actively while
. ] - ,AJ apd g,are passively failed)
LR ey ;1..7 , SR T?L”'
;Passive failure of k. (Probability 1 fails_
A vactively while k is passively failea) _
©_i(Probability 1»fails passively while k. 1s_?‘
R S 'passively failed and i is actively,failed)»"f‘

| :passively while k. is passively failed)

.'_‘- .
¥ I IR . : i e

B Passive fallure rate of k. (ProBability i fails -

PR



L | S R
‘ o o s L (Pmbability i fails actively while, j
. N ' . and k are passively failed) ) ’

.\'sf'gllff" T : o
o “no}nt failure'rate,' A=Ay Ajsix “Sirj/(s +I‘j) + 11 Aksixjsirk/(s +rk) N

v
’* " s A S /(r,4S ) 4+ A A r /(r +r )
- 7 jijkjij JkJiJka
lkki rkljrksi/(rk+si) f lk j kki rkrjl(rk+rj)
- Lt S - (8.19)
. : S
4,,3 If the event can not be terminated by switching thx the mean g
'\" repalr duration is given by the following equations° ' ' - . o :
» 1!1‘ = l/si + ]:/rj + l/rk . ~ . ’ - § ‘ .\”_:v;.
: y - . ’ . . ) 3
1;$jr /(r ;k+sirk+sirj) SR S '(8,'_20)“
» . . A . » . i r .
Otherwise, if the event can be terminated by switching, then- S
the mean repair time is given by the following equation.’ S ,
: ;‘ . P
h r = Si . - - E Q R 5 (8.'2.12
o o S S ; ]
’Q) Active “failures Qveélapping~Maiﬁtenencé Activity '
'i)- vvFirs't_,'Orde’r‘Cu_t_ Set.: T R S B S
ThereVggn not be any contribution by maintenance outages oVerlapping z%_ X
A Sy 1
. ~aetive failures because of the assumption that if there exiats an e

0utage in the system the maintenange activity is not started.

el Sote
) , : . - X L > L . T v
X .. . : : N W S .
. . W P A
- S & . . ,

, ii)\Seeona'Otdeerut;Set

. . . . N . * . N
‘e ey ’ &’ &

: Let the components in the cut set- ‘be, i.and’ j, where 1 fails § ,:"’slf*u"
actively whiﬁe j 1s-on maingenance outage.» SRR D 'jff;f‘,h’ R

’

Load point failure rate - Maintenapce outage of j (Probability
' R -~~i £ails actively uhen j 43 on maintenance
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) " . " R - o .
\\\\ Load point failure rate, A= Aj(kigrj) N T (8.22)

If the event can not be terminated by ewitching, then ‘

» 4 4 - ) ) o

the mean outage duration = S, j/(S + rj) T ey (8.23) .
If the. event can be terminated by switching, then '~};-. »
“the mean outage duration =8, o -(8.24)
- .“ :

o

A1) Third Order Cut Set - R
i Let;thefcomnonents’in the cut set be 1, j and k; :bereii fails
actively, j can be on“maintenance‘outage and k.canggail~na;sively.
'oLoad poin% failure rate.= Maintenance outa e,rate of j. (Probability :
- o ' o - . i fails actively when j is-on maintenance
outage) (Probability k- fails passively ;.
. while j is on maintenan%e outage and 1
- s failed activély),
e _— ﬁ{ . f _ ‘Maintenance outage rate of 3 (Probability
' ' . Av"_k fails passively when j is on maintenance
| ';'xoutuge) (Probability 1 fails, actively v
'ﬂ?while i is on maintenance outage and k- is
- rfailed gZSsively) A C

» .

! —

;vf Similar terms when component k is on
»'ﬁ maintenance outage ‘and" component j failgz\\\*
S 55passive1y. R

'!
<

Let the event when component i’ fails actively, j on maintenance
outage'and k fails ppssively be termed as event 1 and the event
. swhen component i fails actfvely, k on maintenancé outage and j :
v fails passively be termed as event 2, And alao let the failure ij
fc, rate and mean repair duratidh contributions be called 11, r1 and
Az, r2 respectlyely for event 1 and 2, Then - R .

i.A' .'-

J 18 j k{r S 7(: ) + tJ k/(r +rk)} ,.j??g", {;;lr.%{rf‘*

" - 1'|" - n“' . .:‘ |‘|’ e 'u o AL L
BRI § ‘.«\-’.'i-'):t..{—,e A A N L ,_'»--:Ila-'*...;.\ STSEI R



' Total load point contribution = Aj + Ay’ ' ' o - | (8.25)

" o
i‘;f the event can not be terminated by switching, then . ) R

r1=rjsirk/fsirk+rjrk j) | o -

and

: u ) - . . ‘ : ) L
r =r " LA Pt e .ﬁ*‘
2 7 TSy - - S

2 j/(Sirj + rkrj + 1 ) o . T

- b ' . ’ - A s*”eki K

tp?e‘ejuigglent load point failuﬁe duration = r =(Alr + Azrz)/(xx+ Xz) (812§)

» . . ) *

: I£ the event"an be 'erminated by switching,’then the -

T

load p01nt fai .duration, r. = S .,“

LI

i) First Order Cut Set x f_‘,f'. . el f]' ?{f {

A Vel Yy

N Let i be the actively falled component and jlbe the atuck Breaker*present
E .
‘in the system, then the load point failure rate = A ‘Pr(j) T (8 28)

Y

A .‘3

bc.where. PI(J) 1s the probability of the stuck breaker :4;gx'

1f. the component can not be switched then the loa pOint hean duration l-lf

of repdir = r, : SR R R ’..f-f.“ 8 2
.’P 5 t‘%} - ij S .‘--‘.: o }‘i T = ( 9)

' If the component can'be swiéﬁhed, then the load point mean duration of e gr'

b'_ RN v ST ET e
: . .. o §

repair = S Vi : '-f’-.ﬁ‘“ nif:"u'F”*‘i -" -i'.v3 (8 30)

° v : - ’ _,': .
i) Second Order Cut Set T § oy - e
- . P"» . ‘.'.e‘ ’ " \ .
| Let. 'i; bé,;chg' a_c:ti‘.vely,_,.fai"ledv ¢omponent and let j be the stuck breaker. . |*

-

A) If the compbnents in the cut set are i and j. then the -
load point Faillute rate = ) Boriy: : o A
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~._. B) If the components in the cut set are i and k, then

boad point fatlnre ratej= Active failure rate of i(Probnbirity k
“ fails while 1 is accivéty failed)
* (Probability § is stuck) |
+ .
" Failure rate of component k(Probabillty
.1 fails actively when k s failed)

(probability j 1is stuck‘
AigAkSiPr(j) + vAkkigrkPr(j)

[}

= ' ' +r; - ' S 32)
Akxigpr(j)LSi+rk]-‘ | (8.3 ).
Mean duration of repair ‘ L - .f\-
' For casé A . S
r = r;, if event is terminated by repair _ )
r= Si, if event 1s terminated by swttching - | _.. -(8.33)'.‘
For>ease B ' ) o T B R £
r = r /(S +rk) 1f event is terminated by repair i
r = Si’ if. event ‘is te:minated by switching. : (8.34)

111) Third Order Cut
-~ Let 1 be the‘aCtively failed component and j -be the stuck breaker
present in the . system. Following the same logic as for the second ordéra
‘cuts ‘ ) ’

A) Let the components in the ‘cut be i j and k, then

.Load point failure rate = 1 kPr(j)[S k]. . . (8 35)
‘Mean duration of repair = /(S e , if event 1s terminated by
. ' ‘ T repair ’
‘ : . EE =.81., . 'if event terminated by . e
v ‘ T . . o (8 36)

switching:
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'B) Let the componknts in the cut set be 1, k, 1, then
-Load point failure rate = AiglkxlsiPr(j)[S /(S +r ) +S iF /(S i )]
. - " R . . +

. ‘Ak 1eM kPr(j)[s (ST T+ /(e +r1>1

¥ ‘ -

T ‘ 'AlkigkkrlPr(j)lg /(S +r ) + rkrll(rk+r1)]
I : | | S (8.37),

;Mean outage'ot‘repair;ry i L l/(r rl+Sirl+S r ); if'event-iS’ ,
b ‘ \ ‘ ‘ terminated by repair
. (l , : d='Si, if event is terminated by switching.
. (8 38)

{

) Active faikures with stuck breakers overlappingiﬁaintenance‘Outages

The contribution to load point indices of reliability for this mode '
of failure can be derived by following the same logic as for' the '

previous cases

1) First order cut There is no contribution to the load point indices

of reliability by the first order cuts because of assumption 3.

*

i) SecOnd order cutsets .

Let 1 be the actively failed. component and ' j be ‘the stuck breaker present

in the system\ o kR
‘ : . S —;{
A) If the components in. the cut are i and 3, then the event is

similar to the section d(ii), and hence there 1is no contribution to

" load point indices of reliability by’ this event
T

_b) If-the componentsbin the Cut set are i and‘kg then:
N . o - - - : : B " . - " . - ’ .
-Load point failure rate = kaigrkPr(j) : .o (8.39)

o
.
" "

Mean duration of repair = rkSi/(rk+Si), if the event is terminated
a S ' by repair
= Si, if event is terminated,by switching (8.40)
' . S ‘ RN ¢
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8 :
iit) Third % cut set : ) ‘ ™
Let\é§' ‘ he actively failed component and\j be the stuck breaker
~ A o ..

presen® {;
&

the system.

, ¢

¢ »A) If the components in the-cut set are 1, } and k, then the load

) point failure rate and the mean duration of repair are given A <

v

by equations 8.39 and 8.40 resbectively;
‘ : ,

i

B) If the components in the cut‘set are 1, k and 1, then

Load point failure rate = A A g rkxlpr(J)[r 's /(r +s )+r r /(r e )
: : , +
1" 1" " "
Xlxigrl kPr(J)(r S /(r +S )+r r‘/(rlfrk)]
, (8.41)

Mean duration of outage: . " o

i

¥
-

If the 'components in the cut set cannot be switched,. then the
mean duration of‘outage is.ontained by the sane logic as -
explaihed for event in section d(iii): Here ‘event 1 is when compdnent
1 is actively failed, component k 19 on maintenance outage, and
component 1 is passively failed and event 2 is when component
1 is actively failed, component 1 is on maintenance outage and
component k is nassivelylfqiled. Then:
. f . . N

R X:X;gr;AIPf(j)[r'S /8 # rr Mo . c

» .

oy A1‘1 1 kP’(i)[‘lsi/(r +s )+ £ /(r +rk)]

” i

r4r, r +r )/(r"S r ) o e

}/:1=(Si 17k 1 S AR
1% Tkt 1/(’Sir1+rk"’1+r s LA N B o
- L _"\ ~ ‘
r,= rlsirk/(s r +r1rk+r Si)

r= (A + X r, )/(l 2) . -
s (8.42)

3

i, if event can be terminated by sw1t231ng
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g)_Common Cause Outages {28]

State Space Diagram‘for'Common Causé Failures

The effect of common’ cause of commpon mode failures can be illustratxf
by considering a system of two components in parallel. The results

can, then be extended to.a system having three or more. components in

parallel.

The model used here is similar to one proposed in references {14]

and [15] It is shown below in Figure G.1

| UP - A2 FUP
2uf 2 DN
i Ao .3
N‘L , -
AN\ p—
Yo IDN A m B
2 DN Ay {
)‘| l.u'l ) 5 )
Y | A |
N "t jON | -
2@1? ' . S Ll 2:018
2 “a © 4 '

. . ’ [ ) .
Figure G.1: Markov model*of two component system including common modei

outages. o ‘ L

The definitions of the symbols used in the. Figure G. 1 are 1isted
in Table G.1 - ) o . : . Jor
Solving a set of frequency balance equations, the following expressions

for steady state probabilities P, and P, can_be‘obtained, ’

'

P, = (4 Pz)(xzful)kikzulzi/D3 e » : v‘ - (84

PS - (AIZuiﬁé)'P[, lulzkllé S . o A 7(.8.44.)‘ :



[ 8]

v'-.. d 4 5

Table G.1: Definitions of symbol:s used in Tigure G.l 0
A= Fai&yre rate of component 1.
A; = Failure rate of component 2
'8 =‘Restoration rate of component 1- .
uz = Restoration rate of component 2
A12% Common mode failure rate of components 1 end-Z
u12= Common mode restoration rate of cemponents 1 and 2 -
7 ' .

Pl’Pé"' PS= Probabilities of occupying states 1, 2,..5 respectively.

here
3 = (*1+u2(X2+u1)(Alkzu12+u1v2l12)+v12(X1u1(*2+u2)(A1+ u2)+lzuz(ll+u1)
S Gpmpl L .‘ (8.4

.Assuming : . .
A1A2Hy2 << uimo2upg - [

Aptug = W2 ‘ 0

ft

Agtuy = 1y

R

AMtup =

n

Atus = up - - .

Hiug+thjug+douy = ujug
Equations for P4 and P5 reduce to: Co S

P, = Mdzu12 /uiuzf}12+>912) N N o . (8.46)

P5 = A2/ (A12+u12) | : : ‘ : : ‘ - ' ; (6.47)_

pd

The probability of being ih the down state is defined as:

Py = P,+Pg

‘Since ‘there are no transitions between states 4 and 5, the frequency

of encountering down state is:.

£.o= £, +'f. : T e e

nhere:’fAfand £, are the ﬁteduenciestyf’enéqﬁntering states 4 and 5, -
respectively.. ’ '

(Ayp+ 1112u121h{ﬁ2)/(klz+u12)' o | : - -(3.48)n“
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fd- P4£P1+p2)+P5u12 ,\u//
= | Xllz(r1+r2)+X12]ufz/(u12+)12) ‘ (8.49)

where: ‘ ‘. ’ \ _
r1=1/u1- Mean repair time of componeni 1 ‘
p2=1/u2= Mean repair time of component 2

Assuming: -
M2 M1z = uip o £
' Equations 8.48 and 8.49 felduce to:
Pi= M2/waz + Ad2 v | o (8.50)

fd= Alxz(r1+r2)+klz ‘ e (8.51)

Replacing 1; ' i i
ep acing {rl, l/rz, and l/r12 for u¥, M, and Wy,» respectively, in
equation 8.50, the resulting equation becomes:

?12 rlz + lllzrlrz . v . L, 58.52)’

Pq =
Failure rate = Frequency of encountering down states/Availability
Since repair rates are _assumed to be very large when compared to

fallure rates, the availability of the system approaches unity approximately.

Therefore.
Failure rate, A = f

= Allz(r1+r2)fklz ~ . ' (8.53)

1]
la

]
1
\
H

Mean down time =

. (A12r12+lllzrl 2)/[Allz(r +r2)+A12] | (8.54)
The average down time = U = Xr . . ‘ ‘

Alzr + Allzr . R (8.55)

: 12 172,

Equations 8. 53 8,54, and 8 55 represent the three main indices of

-load’ point reliability.b If nbscommon mode outages  occur in the system
the equations giving the three reliability indices reduce to the
standard equations for two overlapping independent events,‘i e.,

'2) (8.56)
r= rrtz((rl+r2

.A s 3132(r1 . o o ,' o -
Y R N S (8T

U -‘lf"

L858
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Comparing equations 8.53 and 3.56, it can be clearly seen that the

failure rate of the system inciuding independent outages and common

mode outages is given by the sum of the failure rates of the

corresponding outages calculated as if they occured independently

of each other.v The same conclusions can be drawn by comparing

equations 8.55 and 8.58 representing the average annual outage times,

Hence for Secénd order cut, if the components which'can fail in

'

common mode are i and j, then

>

Load point failure rate contribution = Aij : . © (8.59)

Load point mean_duration"of repair = rij (8.60)
ron , v ‘ . -

Where: _ T

‘ . ) > ' ;
Aij = Common mode- failure rate of component i and j°

rij = Average repairfduration‘of components ‘i and j

failed in common mode

Third Order Cut Set

If the components in the cut set are i, 3 and k and if components

i anq'ﬁ ‘can fail in common mode then the load point outage is
//possible either by .the overlapping passive. outage of. component k
or by the maintenance outage of k followed by the common mode

failure of components i and j.

i) é%mﬁ%n mode outages overlapping passive outages
' For &he components in parallel the load point interruptions
‘ioccur when all the three components are in the outage state.

This event can occur by the following order of failures

‘ order of failure-

i L
iy .. 4 k3 -
T ) R R SRS
iv) L xof 1 ‘
v o IEEEIE B URR o



. ‘183
By definition, the common mode failures can occur only in case ‘

1), 1v), v) and vi)
The failure rate contribution 'in this mode 1s given by

; Failure rate of load point,A = (Common mode outage rate of component
i and j)(Probability,k fails when
components 1 and j are failed in

* common mode)

+ ‘
(outage of component k)(Probability
: ' of outage of components i and j
| in common mode while k is on outage)

— ¥ [}
R TRGNLITRAR ISP

= Aijxk(rij+rk) (B.ii)

Load point mean outage duration =r = rijrk/(rij+rk)’ if evenﬁ'is-

terminated by repair

i’

S if event is terminated by (8,62)
switching - ’

— :
11) Common mode outages overlapping maintenance . :-

The same logic can be extended for this mode of failure as in

o

the above case.

v

»Load point failure rate = Maintenance outage of component k(Probability

of outage oni and j in common mode

while k is on maintenance outage)

k(xij k) ' | . (8.63)

. Load point outage duration - L ij/(rk )' if event is terminated

13 |
s . by repair . . (8.64) .

_ . = i.’ if- event is terminated by '
° PR L "switching

It may be noted that in these equations it was assumed that only two

| nents
-cdmponenta can fail in common mode, however 1if more tha? two compo ,
k4

4

lcan fail in common mode then similar equations can be writtenu~

"following the ‘same 1ogiq described .above. ..
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