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. ABSTRACT

The -objective ofgan electrical utility is to supply
ekpctrical energy and to prov1de a high degree of service
reliability to their industrial, residential and commercial
consumers as economical}}‘as they possibly can. Their
consumers expect a high, level of service reliability to
Operate theirfelectrical‘and electronic appiiances and
and systems However, when part of’a‘power system fails,
" there is a pOSSibiiity that. electricai serv1ces may be
v curtaileq. A long term interruption of electrical service
can have a significant impact on society (e.g.; the 3977
New York City Blackouts.). For this reason; re]iability'
is one of the ma jor factors affecting the planning,
obération, and'maintenance'activities of any po;en.system

network.
\

. The methodology for quantitatively evaanting the

. P?/labtlity levels of 1noividuai consumers being serviced
by a power system network is a complex prob.lem. Power
- system network reliability is defined as the probability .

.that the network configuration will successfully perform ‘

its intended function of supplying energy to its consumers

-bn a continuous basis under all operating and environmental
»”'conditionsg The research -presented in this the51s is
~ directed at modelling and simulating the reliability
l»tperformancerof‘actUai complex power system networks;» This

co 'iv" A

&
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fheéis describes a flbw‘gréph method for 1dentifyingxand
éimulating Fhe initial operational paths of a given
nefwork configuration, and evaluating individuél consumer
reliability levels within any power systgm network

4

configuration. The calculations involve evaluating the

probabil{ties, frequencies %f occurrencé-aﬁd durations of
system faiiure'and restoration states. The i' act of normal
;and adverse weather patterns and power sygte:idisturbances
which‘can significantly affect servige }e]ﬁabihity levels
are also  considered in this thesis. The r li;bility
performancebqf an éctua] distribution network, 1.e.;.theﬁ

University of Albgrta’s power system distribution network -

is studied ang discussed in some detail.

[
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- CHAPTER 1
INTRODUCTION |
A distribution s}stem is defihed as those parts (i‘é.,
primary and sécondary electrical equipment) of an electric
utility which link the transmission and generation subsystems.
to individual. consumer service entranées. Distribution
primary and secondary networksnggliver electrical energy
from the generation stations and>bﬁ transmission grids, o}
substqﬁioﬁs via distribution primary feedér circuits or
networks to the individual consumer transformer locations,
where the primary feeder or nefworK voltage is transférmed
to the individual cﬁstomer’s utilization voltage f(e.g.,
120/24OV)..Distribution primaﬁy networks and feeder circuits
operate at many voltage'levels (e.g,;«4f16kv, 12. 47KV,
13.éKV, 25KV, 60KV, etc.). The magnitude -of primary voltage
level and the density of'consumer loads_thhjn a given
netwofk configuration has a éigﬁificant impact.on the design .
of distribution network configuration (i.e., whether it
- will be operated radially, looped or as a network) [1].

-

1.1 Distribution Networks

A distribution network is basically divided into

three parts:

(i) the subtransmission circuits and K
distribution substations; ' ‘

) R . 1
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\
(ii) the primary distribution circuits;

(iii) the distributign transformers and
secondary circuits.

A schematic diagram of a\glstr1but1on network config-

uration is shown in Figure 1.1 [1T].~ o

iij .~ PRIMARY FEEDERS
~NC !

200
. 600 feer
z.;.. Coble 600 feer Cobte
-]
- Cobte
~C .

1) 000/480 V

L Joo
T uoo:o ;u T | | ‘

AN A SECONDARY FEEDERS
* * | g\ | ‘

&

INDUSTRIAL LOAD CENTERS

Figuré 1.1 Distribution industrial network configuration.

s
.



IThe distribution circuit configuration depends upon the
location and magnitude of the lngividual consumer’'s load
( i.e., the circuit’s load den{fty); The classical distri-
bution system configurations are the radial, open-1loop, \
and grid configuration with combinations and modi;%cations
of tHese arrangements. The primary system 1ncludes the ,
distribution network between the substatlon and all of thé
consumers distribution transformers serving them, while the
secondary system ‘consists of the distribution transformers

and the secondary service lines or cabljs feed1ng the

consumer’s load center as shown in Finge 1.1 [1].
? .

A distribution network conflgurat1on cons1sts of
many individual components (e.g., l1nKs) which are
intercomnnected in various ways to serve all the customers
in a given‘geographical area. The objective of a particular‘
distribution network configuration is- to link var%ous
genérations nodes and/or substations nodes witp numerous
load centers forming a distinctive set of operational paths.
However, when one or more individual cOmponentskfails or
are removed from service for maintenance or new components
aéded to fhe distrihution network, a new set of operational
paths is created. One of the'difficuities in practice is
to manually %Ydentify the.new paths fog aljarge djstr{bution
network. However, given a knowledge of the old and
new operational patns. continUity rof serVice or flow
to critical consumer load points located within the

‘distribution network can be validated and ensured.



The fundamental objectives of any netgprk configuration

and its associated operatina‘ practices are to satisfy

consumer or load requirements as égbnomiqallx as possible

and provide a reasopable assurance of qualfty and continuity .

of service. A Knowledge of ihdividual load or consumer
_~service reliability levels is an extremely 1hportant factor

in the design which affects the operatinglbharacteristics

of the network and the consumer’s electropicfaﬁg electrical

systems. Several papers [2-7) have been published e
con;aining algor}thms for calculating the.reljabiligy of a
genéral network configuration.'“Tgese"rerébility
téchniques are complicated, time consuaiﬁg and involve
many approximations and assumptions. ther'techhiquesi
simply evaluate the overall network reliability levels wjth
very-~little attention being directed~towasdssevaluating‘
inéf::LUa] consumer or load point levels of reliability.
However, from a consumer’ s viewpoint his loca(ion within

the network configuration has a significant impact-on the

level of service reliability levels he/she receives.

1.2 Reliability Techniques
A - “, | . | B
New reliability evaluation techniques for large power
systems have rsCehtly'réceived cons;derable“attention in
the literatube. however , tﬁese~techn1ques are'not‘very |
effective. Billinton [2] indicated that most of the work done
to date in the distribution system relfability deals with

~ a Markovian model for the power system being considered



The concept of conditional probabiliiy and the delta-star
transformation techniques used for reliability evaluation'
of non-series, \ﬁbn-parallel 5syéfems become extremely
compiicated for reliabflity evaluation of‘ailarge power
system. Another approach using Boolean description for
the network was also suggested for powetr system
reliability evaluations [8]. Thevdisadvantage of this
technique is that the complexi§y in the éalcufatioﬁs
increases with the éomplexity of the system structure at
an increaﬁing rate. Billinton and Singh [9] presented
a method using miﬁimal\cut-set% for transmission and |
distribution feliébi]ity and failure frequency evaluation.
The cut-set approach can be applied to a simple network
as well as complex network configuration and is a very
suitable .technique for evaluafing the‘reliability and

frequency indices of power system distribution networks.

1.3 Power Systém Operation

A,power system should be designed ana\expansion
facilities planned for so that it can perfoﬁm its intendéd .
function of provfding a reasonable assurance of quality and
continuity of service to its consumers. The risk .of power
interruptions can,be‘reduced by 1ntroducing'ﬁedundanciés
in the transmission and distribufioq networks. Reliability
models provide a me;ns of ?stimat{ng the frequencydénd

duration of system interruptions and éosfs of operatihg 4



various network configurations.

1.4 Thesis Objective

This thesis is direeted at mbdelllng and simulating
the performance of actual complex power system netwdrks.
The computerized path identification model provides the
basic knowledge of a network required for many reliability

studies (e.g., reliability levels at particular load

-points.) 'No bus or node numbers are required by the

computer model as input data, only the adjacent connecting

elements of each element in the network are necessary.

\ Any mod1f1cat1ons to the network (e.g., additions,
N removals) do not have to be recoded, i.e., the original

'data remains the same and the mod1f1cat1on are handled

within the computer program. The computer® a190r1thm
presen;ed'in the thesis is extremely fast and efficient

when‘e@mpared with manual me thods .

1.5 Scope Of Thesis

Chapter 1I and III illustrate the proposed algorithm
add model for tracing the operatfonal paths and evaluating
the reliability levels of a given netwdrk'cohfigqratlgd
under normal,operating conditions and when cdmponeatsﬁare
removed from’'service. - Particular emphasis was placed on

the data definition, acquisitlon and validation ‘stages of

the computer model. These stages are the basis of the



path tracing algorithm and are illustrated with a
standard network configuration. Chapter IV presénts the
results\obxained when the proposed model was applied to an
actual distribution system (i.e., The University of Alberta
distribution system). The impact of electrical component
preventive maintenance activities and temporary outages

on the network reliability levels are examined in qétail
,f; Chapter V énd Chapter VI. Chapter Vlflpresents the

conc lusions and discussions of the thesis.



CHAPTER 11
OPERATIONAL PATHS

T

2.1 Basic Concepts Of Flow Graph Techniques

A power system network is composed of many electrical
components interconnected in various ways to form an

operatipng system, as shown in Figure 2.1, for example.

BUSES )
<:z£:>J | » poap CENTER i

TRANSMISSION LINES

GENERATORS

T~

Figure 2.1 A simple power system network.

-

2.1.1 Manual Algorithm’

&

In the flow graph methodolOQY. 1t is necessary to
establish the npmber of "possible” 1nterconnect1oﬁ§ of the
parts of the network (i.e., a total of "N" partéﬁ”when Al

o
’ble 1nterconnectlons (i.e., taken N at a time) hayy?been :

pos
es%ab11shed.”Then, the "presently” operating configurat1on
can be defined. The b351c concepts of flow graph method
for tracing operational paths can be described in the

following steps.

STEP 1 - Numbering The Components’

-—— - - - -

Consider a syétem‘with N unidirectional components

8



(i.e., the flow of energy being restricted to flow in one
diréctLon only). Note: bidirecfional components.system
will'be discussed later in this section. Each compbqeht-
within the system is ‘arbitraﬁéfy numbered 1 through N.
Note that the order of ndmberingJ the comboﬁents i's not
important. Only the component number, the direction of
filow through a componént'(unidirectipngl or bidireé{?oﬁali

and its adjacent cdnnecting components are of importance -

to the flow graph path tracing method.

STEP 2 - Forming The First Order Combinations

----féach component in the network is taken to form a
'first order combination ( i.e., a combination with only
A‘e compbhéht ). ‘A combination is defined as all the
possible arrangements of a set of components where the
order of the arrangements is not important (e.g., 1-2-3- 4 =

3-

1-3*2-4-= 1-4-2-3 ). A "m- th“ order comb1nat1on is def1ned
as a combination with m components For a N unidirectional
component>system there exist (N-1 5' 11  of these f1rst

order combinations. . .

>

R A

Consider a four un1direct10na1 components s?stem as

shown in Figure 2.2, i.e., N = 4, then there exists 13- 1!' 1'
4 components of the first order combination and they are:
(1) 1 (2) 2 (3) 3 (4) 4

Note: N! = 1 = 2 = 3 =, x N (”//,



)

Generator . T . lLoad

BUS 1 S © BUS 2

Transmission Line .-

.

F1gure 2.2(a) Simple system to 1llustrate the flow
graph method.

-

o—>—1 1 }—>— . ——>—{4F——0
INPUT . i 3}— QUTPUT

A

Figure 2.2(b) Block diagram of Figure 2.2(a).

STEP 3 - Forﬁing The Second Order Combinations

Form all the possible second order combinations by

connecting any two components at a time and let them form

B T T T T T T Iy gy

the second order combinations or links (i.e., a two

)

components link)L In a N unidirectional system there will
N! ‘ :
be TN-2JT 2T second order combinations. For the example

above, there are six second order combinations
(1)1-2 (2) 1-3  (3) 1-4  (4) 2-3  (5) 2-4  (6) 3-4~

STEP 4 - Form1ng The Third Order Combinations )

Similarly, all the third order combinations are

formed by connecting three cdmponents at a time at letting |

- .- - L R i I

them form a three components linK The ‘total number of
these third order combinations are gfven by lN-ﬁ;‘ 3!

10

For the N = 4 system above, this works out to be 4, i.e., .

there-are fouc\third ordor combinations for a system wjth
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four unidirectional components. The combinationslare
(1) 1-2-3  (2) 1-2-4  (3) 1-3-4  (4) 2-3-a

STEP 5 - Forming The Successive Combjnations

—---i}he process is repeateé)until all the possible order
of combinations of the components are found. The maximum
combination order that can be formed is limited to the
total number of components in. the system (i.e., N), aqd

the maximum number of a m-th order combinations is given by:

N! ,
N-m] T m! .. (1)

From the above expression, it is obvious that there exists
only one N-th order combination, where all the compgnents -

appear fn the combination.

Therefore, for a 4 component syétem (i.e., N=4) the
maximum order of combination that can be‘forhed is four
and there is 6n{; one such combihgtion. 1-2-3-4 . Tﬁe
total number  of' combfn;tions for an N unidjrectionali
component system {s‘then the summation of éi] the combination

orders that can be found for the given system, -i.e.,

N NI ’ N ' ;
E% (N-mI T m! = 2 -t . (2)
m= . N ‘

.where m is the order of combinafion. The overall combina-

Atiohs for the system in Figure 2.2 are listed in Table 2.1.

4
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Table 2.1 A list of the overall combinations for the four
unidirectional component system as shown in

- Figure 2.2. \
Combination , Components,within | Order of
set : combination combination )
1 1 1
2 2 1 .
3 . 3 1
* 4 4 ' 1
""" T
6 1 3 2
7 1 4 ¢ 2
8 . 2 3 2
e 9 2 4 2
R S ORI a .t 2.
11 \1 2 3 3
12 1_.2_ 4 3
13 1 "3 4 3
14 2 3 4 3 & )
s 2 s e T s o
STEP 6 - Identifying The Operational Paths
----- ;can_ through all the combinations of possible‘

connections to locate those combinations that satisfy the

*

follow1ng "path” criteria

(i) there must be a source (input) component within :
the combination,

(ii) the desired 1oad (output) component must be 1
contained within the combination, 4
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b
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(jii) a»{l the conponé‘nts present must be able to
interconnect with one anpther to allow a

forward tow.

ngr the 1Eﬁcohﬁmatlons Qf

o [

-

the 7 conponents systérn shown

Sk RLE thure 2. 2 there are two con‘bmahons'that satlsfy all

L

w2
it

s’ .

the criteria prev1ous’ly hsted (i.e; conbmatmn #12 “and

#13). Thus, thére aré two operatmo?fal baths for the system

in ‘F1gure 2.2 and théy are

paths 1-2+4 and 1-3-4. ' Since

’ conjbonent 1.4is a source, conponent ‘4,is the load, the flow

I

?

“is from olarpone\ht 15to conponent 2, ahd fhen from component

2 -to component’ 4, or from component 1 to component 3

and from conpon‘e'nt' 3. to component 4, 7there is no need to

) rearrange the conponents within the combination lﬁst to

form a ]ogu:al flow path |

ie. . one that or1glnates w1th

-a source node and ends w;l th .the 'desired, load conponent)

d . .

a]sof;apphes to :a bidirect

that the order of arrangement of the

a combination is mportant

ional systea}, with t'he‘.exoeption'
omponents within a
rIf all the components ( N )

within a network conflguratlon are bidirectional, then

, there ex1st a total of tN m)' of m-th order permutations.
Note that this is m! more than the Wechonal system

‘-.l

m- th order conb1nat1ons '

The total number of permutations

13

s

" The same process. described for“unjd’i’reétional componénts |

for a N- b1d1rect1ona] component system is also the summation

C

of 11 the possible order of permutations of the -N
avpixv el@\tsj,\and the maximum order .that can be formed is N,

the nmber of conponents in the network configuration. An

e

7

&
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“the list for the system components is as follows:

. ' 2 14
example of a bitlirectional component system is shownin

r..

Appendix A.

2.1.2 Computer Algorithm
‘The computerized flow graph method may be described

as follows:

9

configuration are numbered 1 through N, where N is the

total number of components within . the giQen. network
configuratién and the numbering order {é not of importance.
The component ﬁumbers are arranged with the source (input)
compohenf number appearing first in the 1list, and the
output component numbers appearing 1pst.

g For the §imple.power system network of Figure 2.2(a), -
- ¥

List A 2 3 4

-7

Each of the.component (e.g., component 1) is appended
to every combbhents in the list, i.e., forming combination
with  itself and/or with the éther'components with higher

address (e.g., components 2, 3 and 4) within the given
) R N :
system. This would result in { 2 - 1 ) combinations.

(i) For the first element, this is rather trivial
operation. The resulting combination list for the system

4

in'Figure 2.2 is:



Combination list

| *

=

where * is as a null componéht. When a given component
is“combined with the null item the result is simply that
component qlone. The null it;m appears in the list to
initiate the process and to insure that the combinations
of the N components taken one at a time will appear in the

list of combinations.

(ii) The combination list in STEP 2.(i) is appended
"~ with the second component of List. Hence coﬁtinuing with
component #2, .the following results are obtained for the
,sample system above:
List 1 2 3 A
Combination list:

* Y
* 1
X * 2

. o new compbinations (
(i) . Repeat STEP 2.(ii) with the next compqé;nt in List
and the new‘combination fist can be found. The appending
- process is repéated until all the components in List have
been appended. Therefpre, continue with component -#3: |
 List 1 2 3 &4 |

Combination list:

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

15
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* 1 2
........ ;...é..................
* 1 3
* 2 3 ﬁew combinations

r

Note that the new compinations of path were formed be
appending. component #3 to all of the combinations
appearing in the list above component #3. Fina]ly.
component.#d is coﬁsidered._the list is tﬁen complete

. and contains all of the possible combihations of these
four componénts taking one at a time until all the four
components havelbeen\considered. The final lisf of .
possible paths is shown below with the nulf item deleted

except for the first element.

“List 1 2 3 4
Combination list: ' .
v’,"
.
e G
N 12
........ gttt
: 1 3
2 3 |
12 3
R R LR CRR IR
1 4'



17

12 4
3 4 .
1 3 4

2 3 4

12 3 4

The procedure previously discussed is applied to a -
simple flow graph to illustrate the terminology of the flow
graph algorithm in indentifying all the paths in the system.
This method considers loops_in a network configuration,
howeyef, loops \often form 'upnece;sary paths which are
omitted. Cohsider the flow graph nethrk shown in
Figure 2;3} The components of'the flow graph are numberéd

~accordingly. It is important that the N_co@pénents in

a system be can arbitrarily numbered 1 through N for the

following discussion.

An edge (i.e., a 1ink) leading to the next node further
—away from the source will be referred to as a forward edge.
Edges exhibiting.the opposite property will be’called reverse
edge;. Figure 2.3 does not have any reverse edges, and
therefore, the system does not contain any {oops (i.e.,
assuming unidirectioal camponen;s);.Note'that the direction
of flow is as shown,'no ﬁeverse'floy‘is allowed. The paths
in Figure 2.3 can be systeﬁa;ically generated in the
follbwihg'manner. First, the pomponents must be ordered in a
list sbch that_theVCOmpoheht closest fo the input (source)
appear highest 1n'the list ({.e., as described préviously

3
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in STEP 1). The paths of the network'are then generated by -

forming all the possible combinations of the components.

—>— 3 }—>—
T ;
o—>—{ 11— 2} > e -
INPUT Lo BUTPUT

Figure 2.3 Flow graph - flow direction is as shown. ©

% A
The resulting combinations of all the components 1,

2, 3, 4 and 5 using this technique are listed as follows:
‘ y \

List {1 2 3 &4 5
| 1
2
12
3
'1 . 3
2 3
1 2 3
A 4
17 4
2 4
‘12 4
3 4
1 3 4 ’
2 3 4

- 4nmm s m e -

“ N2 WAN -G
woron o

v
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( .
cﬂ\\z

.........

- e et m e e et e - -

The combinations listed‘above'that are underlfned
are the correct _combinatfons of the components, that
form logically possible paths fof the flow of energy. Those
that are not’underlined are 1invalid combinations, i.e.,
not logically possible paths. ’These invalid cOmbfnat{dns
&fn be simply avoided by never appending a new edge
within the system to the combination in the list unless

the ending node of the combination in the system matches

the starting node of the next edge in the same network

-

2

configuration.

For the logically possible combinations, underlined,
there are some that are incomplete, i.e., they‘do not start
from as iﬁput componentfand endfat the specified output
‘component. Therefore, thssé paths‘mUSt then be eliminated
along'witﬁ those invalid combination of paths. The ’
elimination of the‘insomblete combénations'can,be eé%ily done
' ‘by simply scanning through the list of combinatidns 5putting'
a1 if the path is complete and 0' if it is incomplete.

1 e., eliminiating that row. The process is cont1nued unt11
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the bottom of the l;st is reached. Then valid paths are
‘moved up to occupy those invalid paths. The total number
of rows in the list will then be the maximum number of
paths that can cause a network to operate successfully.

For tne emamp]e above (Figure 2.3) tne max imum number

of paths for the network su7cess is two, they are:

|
\

Path #1 | + 2 3 4 5 ]
-and . \
.'\\
Path #2 [, 1 2 4 ‘5A1

Lo .

2.2 Initial~ a Requirements For The Proposed Model |

The netw topology of the system to be studied
showing the interconnections or links between the various
;network components or e1ements or branches is requ1red to
identify the system operational pths The computer1zed
model initially requires the definitions of several terms
touunderstand the basic input requirements for the model.
Figure 2.4 is an example of a particular section of a
network in which the nodes of the network are numbered
(i.e., bus numbers). However, the compufer modei proposed
in the thesis is independent of the node numbers and -
requires only the element numbers of the physical

components contained within the network configuration [10].

*

The network configuration shown in Figure 2.4 can be

A Y

redeflned in terms of element numbers (i.e. ' each physical

<~
e

£
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component is identified with a number, known as element
number. ). A junction node or bus ( i.e., component =«
terminations) is treated as an element (e.g., element #4)
since its failure can have signif‘icant impact on the

operational paths and the reliabilit)) per formance of any

network configuration.

P2

) 10 11 9
A ] V4
nm‘smssconm ] ,m) L ’
N LINES v | .
Bus © 4 - BUS NUMBER
, 20 .
| TRANSFORMER AV \ZD - ELENENT NURBER
! - 88
Bus '8 3

_ TRANSHISSION 1019 &2
LINES 7 1L N\

1713 2

Figure 2.4 Section of an actual network configuration.

-

The original network diagfam (i.e., F{Quhe 2.4) cah
also be represented as an element block diagbam as shown
in Figure 2;5 . ‘Each element in the network must be
lclaSsified tolwhether it is unidirectional or bidirectional
elemept. Thi® Cféésification is dependent wupon -the
oberational characteriétics of the element (e‘g;, power
system'tr;nsmissioh lines, communication lines, inverters .

or rectifier circuits in electronics, etc.).
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Figure 2.5 Element block diagram of network section.

2.2.1 Adjacent Connectiﬁg‘Elément

Each element within a given network conf1gdration may
or may not be cOnnécted férbther elements. Tﬁe computer
algorithm for identifying the oberational paths of a
given network configﬁration/is based on the identificat1op
of the connecting e}ements associated'withla given element
in.anQ ne twork Configuration and whether the adjacent
conhectin elements J;e undirectional or bidirectiohal.
An adjacent connecting element of é given element is
defined from the'perspectiQe of the given element; i.e.,
if the "flow" (e.g., power, water, conputérvdata. etc.)
originatihg from the adjacent element can be received by
the given element then that adjacent e]ement is considered
as an adjacent connecting element. In the case of

“unidirectional” eﬁements or paths, the adjacent

’
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connecting element may.be constrained to allow "flow" to

be in one direction only (e.g., reve2§e~pgwer relays) and
\ 7/

from the perspective of the given elément, the adjacent
element will not be considered as a connecting element

even through they may be physically connected. /

’

With reference to Figure 2.5, the adjacent connect ing

elements for some elements in the section of the rietwork

-

are shown in Table 2.2 for various element directional

constraints.

©

kS

. Table 2.2 Adjacent connect1ng elements of the network
shown in Figure 2 o

ELEMENT ADJACENT CONNECTING . COMMENTS

NUMBER ELEMENTS
3 18, 19, 22  element 24 UNIDIRECTIONAL

3 18, 19, 22, 24  If element 24 BIDIRECTIONAL

. 4 26, 27, 29, 32 element 26 Bidirectional
24 . 3, 25 element 24 Bidirectional

1 2.2.2 Sounce Elgpents_and Load or Consumer Elements
‘ A source element is definméd as an element which
generates or«transmits or compufes fhe content of the
“flow" (e.g., water,/electrical energy, communicatio;
data, etc.) and utilizes the network medium to distribute
the "flow" to various load or consumer elements where the
fflow is utilized according to predefined characteristlcs

of the Flow process. A load or consumer element is.



defined as an element which receives a portion of the

"flow™ from the network configuration.

2.3 Case Study

2.3.1 Format1on of ACE(1i,]) Array - f}
The methodology associated with the computer path

algorithm will be presented and developed on the

basis of the network conf1guration' shown in Figure 2.6

The model rqqutres the network topology to be defined in

terms of element numbers as shown

Standard IEEE 14 bus power system.

diagram of the network is drawn,
element array (i.e., ACE(i,j)) of

- be defined. The ACE(i,j) array

in Figure 2.7 for the
Once the element block

the adjacent connecting
the block diagram must

“for the element block

diagram shown in Figure 2.7 is shown in Figure 2.8.

10

source

12

TS

Figure42.6 Stahdard IEEE 14 bus

(L]

power system network.

24



X -- consumner  @X
L ELEMENT

10 28 11— 30 12 oy

29
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r 27 g 4 32 9
e sls

/ RHe

|25| 38

X
34
NETWORK ELEMENT --[24
5 6
- - SOURCE ,
15 ELEMENT. X 36
1 1 gt 3 22 — 2 X
W 23
o jEEre ‘
XP={13 20 1 X

Figure 2.7 Element block diagram of Figure 2.6.



ith Element

jth Adjacent Connecting Elements

OCAONOOONDBWN —

10

‘ 999

15 17

22 23

18 24
26 27
35 36

34 31
33 38

32 33

27~ 28
28 29
30 31
16 17
20 23
-1 1
-1 13
13
3
13
14
13
3
14
25
26
25
10
11
11
12
12
9
9
35
34
'5

N

—

——

W W

.8 4

18
21
22
29

38

30
19

36
32

200 21

F1gure 2.8 Adjacent connecting elements array ACEli j)
- of the network shown in Figure 2.7.

Y

N

The adjacent connecting elements (i.e., the jth B

column of ACE(i,j)) are identified for ‘each element  in

the netwonk from the element block diagram For exqmple,3

26
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-loed element numbered 3 in Figure 2.7 has four adjacent
connecting elements (i.e., elements #18, #19, #22 and
#24). If a particular element is a source element
(e.g., a geherato%) then one of its adjacent connecting
element is set equal to ‘-1'. The ACE(i,]) array is the

basic input data required to identf?y the - operational

‘ p?ths from the network source nodes to any selected

critical node.

The last row of the ACE(i,j) array (i.e., the 999th
element) i§ used to ihitialize of the tracing proeess of
the operational paths’ (i°f' the null * element in the
previous section). Its adjacent connecting ‘element is
.set to any arbitrary nwmber, e.g., the total-number of

compbnents in the network configuration (i.e.,‘the N of

section 2.1). For this case study the total number is 38, as

shown in Figure 2.8. Note that 999 is an arbitrary pumber .

. 2.3.2"Formetion of the PATH(K,1) Array
~ Once the ACE(i,j) array has been defined, then the
: operational paths of the networK can be traced Ihe@bas1c
procedure for determining the operatlonal paths ;etwe n a
fsingle consumer node and set of network sourceeelements is
to first select the last element (1 e., element 999) as
the critical element and scan the ACE(i,j) array for. the
ad Pcent coqnect+qg element of this selected critical
eééﬁent; This adjacent conneeting.element isy then changed

te the selectedféoneumer element within the network

o



configuration (i.e., the selected consumer element or node
becomes the adjacent conhecting element of Ehe seleéted
critical element (i.e., element 999). The adjacent
connecting elements of this crifical element then become
the new s;lected elemeﬁtsvaﬁd‘tﬁeff/adjacent connecting
elements are found from the ACE(i,j) array. The procedurg
is repeatéd until all possible oberational pdths are
found. Many of the paths which form loops or incomplste
paths are dropped during the tracing procesé. The
checking and dropping process is done each time to save
the computer processing time and storage. OnHy those
paths that begin with a source eTement.and end with the
selected consumer load point are considered as valid paths.
Figure 2.9 shows the PATH array for consumer load point #3 .
within fhe network configuration shéwn in Figure 2.7.

A visual examination of Figures 2.7, 2.8 and 2.9 prévides
sufficient insight into the computer tracing algorithm

described. . O

’

28



" Path # o Elements-Within Path

1 15 1 18 3
2 16 13 19 3 (
'3 16 13 17 1 18 3
4 1 13 21 2 22 '3 ~
5 151 17 13 19 3
6 16 13 20 14 23 2 22 3
7 15 1 17 13 21 2 22 3
8 15 1 17 13 20 14 23 2 22 3
9 6 13 21 2 36 5 35 34 7 38 8
9 32 4 26 25 24 3
10 16 13 21 2 36 5 35 34 7 31 12
| 11 29 4 26 25. 24 3
11 16 13 20 14 23 2 36 5 35 34 7
. 12 30 11 29 4 26 25 24 3
12 16 13 20 14 23 2 36 5 35 34 7
... 8 33 9 32 4 26 25 24 3
13 ‘16 13.21 2 36 5 35 34 7 31 12
. 11 28 10 27 4 26 25 24 3
14 15 1 17 13 21 2 36 5 35 34 7
... - 8 33 9 32 4 26 25 24 3
15 15 1 17 13 21 2 36 5 35 34 7
... 12 30 11 29 4 26 25 24 3
16 - 16 13 20 14 23 2 36 5 35 34 7
N . J2. .30 11 28 10 27 4 26 25 24
17 - 15 1 17 13 20 14 23 2 36 5 35
» e 7 38 8 33 9 32 4 26 25 24
18 15 1 17 13 20 14 23 2 36 5 35
A 7 31 12 30 11 29 -4 26 25 24
19 15 1 17 13 21..2 36 5 35 34 7
- e 122 30,11 28 10 27 4 26 25 24
20 .15 117 13 20 14 23 2 36 5 35
C 7 °31 12 30 11 28 10 27 4 26
‘ "-" " .

+ 24 3

)

" Figure 2.9 PATH array for consumer element #3.



The number of operational paths to a particular
consumer element is dependent upon its physical location.

oy

within a given network configuration with respect . to

the set of. network source node;. The task of manually
déterminiﬁg the number of operational paths to an element
is an extremely time consuming and error prone process.

The use of digital computer algorithm simplified this task
considerably. The number of operational paths to each
consumer element contained within the negwork configuration
of Figure 2.7 is shown in Table 2.3.

Table, 2.3 Numben of operational paths for each consumer

glement.
Consumer Number oF Operational Paths
Element To Consumer Success
2 i 22
3 20
-4 38
6 34 .
7 34,
8 . ) 54
9 (A 54
10 | 64
1" 54
12 54
13 11
14 2%
 OVERALL 465

30
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It can be seen from Table 2.3 that theivariation in
the number of operatfona] paths to each consumer element
is quite significant demonstrating the finding that the -
location of eonsumer element within a network bonfiguration
has a significant impact on the continuity of flow that

the consumer element or node receives.

2.3.3 Removal of Network Elements

When physical elements are removed (e.g., forced out
of service) from a given metwork confiqpration the number
of operational paths to a particular consumer element are
significantly éffected. For example, if the network source
element #15 and element #5 are removed simultaneously from
the original netwofk configuration (i.e., the IEEE 14 bus
ne twork configuration in Figure 2.6 ), the number of
operational paths for COnsumer element #3, for exaﬁple are
s1gnif1cantly reduced as shown in Figure 2.10. It can be
seen from FIQure 2. 10 that the number of operational paths
is only four while in the original network configuration
it was twenty. Table 2.4 shows the drop in the number of
paths to each consumer element when\two networg elementsv

(i.e., 5 and 15) are removed from thé network configuration.



‘Path #

S oW N

Elements Within Path

16

16

16
16

13 19 3

13 17 1 18 3

13 21 2 22 3

13 20 14 23 2 22 3

Figure 2.10 Network PATH array for consumer element #3
with source element #15 and element #5
removed. ‘

Table 2.4 Number of operational paths for each consumer
element with source element #15 and element #5
removed.

€

Cansumer
Element

'y -
b

12

13.

14

OVERALL

Number of Operational Paths /
To Consumer Success

4

I3 . 4 E

. 4
12
12
12
12
12
12
12

1
4
101

32



The operational paths. in Figure 2.9 and Figure 2.10

link all the network source nodes'tq a single consumer

element.

However, depending upon the network study

involved, the operational paths can be rgdefined in many

ways.

as the

For example, the operational paths can be defined

paths:

from a single source node to a cr1t1ca]
consumer element;

from a set of source nodes to a cr1t1ca]
element; .

from a singfe or set of source nodes to a
set of consumer elements;

which are within the network element flow
capacity limits.

¥ This éhapter has. presented and applied a computer

algorithm and model which can easily trace the operational
paths té any consumer load point contained within a given
distributioﬁ ne twork configuration. |
the basic Knowledgé of ‘a network requiréd py the reliabi-

'iity methodoiogyapresented and discussed in the remaining

>Chapters in the thesis. - )

These paths provides

33
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CHAPTER II1
RELIABILITY AND FAILURE FREQUENCY

3.1 CQt Set Technique

A 'cut-set’ is defined as a set of components whose .
failure will cause a system to fail apd a m*nimal cut-
set contains the lowest number of components whose failu9§
alone will cause system_fai]ure. For example, the system
in Figure 3.1 has fivé cut-sets and two minimal cut-sets.
The components in the cut-sets and minimal cut-set are
shown in Tables 3.1 and Table 3.2. The order of a cut-set
is the nuhber of components whose failure will cause the
system to fail. Note: a syétém failure occurs when the
elements serving the load are isolated from the source’by |

link failures.

SOURCE , —1 3 LOAD CENTER

Figure 3.1 Simple sySfem to illustrate the'éut-set
approach. ’ -

Table 3.1 Components in cut sets.

~

Cut-set " Components in cut  Cut-set order

B WN -
it N = —a )

NWWN

38
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Table 3.2 Components in minimal cut-sets.

Cut-set Components in minimal cut
1 3 { '
j
2 1 2 ’

The schematic diagram for the minimum cyt-s?ts [15]
\

is shown in Figure 3.2. -

N
—

2

First order cut set Second order cut set

Figure 3.2 Minimal cut-sets for system of Figure 3.1.

~ ~

”
The components of a minimal cut set of ‘any order greater

.than-éaéf;;;-é;;;;é-;;-é;;;;;é;ié;-the schematic diagram
beéause all of theh must fail to cause system failure. |
Thg identified minimal cut-séts are then placed in series
beca;;é‘;;y-;;;-&;;;é;;-;;;-;;; can cause system failure.
'Once'the minimal,cﬁt-éets of a network have been obtained,

the reliability leVels of the netﬁork configuratibnvcan be

'evgluated{

| 3.2 Evaluation Of Frequency And Duration Of System Outages
N v . i ' . l . ((\‘ .
In evaluating the frequé;Ey and duration of system

oufaces and consumer‘interruptions,'the-following basic

t
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L)
(ii)
(iii)

(iv)

36

f/assumptions are often made in practice [11]:

N/
System is repairable and composed of
N independent components, i.e., failure
of one component will not affect the
performance of any other components;

Each component can be represented by a
2-state device, and system success or
failure can be expressed in terms of
these 2-state devices;

System is remote from the time of origin
so tha* an equilibrium (steady state)
condition of failure and repair has been
reached.

kg

Repaired components are as good as new.

3.2.1 Probability of System Failure

A pa
together

a systém.

th is formed when a sfring.of elements are connected
from a source to a barticular load point within

In a set of minimal paths (i.e., the paths can

be considered to be parallel), all of the paths must fail

in order

A minimal

to isolate the sources from the consumer nodes.

path is a path which contains a nminimum number

of components, i.e., no elements occur more than once in

a path.
series as
failure;
are conne

\{he proba

The minimal path themselves are, however, in
failure of a compdneﬁt alone will ensures path
i.e., the elements forming an oberétional path

cted in‘sefies within the network configuration.

bility of system failure is given as [12]: o



P =pPr{C UC UC ...... uC}t (1]
f 1 2 3 m
_ _ _ m
= [ Pr(C ) +Pr(C)+ ... +Pr(C) ] ( > terms
1 2 m 1
[ Pr(C NCT) +Pr(C NT) + ...+
1 2 1 3
_ _ m
Pr(C MCT )+ ...] ( )terms
| T ) 2
+| Pf‘f MtT NT ) + L.+,
i z 3 M .
(T NTENT ) + ... ]
i ik :
" m-1 o | _ m
+ (-1) pr(CAT M ... NOTC) ( )terms
. 1, 2 m m

ig..the number of cut set ;

P<GKKT i, 30K = 1,2,3, ...
C denotes the minimum cut set of i ;
i . .

C denotes the failure of conponents in cut
i set C
i
P is the probability of system operational failure;
f ?

.

m “ m!
< ) denotes the combinational formula, Tm-3)1 11 ;
i .

ﬂ denotes intersectlon of events - l

Equatwn (1) fwthe probabﬂity of system failure
does not inply-ccnponent independence. The terms of the
eVXpahs‘jon'can be calculéted when conpon“ents failures are
independent. In the case of depgndent fa1lures calculatmg

the various terms requires a state space approach, which

37



forfeits the advantage of various network methods. Equation
‘ m-1
(1) involves the calculation of 2 terms. The "m" in

expansion (1) is“equivalent to the number of valid paths
to a consumer load point in the proposed computer model.
The term C , on the other hand, represents the failure

i
of components in cut set C of the consumer’ load point.

i
/
The system reliability expansion in equation (1)

.may also be expressed by:

P> o)
n

probability { at least one path is successful }

) n
Pr{uvu %Yy ... (2)
i=1 i :

where U denotes the union of events and n denotes the .

,
voN
IR

totai'number of minimal~opéfational paths.

By use of the expanion rule for uﬁion‘of.n events
[15], the following expression for the system reliability

(i.e., R) is obtained:

n - n n-. @ ’ :
R= 5 pPr{P} - 2 = Pr{P MNP} B <
i= iod=t i ‘
n n-n QB'
+ D7 57 D7 oer{PMIPNP Y+ .., 4
iz1 i Koj i j k o
n-1 n |
+(-1) pr{ M P}
i=1 i

where fﬁdenotes the interseétion of events.

~

The total number of terms Z involved in equation (3)

is given by:
n
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which is the same as expansion (1).above.

B )

An exaép{g%tb lllustrate the application of equation
(3) is defined as "follows: consider the simple system shown in
Figure 3.1. It 1s‘obv1ous from Figure 311 that there are only
two possible paths.féquired for system success, 1-3 and 2-3.
Let the probability o% each component being operational |
(i.e., R) be 0.9, then from equation (3) the probability

of system operational success is as follow, where m is 2:

R= Pr{ 1-3-up } + Pr{ 2-3 up } - pr{ (1-3)N(2-3) up -}
. IR R +R R I-1R R R I
1 3 2 3 \\ 1 2 3
~ = ( 0.9%0.9 + 0 8+0.9 )¢ (0. Q*O 9*0 9 )
= 0.891 “\* - s
A

Note that the Pr{ 1-3 } is R R ‘because 1 and 3 ake in
N 1 3" W, B
series with each other. The Pr{ fx?(ﬁ'2-3]} is simply

. : oy
R R R3 since the elements are indep??dgﬁl;\i.e., 1%
1 2 : . . ‘

Pr{ 1-3M é-3 up’}

-\
Pr{ 2-3 up | 143V§€ } X‘Pr{ 1-3 up }

R x  RR % %
2 13 %

\

X

y

A
%
"

‘The reliability data used in this thesis are steady

. state probabilities andifrequencieé‘bf failure of each
element. The reliability of each element in the network L
confiquration is found indepéndently within the coﬁputer
algorithm,‘frpm their respective failure rate ()\.‘failureé .
. per year) and restoration and/or repair ratef(r, yéars per“

- . X R L
repair). The probability of successful operation of an ‘

-
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element. is evaluated by the following expression [12]:

P(t) =P = -mcmmemmn- B . (5)

e , e XN+ u b ,

where: u = 1/r, and r-is in yers per repair;

A element failure rate in failures per year;

P 1is the steady state probability of an element

e
operdting
N o .
Steady state probabilities may be easily changed-to time
dependent probabilities, and/or  include average maintenance
: time:by'using the appropriate eXpressions'(13].
-3.2.2 Consumer Failure Frequency
Cons1der a minimal cut-set C which contalns
components 1 and m. If components 1 gnd m-fail, the
system fails irrespectively of the states of the other
components, *When components of C fail, it is equivalent
N B i )
to the system being in subset S of state space S, where
. i v ’ .

[14]:

“S: ={5S: in the state S , the components

1 ! 1 and m-are fa?led and the othér‘d
) components. exist 1n a partfculan\
state } £s '.' R X ,j
. , _ - ” ’..

The state s in which components 1 and m of C arc failed
“and all other components are good is called the vertex

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

state of S . The system can transit from the vertex state,

e1ther upwards (i.e., fewer failed componentsL by repairing
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either compohent 1 or m or both, or it can transit'downwards

(i.e., more failed components) by successive féilures of °

othe; componeﬁts. The subset S consists of the states

generated by‘the dowhward-trani;tions'from s*
. : i

&
In praqtice, the state space subsets representing

minimal cut-setshoverlap and their frequency of occurrence

can be derived by referring to Venn diagram below.

A1

A3 A2

t

F1gure 3.3 Venn diagram for overlapping subsets
representing two minimal cut sets, where
" A1, A2 and A3 are three different minimal

- cutisets.
Define:
s A UA and S = A UA
o 1 2 K 3 2
Then f
. FIS US ) =F(S) +F(S)-F(sSNsS)
' K | . K i K ce... (B)
Pr(C )Ju + Pr(C )u - Pr(C NT )u
: ii k kK i K itk
are two d1fferent m1n1mal cut- sets with

where C a ‘
"subsets S anﬁr:irespectively, and F is the frequency function,

’ and u is the e of [departure from the fail state(s)

~



In general, for m cut sets,

F(S US US ..... us) .. (7)

f o= |
f. 1 2 3 m
= [ Pr(C)u +Pr(C )G + ...+ Pr(Thu |
1 1 . 2 2 m m
m ‘
< > terms
N/
- [ pr(C NT )Ju + ... + Pr(C NC )u :
12 142 i i+j
m
+ .. ] < terms
2
+ [.Pe(T NT NT u + +

Pe(CNENTIT + ... ]
i § 0 K ititK

...........

-

m 142+, . .+m

m .
terms
m

where: f is frequeﬁcy of system failure in the system
" ‘
failure per year ;

u. is sum of u where x are the components in C

i X
u ‘is sum of all u over all
B R R S _ X .
; xc(CUC UC U..); i.e., the sum.
i j K

T - of the repain-rates of the components
which belong to any or all of the

cuf-setslc_.c ,C ...
R B B

i

.
A
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The total down time per annum and the system failure
rate at jhe consumer node may be found from expression

(8) and (9) respectively.

" TJotal annual downtime = (P = 8760.) hrs/yf ..... (8)
for a particular f
consumer node
Consumer . failure rate (Ns) = f /P f/yr ...., (9)
f S .

where: P is the probability of system/network failure,
f unayailabi}ity

P is the probability of system/network success,
'8 availability !

f is the frequency of system failure

3.3 Efamples.

3.3.1 Example 1: Unidirectional Elements
Consider the network shown in Figure 3.4 below. The
input data for the system (i.e, the ACE(i,j) array) is

shown in Figure 3.5.
[ 1] [2 ] [ 3 [ 4 |
A

. ' . v .
H . {810
input ‘ . A - oad point

Figure 3. 44 Unidirectional elements network configuration.
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ith Element jth Adjacent Coﬁnecting'Elements

1 ' -1
' 5
2 1
3 2
4 3 5
514 1 6
6 -1
7 6
8 4 7

999 . : 8

. I's

Figure 3.5 ACE(i,j) array for the system in Figure'3.4.

The operational paths and the reliability levels for
the system shown in Figpre 3.4 is shown in Table 3.3 below.
Table 3.3 The reliability levels and routing patterns of

the system configuration in Figure 3.4.

- all elements reliability levels = 0.9
- element -#8 reliability level = 1.0

A

Path # Elements Within Path
1 1 2 3 4 8
2 6 7 8
3 15 4 8.
4 6 5 4 8

System reliability level is: 0.9682659
System downtime is: 277.9902 hrs/yr =
System failure frequency is: 2.2950903 f/yr-
System failure rate is: 2.37031 f/yr

The system reliability in Figure 3.4 was computed
manually to show that the results shown in Table 3.3 are

\
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similar to those obtained by a classical method. In this

cése BAYE’'S theorem was, used according to the following

stebs.

R = R{(component 6 is good)xR + R(componeét 6 is bad)xQ
s 6 '

6

“where: R is the system operational success

s .
R 1is the probability of success of component 6

Q isxthe probability of'failure of component 6

ty

‘Given tomponent 6 is good:

"R (6 is good) = R(5 is good)xR + R(5 is bad)xQ
- 5

s 5
o) )
- . 2 4 . - 4
= (0.9+0.9-0.9. )x0 9 + (0.9 +0.9-0.9 x0.9)x(1.-0.9)
= 0 987561 ' .
Given 6 is bad T ‘ \

R (6 is bad) = R(5 is good)xR5 + R(5 is bad)xQ
s

ot

5

2 4.
(0 9 x0.9+0.9 xO. 1)
0.79461 .
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Therefore, the system reliability is:

R = 0.9x0.987561 + (1.-0.9)x0.79461 = 0.9682659
s .

@)
As can be seen thL manual ly obtained reliability level

is the same as the value listed in Table 3.3. -~

3.3.2 Eiamp]e 2: Bridge Network

Table 3.4 is the summary of the results obtained when
the proposed model was applied to the exi§ting published
network [14] using the reliability data (i.e., the failure
rate and repair rate) given. Note that the nodes of the
bridge nétwork,_Figure 3.6 are renumbered. Each of the
junction nodes was assumed to be 100% reliable. The element
block diagram and the ACE(i,j) array of the bridge network

in Figure 3.6 are shown in Figure 3.7 and Figure 3.8.

input- IE h V output

2 4

.Figure 3.6 Bridge networkK.

) | | output

input

‘Figure 3.7 Element block diagram of Figure 3.6.

&

¢



47

ith Element jth Adjacent Connecting Elements

1 7
2 7
3 8 t
4 9
5 8 9
6 3 4
7 -1
8 1 5
9 2 .5

999 9

Figure 3.8 ACE(i,j) array of Figure 3.7.

Table 3.4 Output node reliability indices for the

bridge network.

- all components have an assumed repair rate

of 20.0 hours

Component Output Node Reliability Indices

Failure AQailability * Failure Failure ;ﬁﬁﬂgl
(#/yr) S RS £ S I Vi
2.0 - 0.9999584556  0.0364414  0.03645  0.3636
4.0 0.9998347163  0.1453753  0.14540  1.4476
8.0 0.9993454814 0.5779632  0.57834  5.7336
16.0  0.9974350870 2.2777741  2.28363  22.460
32.0  0.9902020693 ~ 8.7691411 = 8.85501  85.829
219.0 . 0.7572016120 '  266.609  2126.9.

201.87655

ki
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' The results shown in Table 3.4 are similar to those
obtained in reference [14], where the system failure rate

is evaluated using the equation shown in reference [14]. ‘)

3.4 Reliability Levels Of Case Study

The basic reliabili}y data (i.e., the failure rates
and restoration or‘repafr ratg$ of each element) fdr the
distribution network configuration shown in Figuée 2.7
(IEEE 14 bus network) is tabulated in Table 3.5. The
reliability of the network configuratioﬁ from the perspective
of an individual consumer load point will be examined
first. Approximate equations aré used» to evaluate
indiyidua1 consumer reliability levels. Referéncgs 111]'
and [16]) show the error involved in evaluating the failure
and repair rates using the appﬁoximéted cut-set equatjons
and the.error involved in limiting the order of cut-set

to third order.
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Table 3.5 Elements failure and repair rates of Figure 2.7

Element # Failure Rate Restoration/repair Rate
(f/yr) T (hrs/repair)
; T ' '
1 0.1250 12.00
2 0.1250 12.00
3 0.1250 ' 12.00
4 0.1250 12.00
5 0.1250 12.00
6 0.1250 . 12.00
7 0.1250 12.00 w
8 0.1250 12.00 ~

9 0.1250 i 12.00
10 0.1250 ' 12.00
11 0.1250 12.00
12 0.1250 12.00
13 0.1250 12.00
14 0.1250 ;12.00
15 0.3200 - 165.00
16 0.3200 " 165.00
17 0.9450 42.50
18 1.1340 42 .50

19 0.7560 42 .50 £
20 ©1.5120 - 42.50
21 1.5120 42°.50
22 0.9450 42.50
23 0.7560 , 42 .50
24 0.1890 , ‘ 42.50
25 0.3000 (¢, 174.00
26 0.1890 : ‘ 42.50
27 0.9450 g f 42.50
28 0.7560 - S 42.50
289 0.9450 oo 42.50
30 0.7560 42.50
31 ~0.9450 42.50
32 0.5670 42.50
.33 0.3790 L 42.50
34 ©0.3790 2 42.50
35 0.3000 174.00
-~ 36 0.3790 - 42.50
37 ) 0.1890 42.50

-38 : 0.1890 ‘ 42.50




The reliability analysis of any consumer element is
dependent'upon many assumptions that must be validated in
practice. For example, the failure rate of any path or
element may NOT be independent. In these conditions, the
couplgd re1ahjonships>between the elehents and paths must
sbe established prior to any reliability analysis. For
the sake of simplicity, the operational paths of the
network shown in Figure 2.7 will be assumed to be
independent. The consumer reliability levels were
calgculated fof eacﬁ consumer eleménf in the network énd
ére shown in Table 3.6. The failure rate and the duration
of outages.fdr e?ch consumer’ load point/center as shown in
Table 3.6 were evaluated using the equations contained in
reference [15], limited to the third order minimal cut-
set. The m-th order»of cut is defined as combination of
all the the elements in whichlm numbef of cuts can fOﬁm a
successful operational path. Note'thft the résults in Table
3.6 do not take into consideration any weather factors.
H0wever. consﬁmer reliability indices change when thé}

effect of weather are considered. This factors willibe

/

e

considered in the Chapter V and VI. S

50
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N
Table ?.6 Consumer reliability indicies of the case studyf“
: - weather factors are not included . '
Average
: Consumer Consumer duration Total

Load Availabi- failure failure of inter- annual
point lity ‘frequency rate ruption downtime
‘ (f/yr) (f/yr) (hrs/r) (hrs/yr)

2 0.9997892 0.131520 0.131548 14.0383 1.8467

/] : '
3 0.9997892 0.131446 0.131474 14.0424 = 1.8462
4 -~ 0.9997077 0.151372 0.151417 16.9155 ;2.5613
6 ) 0.9929408 0.625856 0.630305 98.8070 62.2786
7 0.9997073 0.151778 0.151822 :16.8954 .2.%651
8. 0.9997006  0.155737 0.155784  16.8429 2.6238
9 0.9996969 0.157400 0.157447 16.8684 2.6559
. !

10 0.9996864 0.162350 0.162401 16.9190 2.74717
1. 0.9987046 0.154128 0.154174 16.7907 2.5887
12 0.99969839 0.158823 0.158872 16:8809 2.6819
13 0.9997913 0.129714 0.129741 14.0947 1.8287
14  0.9997604 0..144406 0.144440 14.5328 2.0991
QVERALLA0.991O146 2.013712 2.031970,‘39.0878 ?9.4253

In the evaluation of consumer element reliability

levels, it is important to note that the set of paths

from the source nodes to an individual consumer element

are usually unique:fvThe failure frequency of the system

is dependent on the reliability levels of the cbnsumer

elements and also the location of the‘éonsumer element as

can be seen from Table 2.2 and Table 3.6 above; i.e.,

the more operatjbnal paths to a consumer load point the



. lesser the chances of the consumer having no service.

Table 5.7\111Ustrates § change in load point reliability

levels when the network configuration is altered. For

example, source element k15 and element #5 are removed

from the network configuration to illustrate the change

in reliability levels.
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Table 3.7 Consumer reliability levels with source
: element #15 and element #5 removed. C
A | Average
Consumer Consumer duration Total

Load Availabi- failure failure of inter- annual
point 1Tty TESSSnSY (ilse)  (heere)  Thralyrd
2 0.9936701 0.565642 0.550252 97.8575  55.8034
3 0.9936793 0.566507 0.570116 97.8776  55.8016
4 0.9858685  1.353711  1.373116 91.4465 125.5666
6 0.9771055. 2.452368  2.509829 81.7805 205.2550
7 0.9856634  1.495083  1.516829 84.0009 127.4150
8 0.9856656  1.493899  1.515625 84.0548‘ 127.3955
9 0.9856756 1.488715 1.510350  84.2885 127.305
10 0.9856847 1.484396  1.505954 84.4800 127.2231
11 - 0.9857016  1.477011  1.498436 84.80232 127.0708
12 0.9856742  1.490031  1.511687 84.2224 ' 127.3178
13 0.0998288  0.444924  0.445000 122.022  54.3000
1444 0.9936424 0.578728  0.582430 '96.2320  56.0489
% OVERALL.0.9750243 - 3.317372  3.399210 ‘63;5755 216. 1063

The order of ties (i.e., union) ih»the €tudy‘is fimited

-
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’,

to 13, where a k-th order tie is defined as tre number of
.minimal paths to be unioned in expression (3). For example,
Pr{ A1 U A2 U A3 } is a thir/d"order tie, and a k-th-order
tie is Pr{ A1 U A2 U ceeen U AK }. Note that the maximum .
number of ties is equtﬁ to the maximum number of paths.

The error involved in 'stopping the order of tie between 13
and 14 is very.small, abprox1mq;efy 0.00001%. Therefore,
the results shown in this Chapter are acceptab]e for the

H

given data of the network configuration.

1

~
™~

The flow graph technique allows an easy and fast

method of determining all the paths for system operational
success and each consumer’s reliability characteristics,
For example, to evaluate the overall system/consumer
reliability indices and the operational ,paths. of a
“consumer - load element with 10 operational paths (ite., a

- 10 order of tie set) the proposed algorithm and mdde]i
takes about 0.697 seconds on AMDAHL 580/5860 at the
University of Aberta. If these calculations were to be done

manually, it could take several hours or longer to complete.

In the proposed algorithm; the component'rettabiiity
levels wlre based on the duration of ‘repair or replacement
and circuit transfer activtties However, in many industrial
°systemsi; the duration of the outage may cause many
industrial processes to be down for a duration far exceed1ngv
the restoration activities In these cases the, restarts

times of the processes would be used .in the rel1ab1lity

calculatio&\



 CHAPTER IV

RELIABILITY EVALUTION OF A DISTRIBUTION
NETWORK CONFIGURATION

4.1 The Distribution Network

“wThe probosed path algorithm was applied to an actual
comp lex d1str1butlon system, i.e., The University of Alberta
power d1str1but10n network as shown 1n Appendix B. Two of
its load centers, i.e., General Service Building and Civil
-Electrical Engineering Building, were examined in detail
(e.g., -reliability levels). The block diagram (i.e., the
- numbering of the elements) of the dfstribution network
configuration of The University of Alberta electrical power
distribution network is.shown %n Appendix B, F?gﬁre B.1.

4.2 Data Input j .

The diétribution ﬁetwork steady'state retiability
inaices (i.e:; frequéncy'and duration ' of 5nterrﬁptf9ns) weré.
evaluated from the failure rateSfand.restorationfrates
of the components within the ﬁetwdrK configurat{oﬁ. .Table
4.1 show§ t;e1fai1ure}and reéfﬁratiohfrepair rates for the
respective element ‘of Figﬁre B.1. The adjacent connecting

element (ACE(i J)) array of the network conffguration is

shown in Figure C.t of Appendix C. Table 4.2 summaries
the operating conditions of the switches (i.e., whether
they are normally opened or closed) in the network for

| two periods, February 1983 and g:ptember 1985
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Table 4.1 Element’'s failure and restoration/repair l
" rates of Figure B.1.

' Failure . kestorat1on
Components Rate(f/yr) Rate(hrs/f)
Transformers:
- liquid (all size) 0.0041 529.0
- dry-. (O - 15KV) 0.0036 153.0
- oitl \ 0.0037 61.0
Circuit Breakers: : ,
- below 600V L 0.0044 4.7
- above 600V 0.0176 10.6
Motoré: :“, ) & ‘
- induction : 0.0404 76.0
(601 - 15KkV) :
- synchronous - 0.0318 175.0
(601 - 15KV)
Generators: . .
- ggs_turbine . 0.6380 © 231
Switches:
1 enclosed . 0.0061 3.6
Bus-Ducts: - : A S
- all voltages | - 0.000125 128.0‘«\\
Cables: T ‘ , -7
- all types of - 0.00613 96.8
insulation, in (per 1000 -
duct or conduit .. ° feets)
below ground _ - .

.~ Cable Joints: : ‘ .
- = in duct or 0.000864 36.1~
" conduit below :
ground, (601 - ‘ , -
15kV) .

>

The aata‘shown in Table 4.1 was obtained from " IEEE |

2
Reconnended Practice ‘for Des1gn of Reliable Industr1a1 and
\
Commercial Power Systems * (Gold Book) [11]. The - length
of cables of the UnjverSIty system wao approx1mated from

a prevfous study of the system [171
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Table 4.2 The switches that are open in the network in
Feb. ‘83 and Sept. ’85

(i) February 1983 (Figure B.1 configuration)

161 162 165 166 223 281 305 381 398 407
408 409 410 464 465 466 467 468 618 618
620 621 622 623 624 625 658 659 660 661
910 911 912 913 916 918 921 923 927 930
933 936 939 842 ‘955 967 970 1199

(ii) September 1985

73 74 16t 162 165 166 281 305 381 398
407 408 409 410 443 446 448 449 464 468
618 619 620 621 622 623 624 625 658 (1659
660 661 824 825 910 912 913 916 918+% 921
923 927 930 933 936 939 942 .955 967 970
1199 ) : . '

4.3 Results

The reliability indices, i.e., the consﬁmer failure
frequency, interrubtion duration and thg routing patterns
of the two selected consumer load po;kts in the configuration
shown in'Figgre B.1 (i.e., the network in February i983)
are tabulated in Tables 4.3 and 4.4. The operational paths
to these selected consumer loads for Sept?mﬁgr 1385

r
~ i .

configuration are also shown in the table. -

<



Table 4.3, Reliability indices of the two selected
consumer load points of the University of
Alberta distribution network.

‘Consumer Availa- Failure . Failure Repair  Annual
load bility .freguency rate rate downt ime
point , (f/yr) (f/yr) (hrs/f) (hrs/yr)
General

o m - e e e e e e e e e e e e e M e e e e A e e e = m = me — = s e

Elect. 0.9996435 1.0850518 1.0854387 2.877864 3.122940

Table 4.4 The operational paths to the two selected
consumer load points, at 1983 and 1985.

(a) General Service Building :
" (i) September 1985 configuration
Path # Elements within path

"1 . 34 25 59 314 312 310 308 223 221
..., 214 212 210 208 217 225 229 239 249
... 258 275 301 302 ? S

2 32 22 58 319 321 323 -309 220 222
... 215 213 211 209 216 224 228 238 248
. 257 276 303 304 . :

3 32° 24 34 25 59 314 312 310 308
... 223 221 214 212 210 208 217 225 229
. 239 249 258 275 301 302 .

4 15 19 32 22 58 313 321 323 309
.. 220 222 215 213 211 208 216 224 228
' 238 248 257 276 303 304

5 34 24 32 .22 58 319 321 323 309
.. 220 222 215 213 211 209 216 224 228
.. 238 248 257 276 303 304

6 15 19 32 24 34 25 53 314 312
.. 310 308 223 221 214 212 210 208 217
w.- 225 229 239 249 258 275 301 302

57



(i1) February 1983 configuration

.. 957

276

-304

‘Path # Elements within path
1 y 4 50 &1 69 177 713 76
. 204 206 208 217 225 229 239 249
275 301 302
2 13 7 51 62 64 75 72 14
: .. 79 205 207 209 216 224 228 238
. 257 276 303 304
3 32 22 58 319 321 323 309 220
. 215 213 211 209 216 224 228 238
. 257 276 303 304
4 1 4 50 61 65 62 64 75
.. 74 77 79 205 207. 209 216 224
| 238 248 257 276 303 304
5 13 6 1 4 50 61 63 69
... 73 76 78 .204 206 208 217 225
. 239. 249 258 275 301 302 ‘
6 ' 6 13 7 51 62 64 15
.. 74 77 79 205 207 209 216 224
.. 238 248' 257 276 303 304
7 5 19 32 22 58 319 321 323
.. 220 222 215 213 211 209 216 224
. 238 248 257 276 303 304 5
8 34 24 32 22 58 '319 321 323
. 220 222 215 213 211 .209 216 224
| 238 ~g#8 257 276. 303 304
9 i3 6 1 4 50 61 65 62
.75 72 74 77 79 205 207 209
" 224 228 238 248 257 276 303 304 °
10 446 45 46 47 48 43 3 1
.. 50 61 63 69 177 73 76 78
T 206 208 217 225 239 248 258 275
| . 302 : :
19 44 45 46 47 48 49 3 1
... 50 61 65 B2 64 75 712 74
.79 205 207 209 216 224 228 238.
. 257 276 303 304 |
12 44 45 46 47 48 49 3 1
q . 13 7 51 62 64 715 72 74.
79 205 gog 209 219 224 228 238
0 .

78
258

- 77

248

222
248

72
228

177
229.

72
228 .

309
228

309
228

64
216

204.
301

77
248

7
248
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(b) Civil-Electrical Engineering Building :

Both 1983 and 1985 network configurations have the
same impact on the load center, i.e., the new operating
conditions of the switches does not affect the routing

patterns to the selected load center.

Path # Elements within path
1 ‘32 21 317 ‘441 455 269 500 539 587
.. 64b 8G1 730 770 787 ,
2 15 19 32 21 317 441 455 269 500
533 587 645 691 730 770 787
3 34 24 32 21 317 441 455. 269 500

539 587 645 691 730 770 787

The General Service Building has a higher number of
operational paths feeding it than the Civil-Eléctricél
Engineeriﬁg Building, resulting in a significantly higher
Ievglﬁﬁf reliability.‘_dther load.Centers Qith%ﬁ the
UniQé;sity of Alberta’s distributfon network were not
studied due to a lack of computeb funds.. Howe&er, the
‘two selected load centers areirepresentétive.of load

centers that are within the network configuration.

»
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CHAPTER V
MAINTAINABILITY

5.1 Preventive Maintenance

One of tne important operating cost decisions that
must be made by the management of any utility plant is
how much money should be spent for scheduled electrical
preventive maintenance. The amount of maintenance performed
on electrical equipment can significantiy affect the
failure rate of the equipment installed in any system. |
The maintenance effort vari%é proportionally with the
maintenanoe-cost [1?]. Lack of any maintenanoe will
‘increase the failure rate of therelectrical components in a
power system and can eignificantly inoreaée the costs for

1. . . . .
corrective maintenance activities when.the components fail.

‘Electrical preventive maintenance usually receives
meaoer emphasis in the design phase of an electric dietri4l
bution system when in fact it can be a_key'factor to high
reiiability. Largerexpenditures for electric systems are
'made to provide the desired.reliability;Vhowever. failure
" to prov1de timely and high quality preventive maintenance_
leads to system or component malfunctions or failures,

which ‘is a costly proposition . oL

The:distribution system‘qonfigunetion should be =~
designed so that maintenance work is permitted without

i
b
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load interruption or with a minimal oufage durat?on. Often,
equipment preventive maintenance: and load intergdptions,
may be deferred for critical loads or to portions of the
distribution system because of the impact of scheduled -
outages. To overcome this problem it may be required to
install alternate electrical equipment and circuits to
permit noutine or emergency maintenance on one circuit
while the active circuit supplies-the critical load during‘
the maintenance period. | .

In Chapter 111, tne system failure rate was assdmed

/.

to be constant as shown in Figure 5.1.

-

SYSTEM ‘
FAILURE - Constant failure rate .
RATE  |[----=--==="""=-"---"--~- Pommmmmoo-

TIME

LA

Figure 5.1 The system performance model of Chapter I11.

Tnjs will not be.thercaseilf components are-remerd from
service for periodic'fnspeétions end‘maﬁntenanCe (i.e., |
-not 1mmediate replacement ) in accondanee with‘a planned
program.’ During such a ﬁeriod the capacity available for
for service is not constant and thenefore the reliabil1ty
indices for the consumers will be different from those
shown 1n Chapter 111 where only pass1ve (time independent)

,_./f<<\;~7%

/ : &h I:i

. failures were considered



The reliability indices (i.e., with the consideration
of maintenance periods of the components! for'{he consumers
within the IEEE 14 bus network configuration (i.e., see
Figure 2.7) are evaluated to %llustrate the significant
effects of maintainability on the system reliability levels.
The weather conditions (normal or adverse) also have a
significant impact on the maintainability performance
of the system. The two bossible cases dpring maintenance
.periods are considered which are:

(i) weather “cannot change -during maintenance period;

(i) weather can change during maiﬁtenance period.
The case where Qeathen can cﬁange during»maintenance
peripds is subdivided into two further possibilities:

(i) rebair-is carried on in adverse weathe?; and

(ii) repair is discontinued in adverse weather.

Similar techniques (e.g., minimum cut set method) are
- used in the eValuation of conéume} reﬁiabilify indices
(outage rete and outage dufation). iThe’minimum cut set
‘equations for the outage durations'and outage rates*for

the study are presented in the Appendix D.

./'\

5.2 Case}Study‘

The data used for the study of the IEEE 14 bus ne twork

62

configurat1on 1s shown in Table 5 1. Note that the7permanent.

fa1lure rate ‘and restoration rate of the components are ..
.sjmilar.to those_listed in Chapter 111, section 3.4. The

remaining reliabtlity data was extracted from various:



publications [15,18,19]). Due to lack of published data,
the adverse weather outage duration of the components was

set fo be equal to the normal weather outage duration.

Table 5.1 Component data for the case study.

Normal weather Adverse weather Maintenance
Element outage outage outage
number rate duration rate duration rate duration
(f/yr) (hrs) (f/yr) (hrs) (o/yr) (hrs)
1 0.125 12.00 0.625 12.00 0.25 4.00
2 0.125 12.00 0.625 12.00 0.25 4..00
3 0.125 12.00 0.625 12.00 0.25 4.00
4 0.125 12.00 0.625 12.00 0.25 4.00
5 0.125 12.00 0.625 12.00 . 0.25 4.00
. b 0.125 12.00 0.625 12.00 0.25 4.00
7 0.125 12.00 0.625 12.00 0.25 4.00
8 - 0.125 12.00 0.625 12.00 0.25 4.00
9 0.125 12.00 0.625 12.00 0.25 4,00
10 0.125 12.00 0.625 12.00 0.25 4.00
11 0.125 12.00 0.625 12.00 0.25 4.00
12. .0.125 12.00 - 0.625 12.00 - 0.25 4.00
13 0.125 12.00 - 0.625 12.00 8.25 4.00
14 0.125 12.00 0.625 12.00 0.25 4.00
15 0.320 165.00 0.320 165.00 2.00 24 .00
16 . 0.320 165.00 0.320 165.00 - 2.00 24.00
17 0.945 42.50 ..4.725 42 .50 0.50 36.00
18 1.134 42.50 5.680 42.50 - 0.50 36.00
19 0.756 42 .50 3.780 42 .50 0.50 36.00
2Q - 1.512 42 .50 7.560 42 .50 0.50 36.00
21 1.512 42.50 7.560 42 .50 0.50 36.00
22 0.945 42 .50 4.725 42.50 0.50 36.00
- 23 - 0.756 42.50 3.780 42 .50 0.50 36.00
- 24 -~ 0.189 42.50 0.945 42.50 0.50 36.00
25 0.300 - 174.00 1.500 174.00 1.00 24.00
26 ' 0.188 42 .50 0.945 42.50 0.50 36.00
27 0.945 42.50 4.725 42 .50 0.50 36.00
28 - 0.756 42.50 3.780 42 .50 0.50 '36.00
29 ~0.945 42.50 . 4.725 42 .50 - 0.50 36.00
30 - 0.567 42.50 2.835 42 .50 0.50 36.00
31 ... 0.756 42.50 3.780 42.50 - 0.50 36.00
32 0,567 42.50 2.835 42.50 0.50 36.00
33 .0.379 4250 1.895 42 .50 0.50 36.00
34 - 0.379 42.50 1.895 42.50 0.50 - 36.00
35 . 0.300. 174.00 1.500 174.00 1.00 24.00
36 , 0.379 42.50 1.895 42.50 0.50 36.00
37 0.189 42.50 0.945 42 .50 0.50 36.00
38 0.189 42.50 0.945 42.50 . 0.50 36.00
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Note that the ACELi,j) array of the network configuration
is not affected by the maintenance factors of the system,

i.e., it is the same as presented in Chapter 11.

The reliability indices for each of the consumers
being serviced by the IEEE 14 bus power system (Figure 2.7)
for all the three cases described in the previous section

are tabulated in Tables 5.2 to 5.4.

\*

y . ¥ -
Table 5.2 Reliability indices when weather cannot change
' during maintenance period. '

Average
- Consumer Consumer duration Total
e Y R TS Sl i
: ’ (f/yr§ (f/yr) (h¢s/r). (hrs/yr)
2 0.9996663 . 0.386851 0.386980 7.55587  2.9240
3 0.9996664 0.386737 0.386866 7.55626 = 2.9233
4 0.9995530 0.422593  0.422782 9.26527 3.9172
#'6  0.9881485 2.366501 2.394965 43.8684 105.064
7 '0.9995524" 0.423128  0.423318 9.26583 3.9224
8 = 0.9995378  0.431975  0.432175 9.37299  4.0508
9 0.9995325 0.438437 {0.434640 9.42753  4.0976
10 6.9995219} 0.439589  0.439799 9.52812  4.1908 .
11 0.9995482 0.427182 . 0.427376 9.26452  3.9594
12 0:9995313 0:434915  0.435119 0.94396 4.1@#3;
13 0.9996694  0.383871 0.383997 7.54515  2.8973
14 0.9996266 0.405181 .. 05332 8.07205 3.2719
133.458

S . -
OVERALL 0.9849937 6.464809 6.563299 20.3339
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Table 5.3 Reliability indices when weather can change
during maintenance period - repair is carried
.on in adverse weather.

Average
" Consumer Consumer duration Total
Load Availabi- failure failure of inter- . annual
point lity frequency rate ruption downtime
. (f/yr) (f/yr) (hrs/r) (hrs/yr)
2 0.9983572 0.563214 0.553577‘ 9.99779 5.6345
3 0.9993989 0.521606 0.521919 10.0953 5.2690.
4 0.9985213 0.914769 0.916123 14.1604 12.973
6  0.9876728 2.578558 2.711989 40.3150 109.334
7 0.9983901 0.994881 0.996485 14.1751 14.125
8 0.9984190  0.965563 0.967092 14.3434 13.872-
9. 0.9984568 0.941074 0.942528 14.3644 13.539
~10 . 0.9982638 1.055566 1.057402 14.4081 15.235
11 -0.9981230 1.132149  1.134278 '14.5230 16.473
12+ 0.9982260 1.075197 1.077108 14.4535 . 15.568
13 -0.9993990 0.522306 0.522620 10.6793A, 5.2676
14 0.9993148  0.576523 0.576919 10.4120  6.0069
OVERALL 0.9834342 7.357569 7 '

.481507 19.7234 147.561
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Table 5.4 Reliability indices when weather can change
' ' "during maintenance period - repair is
discontinued in adverse weather.

& Average
Consumer Consumer duration Total
Load Availabi- failure failure of inter- annual
point lity frequency rate ruption downtime
(f/yr) (f/yr) (hrs/r) (hrs/yr)
2 0.9983278 0.430161 0.430881 34.0524 14;%73
é 0.9983400. '0.410363 0.411045 35.4371 }4.566
4 0.9975996 0.517208 0.518453 40;6564 21.078
6  0.9694398 2.441644 2.518613 109.642 276.146
7.7 0.9975374 0.616483 ‘0.618005 34.9924 21.626
6 0.9974550 0.613160 0.614725 36.3595  22.351
9 0.9974337 0.577021 0.578506° 38.9606  22.539
0 0.9973191 0.576199  0.577748 40.7578  23.548
11 0.9975f72 6.591560 0.593032 36.7660 .
12 0,9973838  0.612467  0:614073 37.4i85 %
13 0.99 5611‘ 0.405521  0.406187 - 35.4031 14.380
14 0.9979934 ‘0.449635. - 0.450539 39;0§4Q\ 17.613
‘ OgERALL 0.95ﬁ§d?4 6.584799 . 6:909951 62.5993} 432.562

N J
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As can be seen from the tables above, each networK
constraint affects the cystem reliability 1eveis‘differently._
These results are obviously different from those in
°Chapter 111, where the network configuration is assumed.to
be constant. Comparing the values in Table 5.3 and Table
5.4, it is clear that the consumer failure retés are higher
for the case where repair is carried on in adverse weather
during maintenance'period than the case where repair is
discontinued in adverse weather. When repair activities
are carried on in adverse weafher the components within
the given configuratibn are expoeed to the extreme elements

’ . - \“.
of the weather which in turns increases the fajlure rate-

of the electrical components. ' |

-

The 1mpact of the dec1s1on to perform repa1r activities
or not to during adverse weather cond1t10ns has a, signifi-
‘cant impact on the duration of-1nterruptlons The duratlon

of outages is h1gher when the repa1r act1v1t1es are

| curtailed dur1ng adverse weather per1ods



CHAPTEB VI 1
TRANSIENTS

-~

6.1 Transient Faults B , f

Faults can be classifiedJ;s permanentfog\transient.

_ - Permanent faults avé(often caused by cataStrophic'failures

/-/‘\___/"’
o?‘the components. The failure of the component in these

cases are irreversible and permanent and requ1res repair
or replacement act1v1ties to restore the component to a
functioning state. These faults are often charac{;rized
by a long outage duration and have a failure rate

t

proportional to the environmental cdbditions

Transient faults, on the other hand, are caused 'by
temporary malfunctions of compons?ts or usually by external
, 1nterference such as electrical no&\&, switching transients

'and power. dips, surges motor starting ‘etc . These

faults are of limited duration and alt } ’h they require
: restoration no"epair or replacement activities are usually
_ 1nvolved In power systems, -the term transient“ generally

‘refers to change in voltage level w1thin less than half a

'cycle 123). 1t is dften used to describe any disturbance or

1nterruption that is transitory, such as common mode noise..
surges, sags, and other phenomena ’ Transients are often ”
| caused by lightning, capacitor switching, fault switching.
,‘arcing ground and switching inductive loads, such as

_motors, transformer, or lightning ballasts Almost all .

t“».v ‘ - . .. ‘ 68
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transients, except lightning are generated as the resultv
of the interaction between stored electrical energy in the

. co s s .
circuit inductances and capacitapces. »

[
6.2 Effects Of Transient Interruption On Consumers

’

The transient fault on electricai utilities, although
of;limited duration can significantly affect both the o
utilities and 1ts .consumers. The .impact on. an. individual wﬁ(/r
consumer depends on the type of consumer he/she is (&.g. ',-_ |
industrial, commerCial or residentiall and what function‘

‘the electr1c1ty per forms for him/her (e.g.. lightning,
g motor drive or gomputers). t A 4 -

~ An 1nterruption of an 1ndustr1al consumer could
result 1n.lpst production damaged equ1pment or heaith
hazards. Commerciai consumers could suffer a loss “in sales,
. damage to stock or health hazards to both customers and -
employees Interruptions toJr%sidential consumers are '&
normally thought to have. negiigible impact but a long
term interruption can cause mpnetary losses such as food
spohlage due to*adverse temperatures.,while a short term
4‘interruption can cause inconVeniences such as housekeeding
capacities and food preparation . Interruption to .public
servﬁce locations such as nealth institﬂtions or hospitals.;

‘could result in death because emergency~units nmy not be

| able to perform their intended functions of\\hppiying
' energy to critial patients (e, g ' open heart surgery,
etc ) duninq an.interruption ‘



6.3 Case Study .
v

The effects of temporary outages\(transients) on the
IEEE 14 bus power system shown in Figure 2.7 will be
—TT—
discussed in this chapter. The data used for the study
is shown in Table 5.1. Thé'temporary outage rates of

the components for both normal and adverse weather were

arbitrarily taken as ten times the values shown in Table

5.1. The effects of component temporary outages overlapping

permanent outages and the effects of component temporary

outages over lapping maiftenance periods on the consumer

the failure rates and outage durations are listed 1h the
Append1x D The' reliability indlces of the consumers within
network of F1gure 2.7 for the sbove four cases 1§,shown 1n

Tables 6.1 to 6.4.

A~
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Table 6.1 Consumer-reliability indices for the case
when component temporary outages over lap
forced outages

Average
Consumer Consumer duration Total
Load Availabi- failure failure of inter- annual
point lity frequency rate ruption downtime
(f/yr) (f/yr) (hrs/r) (hrs/yr)

.9997892 1.446722 1.447027 1.27621 1.846;

2 0
3 0.9997893  1.445904  1.446209 1.27658  1.8462
4 0.999_7”077‘ 1.665095 1.665582 1.53777  2.5613
6 0.9929408 6.884413  6.933358 8.98255 62.2786
7 0.9997073  1.669558  1.670005 1.53598  2.565!
8  °0.9997006- 1.713111  1.713624 1.53117 2.6238
g 0.9996969 1.731398  1.731923 1.53349  2.6559
10 0.9996864 1.785846 1.786406 1.53809  2.7477
11 0.9997048  1.695411  1.695912 1.52643  2.5887
12 0.9996939  1.747058  1.747503. 1.53462  2.6819
13 0.9997913 ~1:426855  1.427153 1.28134  1.8287
14 0.9997604 1.588463  1.588844 1.32117  2.0991
OVERALL 0.9010146 22.15084 ' 22.35167 3.55344 79.4253

-



Table 6.2

Al

Consumer reliability indices for the case
when component temporary outages overlap
maintenance periods - weather cannot change -
during maintenante.
Average
Consumer . Consumer duration . Total
Load Availabi- failure failure of inter- annual
point. lity frequency rate ruption downtime
(f/yr) (f/yr) (hrs/r)- (hrs/yr)
2 0.9996663 1.701891 1.702460 1.71750 2.9240
3 - 0.9996664 1.201034 = 1.701601 1.71795 2.9233
4 0.9995530 . 1.936082 1.936947 2.02235 3.9172
6 0.9881485 8.594953 8.698037 12.0791 105.964
7 0.9995524 . 1.940673 1.941542 2.02025 3.922ﬁ"
g® . 0.9995378  1.989095  1.990015 2.03555 4.0508
9 0.9995325 2.008176 2.009115 2;05950 4.0976
10 0.9995218. 2.062818 2.063805 2.03045 " 4.1905
11 0.999548§ 1.968224 1.969113 2.01077 9594
12 0.9995314 2.022891 2.023840 ?.02948 a4.1073
13 0.9996694 1.680853 1.681409 1.72315 2.89?5
14 0.9996266‘ 11.8A9945 1.849736 1.76883 . 3.2719
"OVERALL 0. 26.47959  26.88300 -4.96438 133.458

9849937
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Consumer reliability indices for the case

147,581
oA

Table 6.3 _

’ when component temporary outages over lap
maintenance periods - weather can change
during maintenance, repair and maintenace
activties continued in adverse weather.

k - Average
Consumer - Consumer duration Total
.Load. Availabi- failure failure of inter- annual
point ity frequency rate _ruption downtime
' (f/yr) (f/yr) (hrs/r) (hrs/yr)
2 0.9993572 4.@01929 4.204632 1.34007 5.6345
3 0. 9993989 3.567922  3.570068 1.47587 5.2690
. A / . —
4  0.998%213 8.610531 8.623282 1.50437° 12.973
6 0.9876728 12.79010 12.94873 8.44294 109.334
7 -0-.9983901 9.743085 9.758795 m1.44744 14.125
8 0.9984130  9.363097 19.377924 1.47920 13.872
g 0.9984568 8.995393 9.009296 1.50277. 13.539
1Q 0.9982@58 '10.57909 10:59240 1243763ik‘15.235:
11 0.9981230  11.83472  11.85697 1.38932  16.473
12 0.9982260- 10.92665  10.94606 1.42224  15.568
13, 0,9995990- 3.576235 -‘3.578386 1247207u 5.2676
14 ~0.9993148 A422844025 '4.28734Q_ 1.40107  6.0069.
'OVERALL 0.9834342  38.25553  38.89994 3.79336

s
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Table 6.4 Consumer rei1$b11ity indices for the case
when component temporary outages overlap
maintenance periods - weather' can change
during mainténance, repair and maintenance
activities discontinued in adverse weather.
7 v Average ,
' Consumer  Consumer duration Total
Load Availabi- failure failure of inter- annual
- point Tity frequency rate ruption downt ime
' (f/yr) o, (f/yr)  (hrs/r)  (hrs/yr)
’ " ) . :
| 2 0.9983279 - 1.872048 1.875184 7.82458 =14.6725
3 0.9983460 1.851105 1.854183 7.85588 14. 5662
4 0.9975998  2.208235 - 2.213548 9.52247 21,0784
6  0.9694398  9.166399  9.455356 29.2053 276, 1460
7 0.9975374 - 2.313057 2.318767 9.32630" 21.6255
8 0.9974550  2.360982 ° 2.367006 9.44277 22.351
9 . 0.9974337 2.346261 2.352298 9.58153 22.5386 -
10 0.9973191  3.409791. 2.416269 9.74550  23.5478"
11 0.9975172  2.319222 2.324995 9.37784  21.8034
12 0.9?73838 2. 400460 -‘2.406]56 9.54777 , 22.9777>
13 0.9983611 1, 824822 1.827818 7.86746  14.3803
.14 0.9979934 2.057933 - 2.062071 '8.54161 17.é1§4 N
OVERALL 0.9529444 27.90290 - 29.28072 14.7729"432,5615
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Comparing the reliability levels of the consumers.  °
in the above tanles wtth those in Lhapter 111 (Table 3.6)
and Chapter V (Table 5.2 - 5. 4), it is clear that wherga
transient outage OQCUr 1n a system, the reliability indices
of the system (or consumers) changes SIgnlflcantly, Notice
that restqration rates during transient are very small as
compared to those in Table 3.6 and Table 5.2 to Table 5.4;
frequencies of failure, on‘the other hand, are very much
higher. From Table 6.1 to 6.4, it is clear that the .
consumer reliability leve) is higher when the pneventive

] maintenance of the components are be1ng considered in the
:evaluation of the Ioad point reliabitity levels, hogever,
if repair is carried on during adverse weather conditions
during the maintenance periods the reliability level b%

the load point w1ll be lower as shown in Table 5 3 and

Table 5.4. | i
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CHAPTER VII

I

* DISCUSSION AND CONCLUSIONS
- 0/ .

7.1 Path Tracing Algorithm

‘ The computer algor1thm presented in Chapter II can
read1ly trace and 1dent1fy the operational paths contained
: within a given network configuration. Particular consumer
elements were selected from the standard IEEE'14dhus power
system”and the operational paths*from various source -
elements to selected elements were presented. The
"algor1thm was selected on the bas1s that the junction
nodes of the network are con51dered as elements in the
model. Often, the impact of the junction node failures
which can signiflcantly alter the routing paths from
vsourc; nodes of . the network to the various load Q91nts are
not cons1dered Jn ‘the l1terature It was found that the
- perat1onal paths to var1ous consumer elements are quite
unidue, and/very sensitive to any mod1fjeatlon (e.gt,
| remoVal‘of/network~elementsl'in the network'conflguration.

»

7.2 Rellability and Frequency" : - ')

The,steady sta}e rel1ability and frequency levels of

;l”the network v1ewed frOm the perspectlve of the consumer -

'.load p01nts were. evaluated from the fallure rates and . -

h‘%repalr/restoration rates of each network element 1 lhé‘

* i

,reliability of each consumer load point was slgntficantty

4



. has on. the consumer levels of reliability is presented in

3

different to demonstrate the point that a consumer location
within a given network configuration significantly affects

the reliability levels he/§he receives.

When components ‘are removed from service, they
can have a significant impact on copsumer levels of
reliability. Chapter 111 presented an example of remov1ng

two elemed&s' from the network configuration which’

~demonstrate the changes in the reliability -levels and other

system indices as seen by various consumers.

-~

In order to evaluate the overall network reliability

O e it e

devel and other network per formance indices from the °e .

perspective of maintaining continuity of service to adl

consumer elements, it is necessary to follow, these

procedures:

(i) create a 100% reliable element (i.e.
system consumer element); :

(ii). link ALL consumer elements in the network
4 to the system consumer elemént;

(iii) use the computer algorithm to. identify the
paths and evaluatge” the network. reliabil§
.. indices as previ sly discussed n Chap
.. Il and III. .

« .
7’ 4

8
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- The effect of.preyentive‘maintenance’of the components a

B Chapter V. In Chapter 1iI, only thé passwve failure of

‘ .

\ ‘o

- <
P& X K. ) «
.‘ S o . ) B ' "'

the components was examined o

!
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7.3 Complex Distribution Network ~

The computer algor1thm was appl1ed to The University
of Alberta s power distribution network to demonstrate the
efficiency of the computerl algorithm. The reliability
indices of)two coﬁsumer load points were evaluated and
studied in some detail for the \pomplex distributloﬁ
network which contains 1300 elements. It is obvious
.that manually tracing and identifying the operational
paths'of\the network and the evaluation of the consumer
rel1abll1ty levels can'be very time consuming and an error
prone process. Clearly from the results obtained in Chapter
v, it can be concluded tiat the higher the number of

operat fonal pat?s servtng a glven locatﬂon the higher will

'be the reliability levels for that part1cular location.

v The computer algorithm presented is extremely fast
- and efficientl ‘No bus or node numbers are required as

input data, only the adjacent connecting elements of each l

‘ element in the network is necessary ~ Any :od)ficatlons to o

the network (e g. ; add1t1ons or removals) o not to

be re@oded i.e., “the or1ginal data remains t same ‘and

the mdd1f1cat1ons ane handled with1n the program. The s
ﬁproposed general computer algorithm may be_ used to soive

aﬁ? type of network configurationf such as communlcatlon ;

‘1networks or tnaffic~flow. etc..
_ o

a .
-



Wweather durlng ma;ntenance periods is that ‘when repair

7.4 Maintainability

™

In Chapter V, it can be seen that in the case where
component \forced outages overlep maintenance periods (with
the-consiZeratiOn of normal orfaoverse weather during the
maintenance‘periods), the censumer interruption frequency
was higher when repairs and maintenance activitiesfwere |
continued in adve}se weatherathan those when the activites

are discontinued in adverse weather. The consumer interrypajon

durations, on the other hand, were lower when repairs were,a

carried on. in adverse weather.’ The reason for higher
frequency o?'outages and lower interruption durations when.P

repairs and maintenance»activities are contﬁnued,in'adverse
~

R
act1v1ties are p§nformed in adverse weather the components

are exposed to- 1ncreased stress leyels which in turn
incneasesltne f}eﬁuency of chponent outaoes, The interquption
duration_-is reduced by the early reétoratjon of {the«
components: Hence,'in’order to provide a higher reliability
level to consumers, utﬁiities must consider preventive

malntengne ograms in their design act1v1t1es The

'decis1on as to ether repairs: are to contlnued in

- adverse weather depends solelybon the requ1rements of,the'"

: o SR | :
consumer (e.g., shorter interruption rates may be rore

important| th n‘afJ6wer'reTiabjlity level). . . .~




kS
7.5 Transients

‘ ¥ power system terrﬁinol'ogy, transien@ ._interruptions
agg;"referred to as an increase in voltage levels of less
‘ “than ha1f a cycle [23]. In Chapter VI the mpécts of
tran51ent bnterr‘uphons on the load points reliability
1nd1ces of the IEEE 14 bus power system were studiéd.
)
in
)exclud1ng tran51ent ,outages, whereas the frequency of
mterr‘uphons of the: e]ectmc*{él power supply were much
mgher . Since trans1ents cannot be eliminated entirely,
N equ1pment/dev1ces {e. g . motor generator set,@tranment

" *ﬂ‘
suppres‘sor power conditioners, UPS, etc.) can be used

‘at the load centers to reduce the inp‘act of transient

-d}sturbance‘s.
- L
. .

o5t ”_:4.' ‘ A ’ . »

. 1*"" s found that the average duration Of load, point
er

ruphons was very small wheh compared to the .- results_

80
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APPENDIX A

: ‘ Ve
B1direct1onal Components Example
| The flow graph method for f!nalng the operat1onal

paths to load points described in Chapter II is app11ed to

a network w1th b1d1rect10nal components. Cons1der,the
a -
following flgure. .

arb1trary line

wa

—> 16[ <

i ]

f |

A to show possible v

| fiow of 2 to 4 |

v _ A
o— 1 p——¢— 2 }——— 3 }>——4}———5}0
INPUT d// Lo : INPUT.

OUTPUT

t

Figure A.1 Bidirectional COmponehts network.
The combinations of the components for the above
figure are as shown below. ‘Note that for each order. there

1

are m! more combinations than the unidirectional network.

Table A.1 All\possible combinations for the figure above.

Combination .
order C Comb1nat1ons
st 1, 2, 3, 4,5, 6
(6 terms) ' '
- 1-2, 1-3, 1-4, 1-5, 1-6, 2-1, 2-3, 2-4,
.2nd 2-5, 2-6, 3-1, 3-2, 3-4, 3-5, 3-6, 4-1,
(30 terms) ¢ . 4-2, 4-3, 4-5, 4-6, 5-1, 5-2, 5-3, 5-4,
| © 5-6, 6-1, 6-2, 6-3, 6-4, 6-5.
, 1-2-3, 1-2-4, 1-2-5, 1-2-6, 1-3-2, 1-3-4,
3rd . 1-3-5, -1-3-6, 1-4-2, 1-4-3, 1-4-5, 1-4-6,
(120 terms) -1-5+2, 1-5-3, 1-5-4, 1-5-6, 2-1-3, 2-1-4,
w 2-1-5, 2-1-6, 2-3-1, 2-3-4, 2-3-5, etc.
------------------------------------------------------ e --
://
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The combinations that form sucpéssful operat1onal

‘paths:are~:

, 1-2-6-4-3, 5-4-6-2-3

v

- 1-2-3, 5-4-3



APPENDIX B ¢

Figure B.1 The numbering order of the distribution
network configuration of Figure 5.1, i.e.,
The University of Alberta power distribution
system.

SEE POCKET, : v
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APPENDIX €

Table C.1 The ACE(i,j) array of the.the Univer$ity of
‘ Alberta distribution network configuration.

~

Adjacent i Adjacent
Element # . Connecting Element # Connecting
' ) Elements Elements
1 -1 3 & 2 1
3 49 | 4 1
5 1 - : 6 1 13
7 13 s 8 13 -
9 13 ' . 10. 13
11 14 12 14
15 -1 19 16 15
17 15° 18 15
9 15 32 20 32
21 - 32 T 22 32
- 23 32 24 32 34
25 34 | 26 34
27 34 . 28 36
29 36 Yy 30 15
31 15 § 32 -1 19 24
33 34 i 34 -1 24
. 35 36 . 36 - 27 .
37 ‘16 .. .38 28
39 20 + 40 30
41 31 42 33
43 35 44 " -1
45 44 46 45 .
47 46 48 47
49 48 50 4 61 -
51 7 62 52 2 452
53 11 453 54 . 5 820
55 8 454 56 9 821
57 17 841 58 .22 319
- 590 25 314 60 26 442
61 50 63 62 -51 65
63 61- 69 64 - 62 75
- B5 . 61 66 62
67 65 68 66
69 63 177 70 - 87
71 68 - 72 74 75
73 76 177 - ¢ 74 72 717 -
75 64 72 . 76 73 78 . ..
77 74 79 . 78 - 76 204 306
- 79 77 205 307 80 .11 '
81 70 _ 82 81

- 87’



88
Table C.1 cont. '
Adjacent Ad jacent
" Element #  Connecting Element # Connecting
‘ Elements - Elements
83 80 ’ 84 72
85 177 86 -84
87 85 ; 88 82 .
89 83 ' 90 82
91 83 92 . 82
93 83 . o 94 82
95 - 86 ' 96 87
97 86 B 98 . 87
99 86 ' 100 87 .
101 88 o - 102 . 89 .,
103 90 o 104 . 81
- 105 - g2 . ' 106 - 93
107 94 : s - 108 | 95
109 96 o 110 g7 w
11 - 98 . ‘ 112 .99
113 100 114 101
115 102 116 103
117 104 < 118 105
119 106 120 107
121 136 122 108
123 109 124 110
125 111 126 112
127 113 128 114
129 115 130 116
131 117 132 118
133 457 134 119
135 120 S 136 351
137 122 N 138 123
'//439 124 ) 140 125
/141 126 142 © 127
+ 143 141 142 - . 144 143
145 144 146 147
147 © 140 161 148 - 139 .161
149 - 138 162 . _ : 150 137 162
151 ‘ 135 165 - 182 - 134 185
153 .~ 130 1371 . 154 129 166
155 128 166 v ‘ 156 147
157 . . 147 | 158 - 156 |
158 146 ’ , 160 = = ~157 o o
161 147 148 - 162, 150 149, R
163 = - 188 , S 64 181 : o
165 - 151 152 = 6 - 154155
167 . 170 kJBB 1713
169 176 . 170 158
171 167 4 S 172 171
173 159 ' 174 168

PR LS L 176 . 180



Table C.1 cont.

Adjacent

Element # Connecting
‘Elements
177 69 73
179 -178.
181 180
183 182
185 184
187 186
189- 163
L 191 151
193 192
195 194
Y97 1132
199 198
201 200
- 203 202
205 78 207
- 207 - 205 209
209 107 211
211 209 213
213 211 215
215 213 222
- 217 208
219 221
221 214 223
223 221 308
225 217
227 218
229 .. 225
231 - 225
233 1225
235 227
237 227
239 229
241 231
243 -.233
245 235 -
247 237
249 . 239
251 241
253 243
255 245
ra57 248
259 250 -
261 252 5
‘263 254 '
265 - 288
267 456
269 455

|8
L
Adjacent .
Element # Connecting
' ‘ Elements
4
178 - 169
» 180 148
182 T 149
184 150 ..
186 121
188 151
190 189
192 164
194 152 -
.. 196 . 195
198 153
200 154
202 155
204 78 206
206 204 208
208 206 210
210 208 212
212 210 214
214 212 221
216 209
218 222 -
220 222 308
222 215 220
224 216 !
226 219
228 224
230 224
232 224
234 226
- 236 © 226
238 228
240 230 .
- 242 232
244 . 234
246 236
248 238
250 . 240
252 242
254 244
- 256 - 247
258 - 249
260 251
262 253
. 264 255
266 256
268 266
270 265

EERA



Table C.1 'cgn.

Adjacent

Element # Connecting

Elements

271 264 281

273 262

275 258 305

277 271

279 272

281 271 272

283 273

285 283

287 286

289 285

291 456

293 . 274

295 293

297 295

299 297

301 275

303 276

305 275 276

307 79 451

309 220. 323

311 318 313

313 311 315

315 312 316

317 - 21 441

319 321 58

321 319 323

323 321 309

325 322

327 . 312

329 . 326

331 328

333. 329

335 329

337 - 332

339 . 332

341 332 ,

343 332

345 333 -

347 335 .

349 - 337

. 351 339

353 341

355 343

357 345 -

359 347 .

361 349

363 351

Adjacent
Element # Connecting
. Elements
272 263 281
259 260
9257 305
277
279
273
284 282
286 284
288 246
290 289
292 261
294 274 |
296 294
298 296
300 298
302 301
304 303
306 78 450
308 223 310
310 308 3127
312 310 314
314 312 59
316 315 18
318 311 320
320 - 318 322
322 320 324
324 322 439
. 326 321
328 . 313
330 325
332 327
334 330
336 330
338 331
340 .331
342 331
344 331
346 - —33%4
1348 336 °
- 350 338
352 - 340
354 342 .
356 344 -
358 346
360 348
. 362 350
" .364 352

90



Table C.1 cont.

' . Adjacent . Adjacent
Elemfnt:# Connecting .- Element # Connect ing
Elements Yo . E lements
365 : 353 ' - 366 354
367 . 355 368 356
369 [ 357 ~ 370 358
371 359 A 372 360.
373 361 ‘ 374 . 362
. #375 363 | 376 © 364
377 365 378 366
379 367 - 380 368
381 : 369 382 . 370 381
383 X 371 398 384 372 398
385 , 373 407 386 374 407
387. 375 408 388 376 408
389 377 409 390 - 378 409
391 379 410 392 380 310
393 382 394 393
395 383 396 455 A
397 385 - 398 383 384
399 384 . 400 .. 384
401 399 : 402 400
403 401 404 - 403
405 402 s 406 405
407 385 386 408 - 387 388
409 389 390 : 410 391 392
411 430 ' 412 -, 429 .
413 428 ' BN 414 - 427
415 385 . 418 415
417 386 418, 417
419 387 - 420 419 -
421 388 422 421~
423" - 389. ‘ , 424 423
425 . -390 : 426 = 425
427 391 - 428 - - 391
429 ' 392 ' 430 392
431 - 414 . 432 431
- =433 413 - 434 433
435 412 ' 436 435
437 - 411 438 437 *
439 324 468 @ . 440 - 443 465 .
441 317 455 442 " 60 456
443 - 440 455 444 . 455 477 -
445 456 478 , 446 457 475
447 458 476 ; 448 459 471
449 - 460 472 E - 450 306 459
451 - - 307 460 , 452 52 461
453 . 53462 : 454 - 55 483
455 441 443 444 456 - 442 445

457 446 466 - 458 447 468 |



Table C.'1 cont : - ﬁ
| Adjacent : ‘ ' ' Adjacent'

v glemenL # Connecting Element # Connecting
i Elements o ' Elements .
459 . 448 450 .. 460 - 449 451
461 - 452 464 ‘ 462 453 1199
© 463 .- 454 465 . 464 461 469
465 440 463 . 486 . 457 477
467 . 458.478 - 468 "~ 439 458
469 - 464 825 470 824 1199
471 448 473 472 449 474
473 471 475 474 © 472 476
475 , 446 473 - 476 447 474
477 . 444 466 - .478 © 445 467
479, .7 474 910 480 473 911
481 458 | 482 459
483 460 . . 484 . 461
485 462 - 486 463
o~ 487 . . 463 o 488 - 489
. 489 463 . 490 . 489
. 491 488 - . 492 .. 486
493 484 . . 494 487 -
. 495 485 .- - 496 482
497 . 483 N 498" 133
" 1499 481 . 500 269 .
2501, 291 . : - 502 396 .
503 - 287 504 490
. 505 494 - | | 506 494
- .507 - 492 | 7 508. 491
- .509 494 s 510 492
' 511 494 . 512 . 492
513 494" o 514 492
S 515 "1 - 494 v A 516 L - 492
517 . 485 T 518 - . 493
5199 - 195 -~ . - .520 483
T 521 - 491 522. . . 496 .
¢ 523 - 497 o " B24 - .486
526 . -497 . - . .526 .. - A9 .
-527 . 497 . . ©. 7 528 ~496 - -
529 . A97 . T« . B30°. - 496 .
531 -497 % ., .-B532 .- -"499
533 - - 498 . - 534 e 488
535 . . 499 536 ~ 498
537 o500 7 . .. 538 501
. 53 . 500 ¢ 580 - 501
544 500 - ' 542, ©501
. 543 502" , .. - 544 503 .
- 545" 502 546 503 -
547 502 548 . 3 . 503
- 549 502 - @ : . 550 - 503

-+ 551 802 552 504



”
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Table C.i cont.

Ad jacent ' Ad jacent

Element # . Connecting Element # Connecting
- Elements ' Elements:
553 505 554 506

- 565 507 - - 556 508
557 - 509 558 510
559 511 4 560 512
561 13 : 562 514
563 515. - 564 516
565 517 ' 566 . 518
567 519 568 520

- 569 521 570 522
571 523 572 524
573 525 ' 574 526
575 - 527 _ 576 528
5717 529 , - - 578 530
579 531 , 580 . 532
581 533 . : + 582 534

- 583 : 535 ’ 584 536
585 537 586 538
587 -+ 539 . ‘ - 588 540
589 541 . 580 - 542
591 543 . 592. - 544
593 " 545 C 594 546
595 - 547 . - : 596 548
597 549 o 598 550
599 . 551 ‘ - 600 552
601 553 602 554 -

603 ~ 555 Coa : 604 ‘ 556
605 557 , : 606 558
607 / 559 . 608 560
609 561 610 - 562

- 611 - - 563 | 612 564
613" . 565 ) 614 - 566
615 . 567 . 616 . . 568 _
617 . 569 618 703 704.
619 . 705 706 ' 620 707 708

- B21 708 710 - 622 71712

623 713 714 ‘ 624 . 715 716
© 7 825 717 118 - 626 570 .
/627 : 571 = 628 - 572
/. 629 573 A 630" 574
631 721 722 632 -~ 575 '
B33 576 Co ' -634 © 723 724

-.635 577 A 636 - 578 _—

" 837 579 ' .+ 638 580
639 581 ‘ 640 + 582 .
641 ' 583 642 584 L
643 585 : . 644 586 . :n

645 . 587 .. ., 646 588



Table €.1 cont.

' ‘Adjacent ’ Adjacent
E kement # Connect ing Element # Connecting
. . Elements . _ . Elements
- 647 589 . . : 648 - . 580
~ 649 591" = - 650 ¥ 592
651 .- 593 - &652 594
653 ‘ 595 654 596
655 597 ) 656 588 - = .
657 599 ' . - 658 733 734
659 . 730 731 660 728 728
661 726 727 ) . 662 600
663 601 ' " 664 602
665 603 666 605
667 606 668 607
669 608 ’ 670 609
671 610 672 611
673 612 674 613
- 675. 614 676 615
. 817 .. 626 o 678 627
- 679 628 B 680 629
681 630 ‘ 682 632
683 - 633 ‘ 684 635 -
685 - 636 * 686 637
687 641 - 688 642
689 643 680 - 644
691 .. 645 ‘ . 692 646
‘693 647 o 6394 . 648
- 695 649 . . 696 659
- 697 651 v o 698 652
699 653 . 700 " 654,
701 - 655 : 0702 " 656 -
703 618 662 . 704- - . 618 663
705 619 664 706 - 619 665
707 . 620 666 708 620 667
708 621 668 . 110 . 621 668
711 622 670.- » 712 622 671
713 - 623 672 : 714 623 673
715 - 624 674 ‘ 716 . 624 675
717 625 676 , ‘ ‘718 ’ 625 1202
719 677 678 ’ - 720 679 680
721 - 631 681 722 . 631 682
723 - 634 683 724 634 .
- 725 "~ 635.686 ‘ S 726 661 6
727 661 688 . 728 660
729 — 660 690 ‘ 4730 . 659
731 659 692 - . 732 - 693 694 .
733 658: 695 ' 734 658 696 ©
7835 697 698 - 73 699 700

7377 701702 . - ‘738 . 703
738 104 740 705

LB
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Table C.1 cont. '
Adjacent . : , A&}acqpt "
.Element # Connecting Efement # Connhecting. . ™
: Elements, Elements '
741 706 : 742 604
743 - 707 , 744 | <708
~745 708 , 746 710 -
747 711 C * 748 712
749 713 760 714
75t . . 715 752 716
753 717 ‘ 754 - - 718"
755 . 617 756 . 719
© 757 720 -’ ' 758 721
759 722 . 760 - 723
761 724 . 762 - 725
763 - 638 ' 764 639
765 . 640 766 726
767 727, 768 728 ‘
769 729 s - 770 30 0
771 731 772 32
773 733 N 174 734
775 735 . U776 736 L.
777 . 737 ' .. 778 . --8657 - - R
779 778 780 T :
781 776. 782 775 -
. 183 - 774 784 - - 773
785 772 786 . . 1
787 770 L 788 - . 769
789 768 790 . 767 B
791 766 792 - 765 v
793 764 , 794 763 _
- 795 . 762 . - . 796 761
797 760 . 798 7589
799 _ 758 ‘- - .. 800 L. 157 - '
801 756 A - 802 T - 755 R
803 . - 754 ¢ .. 804 753 C
805, ... - 752 .. « =806 751
807 ' 750° L C 808 - 749
< '809 . 748 o\ . .810 - 747
gi1- . 746 @ 812 T 185
813 " 744 ‘ 814 . - 743
. 815- . 742 - C . 816 . 741 Lo
- 817 - 740 - ' . 818 - 739 .
' 819 . 738 o - 820 . 54 1200 o
821 | '56 1201 - 822 898:975-.
823 '+, -~ 899976 824 - 470 1203-. - .-
825 " o -469.1204 . 826 1203 1205 .
827 - 1204 1206 - - 828 896977
- 829 887 978 - 830 896 1205
- 831 - 887 1206 - 832 - -896:979
833 - 897 980 -+ -834. 894 979



‘»7aple'C.1 cont.

‘ . Adjacent : Adjacent
Element # Connecting - Element # Connecting
Elements T ' Elements
835 . 895 980° 836 894 981
837 895 982 838 892 981
839 893 982 840 892 '1198
841 57 893 842 899
843 898 . 844 1204
gas 1203 846 1204
847 . 1203 848 897
849 - . 896 : 850 895
851 . 894 852 893
853 - 892 854 9po
4855 901 856 900
857 L0017 - 858 900
859 901 : 860 900
861 902 . | | 862 903
863 902 - 864 803
865 - 902 . 866 - 903
867 .- 902 — 868 903
869 - 902 . -, .. 870 303
87 303 . 872 805
873 . 904 L 874 - 7905
875 - 904 ' u . -876 905
877 904 . . 878 905
879 - 904 . .. 880 305 .
881 906 .882° 907
883 906" .. 884 . 907
885 906 ' 8886, 909
. 887 _ %08 . - 888 . . 909 .
889 ~ .908. A 8a0 - - 909
891 908 . , 892 . 838 840 ,
893 839 841° - 894 834 836
. 895 835 837 . 896 .. 828 832 830
‘897 . 829 833 831 - 898 - #B22 912
- . 801 842 - T 902 845 847
2. 903 844 846 ‘ 904 - 849
+.905 ., 848 . -. 806. - 850 .
907 . 851 .y - .908 853 .
909 852 - 910 479 1200
911 - 480 1201, - - 912 ° 898 977 -
913 . 899 978. : 914 1055 . ..
. 9815,  ‘10% ~ .~ | 916 . 1064 1065
917 17 1057 o 918> - 1063 1066
- §18-° - "1052°% .- - ¢ 920 1049
921 :- 10671068 ~. =~ -, '-922° . 1068 ¢\
923 - 10681069 : -~ . - 924~ 1047 .
926" | 1046 Ve Loe 926 . 1044
1 #0g27 A070 1071 -5 928 - 1042 .

"A' »-
A



Taple C.1 cont.

Ad jacent | " Adjacent

Element #  Connecting " Element # Connecting
' Elements Elements
829 - 1040 930 1072 1073
931 1038 . 932 1036
933 1074 1075 - 934 . 1034
935 1032 936 1076 1077
937 .- 1030 938 1028

939 1078 1078 940 1026
; 841 1024 . 942 1080 1081
843 1022 944 1021
945 . 1020 946 1019
947 1018 948 1015
949 1014 950 1011
951 1010 952 1008
953. 1006 . ) 954 1000
955 1085 1086 956 .999
957 1103 : 3858 998
959 997 ' ) < 960 1087
961 . 1101 7 962 996
963 _ 1087 - 964 1005
965 1089 ' . 966 989
a67 - 1088 1089 968 988
969 - 987 970 1090 1091
971 986 ‘ g72 385
973 984 , = 974 983
97% 822 1200 976 823 1201
977 828 912 . ‘ 978 829 913
979 ' 832 834 980 833 835
981 836 838 ‘ 982 837 839 -
983 \ 1207 . 984 891 '
. 985 890 : 986 ‘ 889
987 . . 888 988 - 887
989 886 990 966
.9g1- ~ ,968 992 ~ 969
. = 993 o+ 971 - - 994 972
995 ' 973 - 996 . - 885
ga7 . 884 ) 998 ¢ 883
993 - 882 oo . 1000° 881
1001 + ..954 . ‘ 1002 - 956
1003 1959 1004 962
1005 1087 - o 1006 880
- 1007 853 . 1008 - 879
1009 = 852 ) g . 10.10. 878
1011 ' 877 - 1012 950
1013 - 851 oo 1014 . 876
1015 875 7 -1016 , 948
1017 - . 949 . 1018 © 874
1019 . * 873 1020 - 872



Table é.1 cont.‘

Adjacent Adjacent ‘J—ﬁ
Element # Connecting Element # Connecting
Elements Elements

1023 943 1024 869

1025 941 1026 868

1027 940 . 1028 867

1029 938 1030 866
1031 937 : : 1032 865

1033 935 1034 864

1035 - 934 1036 . 963

1037 932 : 1038 . 862

1039 931 1040 861

1041 929 1042 860

1043. . . 928 . 1044 859

1045 926 - 1046 858

1047 . 857 - 1048 = 924

104§ . 856 . , 1050 920
1051 855 - - 1052 1209 -
1053 919 : - 1054 854

1055 - 1208 . 1056 1208

1057 1209 1058 917

1059 915 ' 1060 14

1061 945 1062 - 944

1063 918 1060 1064 916 1059
1865 916 1058 1066 918 1053
1067 921 1050 1068 921 923
1069 923 1048 1070 927 1045
1071 827 1043 1072 . 930 1041
1073 930 1039 1074 933 1037
1075 833 1035 - © 1076 936 1033
1077 936 1031 : 1078 . 939 1029
1079 /939 1027 1080 942 1025
1081 1942 1023 1082 1016 1017
1083 1012 1013 . ‘ 1084 - 1007 1009
1085 - 955 1001 1086, 955 1002
1087 11003 1004 1088 967 990
1089 ;967 991 1080 870 992
1081~ 970 983 . 1092 . 994 995
1093 - . 974 1094 1092

1095 51091 1096 . 1080

1097 S 1089 . 1098 1088
1099 - - 964 1100 - 963 -
1101 ¢ 960 . 1102 958

1103 1086 1104 - 1085
1105 1084 1106 1083
1107 1082 . 1108 1082

1109 947 - 1110 - 946

1114 1081 1112 1080

1113 1079 1114 - 1078 -

A 115 1077 1116

1076



Table C.1 cont.

Adjacent
Element # Connecting
Elements
1117 1075
1119 1073
1121 1071
1123 925
1125 922
1127 1066
1129 1064
1131 1130
1133 1127
1135 1125
1137 1123
1139 1121
1141 1119
1143 1117
1145 1115
1147 1113
1149 1111
1151 1109
1153 1107
1155 1105
1157 957
1159 961
1161 965
1163 1097
1165 - 1095
1167 1062
1.169 1176 1188
1171 1175
1173 1176
1175 1166 1168
1177 1193
1179 1192
1181 1190
1183 1178
1185 1180
1187 1182
1189 1170
1191 1172
1193 1174
- 1195 41
1187 42
" 1199 462 470 .
1201 821 911 875
1203 824 826
1205 826 830
1207 908
1209 1051

Ad jacent
Element # Connecting
Flements

1118 1074

1120 1072

1122 1070

1124 1069

1126 1067

1128 1065

1130 1063

1132 1129

1134 1126

1136 1124

1138 1122

1140 1120

1142 1118

1144 1116

1146 1114

1148 1112

1150 1110

1152 1108

1154 1106 ,

1156 1104

1158 1102

1160 1100

1162 1098

1164 1096

1166 1061 o
© 1168 1175 1188

1170 1175

1172 1175

1174 1176

1176 1167 1169

1178 1177

1180 1191

1182 1189

1184 1179

1186 1181

1188 1168 1169

1190 1171 :

1192 " 1173

1194 40-

1196 - 43

1198 23 840

1200 820 910 975

1202 616

1204 825 827

1206 827 831

1208 1054

1210 1128

/

9 —
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Table C.1 cont.

, Adjacent Adjacent
Element # Connecting - Element # Connecting
Elements / Elements

s

A

1211 . 1094 1212 1093




APPENDIX D

The following equations are necessary in order to
understand the reliability indices (such as avhilgbility,
failure/outage rates -and qurations) presented«{n“this
thesis. Note that a power system network can be regarded
"5as a group of series and parallel subsystems thch ;be

interconnected.
P

D.1 Basic Probability Concepts =

Ty

1. Probability of system or operational success
= P( favourable outcome )
Duration of fayorable outcomeé'

o e e - - e m e e e mem e e e .- —-ee-®anss = - =S

Dupatjon of favorable and uqfavorablé outcomes

2. Probability of the occurrence of‘EITHER A OR B OR BOTH.‘

where A and B are two separate events is:

PCAUB ) . o .

= P(A) + P(B) - P(ANB) ---( iff A 4nd B are not
mutually exclusive )

P(A) + P(B) - ---( iff A and B are
- mutually exclusive
since P(AMB) = 0 )

3..Probability of occurrence of both A and B
= P(ANB ) |
“:p(A)eP(B), - ---(-1ff A and B are

_ independent )
5> P(AUB ) = P(A) + P(B) - P(A) * P(B) |
. . ‘ . ---( A & B are .independent

but not mutually
exclusive :

101
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4.

5.

102
Probability of failure + Probability of success = 1.0
PLA ) + PLANE 1.0 | |

.

The number of ways that exactly r success and (n-r)
failures can occur in n trials is 'nCr, where

n!

nCr =
' r! (n-r)!

- . m

The rellabil1ty problem normally’ deals with systems
that are d1screte in space and contlnuous in time. If
a system or a component is char9cter1zed by an’

exponential failufe density functions then the Y

conditional. probability of failure during any fixed

interval is constant [13]. The'power‘system'problem is
normally concerned with system or components that are

repairable rather than those which are non-repairable.

‘Consider the case of a single repairable component for

which the failure and repair rates are characterized by

an exponential distributions. ‘ .
'Define:' | -
‘ P (t) = Probability that the component is
‘ 0 - operable at time t
| S
P (t) = Probability that the component failed
1 cat time t-

A = failure rate

r = repair time = 1/u V
Consider an increment time 1nterval dt and assume that
the probability of two or more events occuring during

r

this increment: of time 1s neglig1ble

-



g

&9

P (t) = (1 - Xdt) -+ P (t) = ( udt)

P (t + dt) =
0 0 1

P (t +dt) =P (t) = (1 -.udt) + P (t) = ( Adt)
1 1 0

The state space diagraﬁ for this simple system is as

follows:
A .
State 0 >- "State 1
Unit N Unit \
Operable € Failed '
u

From the above equations

- AP (t)+ uP (t)
0 1

{ P (t+dt)-P (t))} /dt
0 o0

5
B
e 4

' dP (t) /dt = P’ (t) .
) O [ N 0 f
” as t --> 00

In matrix form

s

' /:‘ -XN A
C Pty p(t) ] =[P (t) PAt) :][: : :]
0 o 0 1 u -u

sofiving for P (t) and P (t) with initial conditions

0 1

- P (t=0) = 1.0 . (i.e., system in operating condition
0 at time zero) -

0.

- P (t=0)
1

the following equation are obtained:

' T exp[-} X+ ult]
P (t) = . + —
0 A+ U, . IN + U
' SR NS ' eXp[‘{ X+ ult] .
P (t) = ~emter " - . ,
A

A+ u ";m)\ + u

103
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. §
As t --> 00 , i.e., in steady state ‘
) u ’
P (t) = ——— ;o P (t) =
0 'X_+ u 1 X+ u

—

7. The frequency of encoutering a state is given by

f = (Probability of encounterihg the state) =
(Rate of Departure from that state)

For the state space diagram in (6.) the freguency is

f = AP = wu P ' ‘
0 LA S

?

8. Series system - if two components in series are to be
represented by a single model characterized by repair
and failure parameters, the probabilities asoociated

with the operating state must be equal.

— 2 +— 7 — s
ult u2 us
P oz mmmmmmmes eeeoooee- (2> mmmemmmmmem—e=
( NI+ ut) ( AN2+u2) - ( A.st us)
N = M1+ )2 <=> xS
\] ri + 22 r2 + N X2 rir2

ol N r1t+ N2r2] /Xs (generally, \IX2 r1 r2
is much smaller tHRan
.1 rtand 2 r2)

o

\9. Parallel sys(em -'in the case of two compdenents in
parellel, an equivalent single componeht model can a]so

 be obtained. If the assumption is made that the system

- is couplete}y redundant/ the system wi’ll fai]s only
when both con'ponents fail ‘
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1
— — <=> p
2
N A2 A\p
P =z ~--m-eeme e e {(z2) —-=---e-m---
£ >\1+ u1) ( >\2+ u2) . Ap * up) \
u = ul + u?2 {=> up
’ ri o+ r2
ro= 1/ %up = --t------ (=> rp
rir2 _
ATA2 (r1 + r2) i
) Nt <=> AP
Al + A1 rt +A2 r2 -
10. General equiavalent model parameters for n components
Model Ser1es system Parallel system
. , , . I:(TT )\ )(Z u )
Failure -‘é} i=1 f=1 i
rate, = 2. 0N 0 AN F cmoomsmommmsommmmos -
/ . | [T[(X + u 1T
v i=1 i i
\ T~ . N -
« ~
A v N » T n ‘)\“3
N by | is1 S Af )
) ~ = , Aws ¥ o4
n | - L 7
Average T e ) -1l ro= 1y %
repair =1 i p b
time, r N8 =--rsos-o-sscemosssooss : i & A
) s U = u
‘ >\s p =t i




. D.2.1 Definitions of necessary data

-~ R

1. A normal weather (random) "permanent” forced outage
rate shou}d be estimated for all types of apparatus’ and
lines which exhibit distinctive failure rates. This
failure rate ( A ) is éxpressed in units of failures
per year of normal weather per unit 6f apbaratus or

mile of line. It can be estimated as follows: A

106

{(number of component fadpures in normal weather.

during observation period)

(total normal weather exposure time for each
mile of line or piece of apparatus during
. observation period) .

<

= ¢/ Y

2. A tormy\weather "permanent” forced outage should be

ob§ ’
by weather and which are used in portion of the system,
such as the subtransmission system, which is usually

X operate as a parallel syste&. The units invthis case
is failures per year of stormy wgather per mile of line
or per unit of apparatus; The estimate is

(number of component *failures in stormy weather
during observation period)

-y e e e G s e -

(total stormy weather exposure°time for each
mile of .1ine or piece of apparatus during
observation period) - o '

t Cs / Ys_

ained frém components whose failure rate is affected .

3. Maintenance outage rates should be obtainedzfdr'types .

of components'which are used in'pozgjpns.of the system

which operate as a parallel system\Maintenance outages



2

combined

outages.

107

~of components ih radial systems, if such occur:/c%r be

together with the normal weather forced

Maintenance outage rate (Xm) has the units

of outages per year per Qnit of apparatus or per mile

of ane;

Am =

It may be estimated by

(number of component maintenance outages
during observation period) - '
(total observation periods- for each line or
piece of apparatus (exposure to maintenance
is assumed to be essentially the same each
each year))

(]

Cm / Ym

A temporary forced outage (transient) rate for various

types of

components is necessary if system temporary

outages are to be calculated. In general, a temporary

outages does not require repair or replacement of

facilities but can be remedied by a reclosing operation

or by replacing‘a fuse. Component -temporary outage is

estimated by

(number of eomponent temporary outages)

- e e em e e e e S e e e e M G e e meem e e e .-

(number of years of component exposure)

= Ct /Yt

/

{

Repéir t

records.

imes are generelly obtained from historica]

It is defined as tne duration of a period

.dur1ng which a component is out of service being

repaired

t1me ac

other work.

or replaced following a’ forced outage, or the
t is out of service for maintenance or

air time distr1butions seem to be
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expenential to a reasonable approximation. That is,
P( repair time, r > t) = exp(-t/r)

r = expected repair time for all forced outages, unit
is in years

r" = expected down t1me for maintenance outages, unit
is in years. 2

N = expected value of normal weather perlod duration,
: un1t - in years.

S = expected value of stormy weather period duration,

unit. - in years.

.2.2 Assumptions B - o
Times to failure and repair times are exponent{aliy
distributed, in both‘ﬁormat and stormy weather. B \
The durations of periods of normal and stormy weether
are'exbonentia] distributed.

; Storms are very short in duration compared with,times
to failure and repair of components.

Maintenance outages occur at random during normal
‘weather periqu except that components are not taken
out for maintenance if ’

(i) such actioﬁ'wquld cause the remaining components
in a parallel system to become over loaded,

(it) maintenance could not be completed before a
storm struck. . A

Maintenance down times are exponenttally d1str1buted
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D.2.3 Equations to determine outage rates and durations |
The following equations were used to cachulate’the

outage rates and outage durations associated with firgt,
second and third order cut sets. “Equations for higher
order. cut sets can be written in a s1m1lar manner [15,23}.
In power system, the approximation equat1ons are usable .
because the failure rate and repair time of'the compOnents
in a power system are generally very small and hence the l
error’ﬁnvolve is negligible [1@]. Recall that the elements -
within a cut are connected in parallel, and that all the
cut sets are connected in series with one order, it.e.,

the overall system/consumer failure rate and duration may

)
be found by the general series equation shown in D.1.

Definition of Symbols: - ~
A -- system/consumer failure rate, f/yr &
»
r -- system/consumer repQTr time, years
3. ~-- normal weather permanent failure rate of

component i, f/yr
r -- repair rate of component i, years

-- adverse weather permanent'failure rate of

.
component i, f/yr ‘
X\~ -- maintehance rate of component i, outage/yr
mi - ' _ ‘ ‘ g
roo-- maintenance outagé durétfon of component 1, years
mi S - . | ,
A -- normal weather temporary outage rate of

component i, f/yr
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-- adyg:se weathef tempoOrary outage %uration of
] . [ L4 - -
N RN . G - ) A} - . .
‘componeny i, f/yr o, .

-- average normal wdather outage du}étidn,.yeafs
- . .

»

-- average adverse weather outage duration, years
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1: PERMANENT OUTAGES~
1.1 Weather Independent
: The;e are the equations used for reliaﬁility indices ev&luation in
Chépter I11, which can be easily obtained from the general equations

for series-parallel system disc:ibed in D.1 .

(a) first order cut set

ol P

where: 1 is the component contained in the lst order cut set.

(b) second order cut set

A= ———mEooes
+ A r v
1 4+ Xiri j
‘ = A A +
L (ri r,)
14
. - »
r v ;
RIS S W
r1 + rj

<

"where: i and j are the components contained in the 2nd order cut set.

y L4
(c) third order cut set

\

PURY
SRS Tt 4 T 5 T 1
X.r:+X.r +A AT, A r.r +AAror.
1+ FCE A L M it ‘1"’*;Axf1‘k*§jxk’j’k
(f.r. +r.r. +r.r) '
=AM By E )
. ‘ * \'
r,r.r
: 1.3k
» T & =———=o-= --l ......... ’
r.r + rirk + rjrk

where: 1, j and k are the components contaiped in the 3rd order cut set...

M



1.2 Weather Dependent

1.2.1 Repair Activities® Continued in Adverse Weather

(a) first order cut set

where: 1 is the component contained in the 1st order cut set.

(b) second order cut set

r i
N i. D
A m—omtoo- A A f-gmmmziem- PO J -
N+S 1j[.+xjri l+X1rJ. \
2
.S [ A
N f js 3
3 (L + A sSri/(S+ri)](S+r1)
2
r, -
. i
AN T X, sr./(s+r,)]( Str.)
5 + +
[1 + iasrj (S rj)]( (j
- r N
S : !
* RS is73 [T+ Nr JT(NT )
r, N ‘ '
p h) +

Y58 1 [T hLr N/(N
L L1 A N/ (V) ()

4
. ‘. {
3 1 + -

\ : s*is*js (1+Aj55zi/is+ziii(s+ri)

Yy —
r.

)
: .) ) (SH :
d (1"*155"5“5"3)_1 ( *rj)
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r
. N s { . 1
’ NEF S [ AA (gt + g [ A} a ECR
, ;-
I
-
MM TEAr +
1
Nr Nr
=S g, ol
N+ S is J N+r1 js 1 N+rJ
[__fs--. R
18 is S+r1 S+-1"1
r,r
r - —;~—é—.l--v
177

where: i and j are the components contained in the 2nd order cut set.

N

(c) third order cut set-

A=A+8B
where: _
» N 2 .
A= RETS A1[ A Tp A
\ s:33 _ ,
57, A
‘ i
similar terms for components j and k
{.e., 1 (J k) , then - §J(k 1) and
k(1 3). .
" l [n’nz‘z A+
TR+Ss | A R R Ao+ A) +
N f s -~ 18 3k N+ r, (As 6
. NSri2 )
_________ + +
I Ag)

- similar terms for components j and k .
i.e.,  1(jk), then j(ki) and k(1j). ]

! s . - -

113
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where: '
. r. ’
A ____________________________________ -
1 (I )y + rj)Ll + Xkrirj7(ri+rj)T
!’k - -
2 S Aommmommmms ;'f)]
(1 + )‘kri)(ri + rk)ll + ij"irk/(ri .
A f‘xlsxkri YR ’
______________________ 5
3 1+ Aj ri)(l'.+ AkNrirj Nij) 1j
. oM
4 1+ Aksr1;(1 + AJNrirk7Nik) N
r
N -v__l

v

A = memm————p—e — —
a+ AJFi{(Nij)Il ¥ Aquirj7ﬁiji

|3
A “ETTITYTICY NN -
6 A+ A ) I+ Aerirk7ﬁikl
1
Aisxkri . ‘
A S WER TR SR W ST
~ §s i’V 45 N 3713
A - -————-——-—ihiiiik _— i
.8 (a4 xksri)(Nikfll + *j“‘ifk’“ik]
0 r r
N 2 5 Kk
A& —me—mee— A A AT © - +
N+S [ i [j k1 [ ,ti+rj r1+rkl ]J
_ ri
+[A, A +
N + »
Je k. N‘ri-t-Nrj 1:1:‘.1
e . 3
_ tk . Sri
ks j Nr, +Nr 41T s+r1 -

ik 1k

+ similar terms for.cbmponents } and k,
i.e., 1(jk) then j(ki) and k(1j).



S N ’12 r
* R | Me | MM TREET | TReERRRLE,

1 SR M U

[ S . AU

+
Nr1 Nrk+rirk -
NSri2 r
o Sy, AjsAk Nr +Nr 4r,x +
1 R S R O

r
A, A ko
ks J‘ Nr1+Ntk+rirk ]

+ similar terms for'compohénta j and k,
i.e., 1(jk) then j(ki) and k(1j).

] and
N - . Szri3
B = "§3+75 Mo Pystks ?§'1’E;7ﬁ"(81 + By)
3
i

+ ——fﬁ-— (83 + Ba) ] | +

similar terms for components j and k

{.e., 1(jk), thén j(ki) and k(1j).

s - -Szri'2
N T ke
_ -
risNS

+ WE T (B7 + 38) +
B 1 . '

similar terms for components j and k

{.e., 1(jk), then j(ki) and k(13).

where: . . -
: N . 4 . \
B, = ~c2-=s73-3-3"5s"T{s5o") 3 -
1 (sij)h A5y (s+ri)ﬂ'1 + Ak‘S:irﬂs“] o

o)
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.. 3 is_k_ _—
117+ AanI7(N+r1)](N S . )1+

A k o _
T+ X Sx 7+ )+ AjsSrirk7 W)
2
R 75 . —
(r, + rJ)(l + xjri)t1 + xk85r1r37sijlxsij
2
- - __-____-}‘.(‘iuik - -
G+ )+ s+ A ST ST sy
) ¢
1 .

I‘ITI’X;;§?17(s+rift(sijir1 s 3k85r1r;7§:;]

—————— > -~ T~ — g = = -

[1+ A _sr /(s+r))(s, ){1+ AjsSrirk?Sik]‘ v

o

2
A Aksr

- -]i'l‘i‘ﬁ§;7?§1r;7§(N“ SO + §k55rirjlsij]

3 . 13743

ssrirk7$1k]

1k 1k 3

2 3 ' s
r . k

. .‘ Sry o “
WHE N e TEROV | TSR

L ‘
Sr;+8rk+ritk

|

+

3 o 2
s [ Mgty _

‘Gi-brj) (8r1+§rjfrirj)

]

AT 2 ]
(r ftrk) (sr 1+Srk+: 1rk) :

~ + similar temms for Cc;ipong;at- j‘ and k,
. ~ i.e,, 1(3k) then (ki) and k(ij).
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. and

/N = Nr

+ gimilar
i.e., 1

)

13" ¥y + Nrj

. - +
Nik ﬂri Nt

+r,r

1)

+
kT T1'k

S*j - Sr1 f SrJ + tirJ

S - Sr, + Sr, + T

1k

ur-—' —————

'ritj + T + rjtk
' \
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2, 2 .
S | T seisr et
Ty R SRk RP O

Tk .
Sti+Srk+r1rk

, ).
[__ M Mgy
(S:1+s:j+r1rj)(Nri+Nrj+r1rj)

, 2 ‘
A M Mslk
(Sri+Sr +r r, )(Nr 4Nr +r.r.)

k 1k 1k 1k

terms for components } and k,
(jk) then j(ki) and k(i}).

where: i, j and k are the,;ompo*rvts contained in the 3rd order cut set.



1.2.2 Repair Activities Discontinued in Adverse Weather

(a) first order cut set

where: i is the component contained in the lst order cut set.

(b) second order cut set

© A =A+B
where:
- x x.
RS B W W P S
A N + S i3] 1+ x)rl + M
ALA -
s\Matssti , itisty
. N-1+Ass 1+ Aiss _
A
ol RV C +r)+ (A2 A, A
N+S 1] i 4 jt- + is 1rj )
and
s js is’ N i
N+S 1+2,.5 is"3 1 + A.r
s -
A, A, S r.
N0 U W P .
1+2.5 js'i 1T+ X x
is _ if5 _

. s
Femmr=s= 12X A S +AA r 4+ Ar

N+5 15 §s 17381 7 “1s"4"y
-
(
r r.r
?;---é—-- 13r+ E 1.1 + S
A+ B r.+:j A+ B r. +r

1

vh‘ere: i and j are the components contained in the 2nd order cut set.

T

‘-
4
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(c¢) third order cut set

A=A+ B
where: 7
N | 2
= e A AA + A
A= "R737s i [ '%f PL
5 2
- + A +
nTi Byt R ]
LY 13 _
sinilar terms for components j and k,
i.p., i(jkx) then j(ki) and k(ij).
O ~.A Axr? (A +A.) + Sr. (A, +A,)
N + S is j ki X 2 i 3 4
+ similar terms for components j and k,
i.e., i(jk) then j(ki) and k(ij).
where:
X,
A: —————— o e o e e ot e e . i it e .

1 - (ri+rj)(1+ Ajri)[l + Xkrizj/(ri+rj)]

. _
A, = ~1F' 38y ay T )[?‘2‘X‘E'§‘7TE“I§'TT'
R S ) G I SR S
{jsxkri
By = I U T A S (LA T.r /e, + 1] .
i) Js . kij . 1 3j )
- . ) A l.r
A ———————— kS _3 K e

a5 (ri+rk)(1'+ ngS)[J + Ajrir/(ti + tk)l

N 2 Ty Tk
AP meme——m— A AATr - +
N+S i k
[ h] 1 [ ri-h'j r1+rk
T r
+ s riz [ X 1r k A
is Tty r4r, ks

+ similar terms for components § and k, |- ’
i.e., #(jk) then j(ki) and k(1j).

—

119



120

+ similar terms for components j and k,
i.e., 1(Jk) then j(ki) and k(1)).

4 .
’?b
and
N - s'r, Sri2
B = —=-cee—— —e—_ 4 e m———
7377 A 2 Ayshks NB toR By B
o + similar terﬁs for components j and k.,
i.e., i(jk) then j(ki) and k{ij). “
- Ce 2
SRS s . s _2
N+ 5 | Xis | 2 Xystks B *R % B +B)
.+ similar terms for components j and k,
i.e., i(jk) then j(ki) and k(ij).
where:
| t
A A
. jked. _
- emme————e=foree@emsee X————
1T T AR E AR
B - Akxjsrk
= T r ) a+ X A
2 fri+rk)(1+ .kri)(l+ jsS)
B S S 7"
3 1+ sts’ 1+ &S
2 AL Ty A AT '
___§___ A 2% A T § + § r 2 ..1-53.1- + -71545_5-
N +4S i js"ks 1 N N 1 ri<* rj ti_+ L

+ similar terms for components j and k,

1.e., 1(Jk) then §(ki} and k(13).



AA T A, A\ T
S .
t R [ sl 2 Ajs‘kssz + 3 ‘12 ‘E1'§§§1’ v e
- L ] 1 . J i k
- + gimilar terms for componeﬁt§ j and k,
i.e., 1(jk) then j(ki) and k(i}).
r.r.r
A 1797k
e o s I I
_L\\~B//’_;\ i3 ik j kK
’ r.r.r
———— - .'__—____-.}._1_5 ______ + S
A+ B { rirJ + rifxxzprjrk .

where: i, j and k are the components contained in the 3rd order cut set.

2

2. PERMANENT AND MAINTENANCE OUTAGES
2.1 Weather Independent

(a) first order cut set

A = A, - o3
ML im. . e
-

r = r.
ML im

. where: i is the components contained in the lst order cut’'set.
(b) second order cut set
Amdifim

Aim*5im

- ——

]

A + 1 + r
ML 1 f Ajrim Xi jm

' 4 AT
Moty m xiji jm

‘ 2 . -2
Aot AatsT i

= 3 : + :
Tur, X;ﬁ. (rm*rj)uﬂjtm) : Am.(tjinﬂi) tlflir:!pf

where: i and j are the.components contained in the 2nd order cut set.

oo
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(c) third order cut set

hy “A*B*C

r; r
= A, AT ——— + k . i
im"3"k 4im + ¥
] A T ¥ Ty Tim T T

B and C are similar to A but for components j and k,
respectively, i.e., i(jk) then j(ki) and k(ij).

r. r.r h
A im 1_5 ___________ .
r =377 "I+ + r.r)
ML XML ( 1mrj * rimrk k]
— -
x
B r mrk__J_: ________ I .
7| "5t +r.r, +r.r.)
ML’ L (njmr ¥ ki J
- -
r r -
C km i 3
pY , + r.+rr,)
me L Crnti * Fm iF5'

/

where: 1, j and k gte the components contained in the 3rd order cut set.

4

2.2 Weather Dependent
2.2.1 Repair and Maintenance Activities Continued in Adverse Weather
(a) first order cut set

3wy
ML aim»

"t - - :
vhere: 1 is the component contained in the,lst order cut set.

'
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(b) second order cut set ‘ h
A = A+ B : /\\
ML :
where: ; 25 )
r
im im
- A, A, —smmezmoo—o + A, A :
A im'y 1+ Ajrim | im"§s N(s+rm)(A15
where:
Ap= 1+ Ajs"ms’/(;1;‘1;“)
T 2S
- B U SN
A= A2 %1 TMetys RS TH )
2
and ri LY S
o i ‘
- e+ X, A, 5T
B =AM TTE YO jm'is N Sﬂj;YZBIS
. ~N
where: [ S/ (s+ )
= 5 r .
Bl 1 + )1srjm jm
2 o
L ___fmf-_T \
i N(S + 1
B = kjmkirjm jm"1s N( jm
A "oy, _B__ o lgmt
T = 5" TR L. AML Ty + rjm

AN ) - ) 4
. . - ‘ ~
where: i and j are the components contained in the 2nd order cut set.

(c) third order cut set

A EIA‘+ B+ C

‘ 2 .
A= )
/ im | A,jxkrim‘ (Al + Az) + |

: 3 . -3 v

| Tim Ayt AD + SToT A+ Ag)
T . ‘szt.3.. .

. im . -
A e e — - :
istks TNY T R e

S

— '



7
r
A B e e e i om m B  y p mm  a
1 ., +r)Ha+ xjrmi(l ¥ *k‘mf,n’im*ﬁ” _
-~
A = ——cmemm—e— s ——— l.'E_.... Sy e 53
2 (r= + rk)(l + AkrimY(l + A:’r-i rk7(r1 +rk
2
‘A xjAks 1 _____________ 7___5
T T ¥ od Fa.r, () + §75 :
3 (r1m + rj)(l'+‘xjrim)(sij)(l xkstimrj 14
- 2
. e co MMyt —
4 (r; # rki(x + xkrimﬂsikm ¥ xjsrmrks sik)
A Ay i -
As " (ST YOI 8t T(SFr W Ny V(1A 5T NTR, )
x\ im js" im im ij 'k im §J ' 1)
N -__-_-____-___fzgf;fk__'__: _________________ —
6 (Stry YOI+ St J(S+r, D) (N, Y (A+a T o NN, )
‘r g .
Ay = InTTsET 7Z§$§"35?% Y+, S5r. r.7S..)
is T im im®7 " 71j ks im § ij
) T, A _
Ag = (14X T8t 708+r, ))(5, Y (1#x_ 8x, v 1S 0%
» ks im im’ ik is” im k K
where:
N = +
13 Nrim ‘Nrj + rimrj
/ YT e T M T Tt
' S,. = + : '
13 STym S:J +timrj

. v A .
L
LENe. S

S1k - Sx‘:un + 5{!‘+ LI
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2 O i
______ stk .
(rim+rk)(Srim+Srk+rimrk) <
sr, 3 A AT A, At )
T [____15_5 _______ oo T
+ +Nr + +Nr_ +
S tim Nrim Nrj T rJ . Nrim Nrk ri-rk
Szrim3 r
* Y sMks TRYSTEYT ST et
S S
+
Sri Srk+rimrk '
B and C are similar to A but for components J and k-
respectively, 1.e., 1(jk) then J(k1i) and k(1ij3).
a where 1, §  k are the components contained in the 3rd
order cut set. . o '
g
Y im"j Kk .
A AT +r.r. .
ML AHL rimrj r1 rk rjrk
B '['__-;_--_fief*_tfé_---_;_-_ .
+r.. +
M| TymTk AL
_c [_------fi‘eflfi ......... J
+
AML rkmri rkmrj + rirj

where: 1 -j and 'R are the components contained in the 3rd order cut set.



2.2.2 Repair and Maintenance Activities Discontinued in Adverse Weather

- (a) first order cut‘sec

where: 1 is the component contained 4n the lst order cut set.

(b) second order cut set

AML =A+B+C+0D

where:
‘ Am
A= A, A o0 __
N ¢ ¥
m ‘l AJrim
! S
B A -ﬁ;{ET _____ =
im"§s (1 + X, S)N
js
C= A, A, mc—mmmve jm___
jml 1 + T
i
. Sr_m
D = A ___________
‘m g -
. jm is (1 Aiss)h
Y. S .3t O
+
ML AML tim rj
e oS Dafym
Am‘ r +. rjm

where: 1 and J are the compaqpents cohéained in the 2nd order cut set.

/

S

A 2
1m§j5riq N

meirjm
S
Ajmxis jm N
-t r, r
+ -Xg—— ———~1:—:‘-;-
ML | Tim
I
+
AML l r1
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)

(c¢) third order cut set

\}
A = A+ B+ C+D+FE“+F !
ML

wherte : gg\
) 2

2 im
A=A ijkri ,(A AZ) Ml (A3 + ‘1.)
where:
T3
Al '?IZR‘F;'TE?'"iEJ521$X‘§""7(?""';"'
K
b2 T TR T G R AR TGS
A, AT,

Kim 3 Cam' Ty

A A r
A E e e — e ——— E§_J...l‘_( ____________________
4 (I S)(r *r )(1+Ajr r /(r +r,))
r f ) :
. 2 i k
A= A AT, ) e 4 e ———
im Ajkim- [ r:lm+'rj r:m“‘l.'k )
T 28 A, A\, T 'A‘j)‘ksrk )
) PR ..15_5_3__,+ ke ko
N \\. rm , j im k J
\\ -
and :
5 . ] \ . 2 ,
= = \ + 2 A 2 (B )
B {im [ Tim? § Byt B ) j ks N
\
where: L ~
R Tk N S
1 (1+Aj 1)(1-*-2\ S)&r rj)
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B = _________iﬁilffk _______________
+

2 (1 + Akrim)(l + AJ S)(r1 rk)
B ________fér_n' ___________ A

3 (1 + X.SS)(l + AksS) .

r 25 AL A I rk

Be 2 im T | _ilks )l -_E-ig---_

= 1m N rim 4+ rj im rk

52 ) .

C and E are similar to A.qbt for components j and k,
respectively, i.e., i(jk) then j{ki) and k(1j).
D and F are similar to B but for components j and k,
respectively, j.e., i(jk) then j(ki) and k(ij).

\ L]

g R
r = _-_lwl—ﬁ- + similar terms for
ML "im components j and k.
wvhere -
r, r,r
R = -—é-.— ___-_-.-1.11‘_1-‘_( _____ + ¢
A r, r.+r, . +r.r ,

-

where: 1, 3 ard k are the components contained in the 3rd order cut set.

.
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3. PERMANENT AND TEMPORARY OUTAGES'’

3.1 Weathér Independent

(a) first order cut set
A = A
. TL it
where: 1 is the component contained in the lst order cut set.

(b) second order cut set

where: ivand j are the components contained in the 2nd order cut set.
N ‘ ' ' .
(c) third order cut. set k

A =A+B+C
n‘;

where:

A"  commmmmmedetoeiafocenm— e
1 + Aiti +Ajrj + Aixjrirj

B and C'iée similar to A but for components.j and k,
respect Wely, i.e., 1(jk) then j(ki) and k(1j).

Ap= A, + .
R Lt L I o S T Sy W L TS o

. ]

where: i, j and k are the components contained in the 3rd order cut set.

3.2 Weather Dependent

3.2.1 RepéirlActivites4Continugd in Adverse Weather ' ' ’

(a) first order cut set

“where: 1 is the component contained in the lst order cut set,

-
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(b) second order cut set

r
A e o N b __iged -i_g-iE_l-_
TL N + S 1 + tti itrj
2
.S [ A ety
N lfl+ thsSr17(S+r1)](S+r17

o,
its § .
llI'XitSSzJNSﬂJ S+r35

‘ A A, . Nr.
eS| _- is Jt___1__ -
N + S (N»ri?(1+xjturi/(N+ri)l
.. Nr,
S -2 S J
(N+r )[1+A Nr /(N+r )]
A, r.S
‘ c———e_-i5_28t8. 1
{1+ AjtsSri/(S+ri)l(S+ri)
_______ shies™S
[1+ A Sr /(S+r )](S+r )
2
. Al T
N s | 01 yes 4
L e — - + - | coeadaoC <+
N+8 [Ai)‘jtri YAMe5 TR [ S+ T,
2
ety
S+r
3
. s Ai AitNr . lJ AitNrj
N+S N+r Y N+T
, h
. xisxjtssr . 11811“8:j
- S$+r, S + r::l_'~

where:

P

i and j‘are the components contained in the 2nd order cut set.



(c) third order cut set

A =A+B
TL
where: - 3
2 5Ty
= mmm————- A, Jr.” (A, + A) 4 ~~—memee—- + A)
S N L S T I REE
+ similar terms for components j and
k, i.e., i(jk) then j(ki) .and x(ij).
< B Nzriz NSt 2
--------------------- + A)
tare Pas|ErE B At Pt e
+ similar terms for components j and B
) ' kK, i.e., i(jk) then j(ki) and k(ij).
where:
’A = ————___—-_—Ai}.)sgfj_.. - -
+
1 (1+Ajri)(ri rj)[l+xktrirj/(ri+rj)l
AL A: X
"k k
A At

2 (1¢Akri)(ri+rk)[1+Ajtrirk/(ri+rk)y

I i35 I
3 (1+A.sri)(l+;k Nrr. /N }J(N._ )
AL ALY
k
‘A = ___ks Jjt k_

4 (l+Aksri)(l*Athrirk/Nik)(ﬂikf

5 (1+Ajri)(Nij§(1+xktﬂrirj/Nijl

L S 15 S ‘
6 (1¢xkri)(Nik)[1+x.;Nrirk/Nik]
A = o _-Aifik tr J -
7 (1*Ajsri)(Nij)[lf;ktNrirj/Ni.l
X Xp
A ks jtTk _

8 (Ifkksri)(Nik)(;+Athrir /Nik)
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—— -

1y 1 Kk
3
A SN BT 55 T
S + ri, Nr1+Nrj+r1rj
sty
+Nr, +
Nr1 Nrk rirk

+ simidar terms for components‘jmand k,
1.e., 1(jk) then j(ki) and k(1ij).

[A [_f_sz__ MMty L
i +
s N + r1 Nri+Nrj tdrj

-__i‘fflsf*_‘__---
+Nr_ + :
Nri Nrk rirk

+ 1, - +Nr +
S ri ; Nr1 Nrj tirj

Mest etk ]

Nr1+Nrk+rirk

+ similar terms for components j and k,
‘1.e., 1(jk) then j(ki) and k(i]).

Szri3 :
P TEE R Bt R
3 ’
i .
———— (83 + 84) +

similar terms for components j and k,
i.e., i(jk) then j(ki) and k(ij).

.
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- 2 .
S ri%')
_______ A -, " 4 B 4+
* N + S 1s (s + ri) (BS 6)
1 ri3us
-------- +
ner, Pt Bg! '

similar terms for components j and k.,
i.e., i(jk) then j(kxi) and k(ij).

J%L

B = ——emmmmmt—mme— 51553_1_ ___________________

1 (sij)(1+Aj55ri/(s+ti)1[1ka£55rirj/sij:;_~
B o oo S kstjesTk B
2 (Sik) [l+)\kSSri/(S+ri)] [l.+)‘jt Sr rk/sik]

.2

P LS 2 F -

3 (xi+rj)(lfx.ri)[1+AktSSrirj/Si.](Sijﬂ

MAjes k2 .

B = — )sAkts s I
EERTPSY s /(s r )11(s. 01 1+x “sr.r./ s, .
5 ;1+Aj55ri/(s+ri)l(Sij)(lkatsSrirj/ 1:,)
. Mes? jesTx
T e —_— Y - - s
6 [1+xk55ri/?§+ri)) (5,0 (1) jtsSr ;‘x/ ix)
' ‘ . 2
A
B e e ety
{1+A .Nri/ (N+ri) ] (Ni 'sij) llflkcsSrirj/sij]
2
A
5 Kk jts k
I e ar e o o e e e ———-——-——X ——————————————
8 l%‘+kari/ (Nﬂ:i) ) (Niksik) [1+X. tssrirk/sik)
P .
wheré:
N = Nr, #+ Nr. + r.r ,
ij i i
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Sx) = Sr + Sr + rirJ
Sxk = Sni + Sr + r1 X
2 3
R R 5Ty }stkes®y R
___________ 125 | marieomra-i-
N+S i N(S ri) Sr1+S§J+rixJ
kst yesTk
+
Sr1+Srk rirk f
3 2
TR Ty Grosiaery
1) 1773 173
2 .
1 S
+ +
(ri tk)(S;1 Srk+rirk)

+ s{milar terms for components j and k,
i.e., 1(jk) then j(ki) and k(1j).

S N

—— e oo o o B e P e

Sr 4Sr. +r.r

1707 1 T
3 L2
8 Mtk i}
N +—ri (Sri+5rj+rirj5(Nr1+Nrj+r1 jf~
) 2 . .
e AestyesTk L
(Sr1+Srk+rirk)(NrifNrk+:1rk)

'

+ similar terms for components j and k,

i.e., 1(Jk) :gig,d(ki) and k(1j).

where: 1, j and k are the components contained in the 3rd order cut set.

1 .
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3.2.2 Repair Activities Discontinued in Adverse Weather

- ‘

(a) f}rsi_order cut set

[

where: 1 is the component contained in the lst order cut set.

(b) second order cut set

A = A + B . -
TL . . ‘ -
/
where
' [ A, r AA..r
A= iie| TRt 5
NS . Jtri it 3
A A,
s | __ijes i, __2Ats J__ N
. A [
N 1+ Aj;ss 1+ $ ’
and
f A
B S is jts __Js its__ ;
__________________ 5
N + 5 1+ Xj s L4+ Ao
A A, x, . )
Aisxjtri__ + --38 1tr2__ . .
1+, 1 142 T ‘
t it ]
Y. S EPUPUNE SIS BT+ A,

5
+ 2,
TL® "N+ 5 TS RIS N'[M‘jcs..i j ns'j]

...... ' + +3 A, S
* RIS Ais*jtri Ajskitrj ;Ais jts

=3

+ t
Aitsljss

+ f \

where: i and j are the components contained in the 2nd order cut sét.
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(c) third order cut s‘et,

A= YBuny b
TL A+ ‘B a;(é@%&
- - . %‘\%i\‘
where: \\' Y
l, N - 2 ‘ ' s L ‘ '
AT TRTITE Alrl [(Al 214\ A2) + a (I\3 + A4)] L .
similar termsl for components j and k,
' \  i.e., i(jk) then j(ki) and k(ij). _
,_;_§;_- —x rz(n +A) + S (A_ +A)]| +
N+s ] fis | i T T2 i 37
similar terms for components j and k, _,
i.e.,-i(jk) then j(ki) and k(ij). _
A
where: \':\
N Y . v \ ,
BT 1 30 T S O
S et e o S PRIV tIR S IS D I
L
A \ A
N P13 SR WU o ¢
2 (r_+r, ) (d+ 7 ) (14 Ajtrirk/(fiﬂ\k”v k:‘ :
N ®,
. \
A ] Ajshke T 1
i s St TN TN r./(c. +x.)] N . N
30 (e Qs "jss)l“ MeefiF 5 FitT \ \* _
. . . ‘ - \\ '~\ -
Lo AksA 9t K e ' \%\\
R ey +
4 (ri+-!:k) (1+ AkSS) [1+ Ajtrirk/'(ri rk)] N N
‘ AT \
P I I 2 [ MAef3 ATk N |
+ + + ' 5
N+S i i Ty rj ro¥ o "\
A T, AL A :
.S yske"y ) ks gk
N + ‘ +
- .+ similar terms for components 4 and k,

i.e., 1(Jk) then J(ki) and k(ij). - | -
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\ _
LT r 4T, .
A A T ”ﬁaﬁ
+sp, |2kl @s-ze.z
ety ntn

+ similar terms fdr componet;ts j and k,
i.e., 1(31;) then j(ki) and k(ij).

and
N - sriz
B=-57s | M |TwT BrtB)
Szri
2 eeesamemame ] +
R (B + By
. . . similar terms for components J and.
. K, i.e., i(§k) then j(ki) and k(ij).
S B Srlz
............. B +
Y oRTYE | s (B; + By
—_ A _
s? (B,.+ By |+ ;/fw o -
sum.lar terms for components :I\Ond '
K, ;\e., 1(Jk) then j(ki) knd k(l] S
.-‘ \\
where A
B O kts 3
1 (r. +’r ) (14 A r. )[J+ Aktss] : o T "‘:
A A

-

Al
B = )s kts
37 7Y AT s s X S)
js kts
A .
B ——m _Eﬁ_ LS



' . '+ similar tems for components j and k,

i.e,, 1(Jk) then j(ki) and k(i3)

4+ —==Zoo A A A S+ A
N +S [ is[ -Jes kss kts jss

-

S
=T
N {1 + +
) Ty 7 ¥y Tyt

e R
2 ITkisy , _TgesTkk ]

k

+ similar terms. for components J and k,

f.e., 1(jk) then j(ki) and k(ij)

where: i, j and k are the compouents contained in the 3rd order cut set.

4. PERMANENT, MAINTENANCE AND TEMPORARY OUTAGES
T N \ '

4,1 Weather Independent

~(a) first order cut set

B A
Ay &4

Ma
: wherﬁ: i is the component contained in the lst grder
(b) second order éut set .
g WIRE W Meltn A otk
w im »(1+'Ajtt1n) : jy 1+ 1£trjmv

i PRSP g P PP

L

wheré- i and j are the components contained in the 2nd ordericut set.

{

4
4

cut set.

-
]
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(c) third order cut set

XMT =A+B+C
where:
' 2
. 7 ‘ r r
A=A [xjxkt -U;-X""W"‘i"il"‘x _______ p— L
I :
‘ 37m TPy (1 A Tyny (rim+rj)-5
r zrk !
+ A A mmecpeeem o Am
' kK je  (I+ 4 sl Yo i Ralaieiieady J Setat tean & oy
j. ( krimf(rim rk5\1+ thrimrk7(r1m rky)
. 2 ,
= Tim r1 “ Tim Tk
- Am AJAkt -;——_;";—‘ + A tAk ————— ;—___
‘ j , b} tm rk

B and C are similar to A but for,compbnents J and k

respectively, i.e., 1(

where: i, j and k are the components contained in 'the 3rd o

-

4.2 Weather Depéndent

. . L J
4.2.1 Repair and Maintenance Activities Continued in Adverse Weather
(a) first order cut set .
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where: i is the component contained in the lstvorder cut set.
(b) second order cut set
2
: r Sr
M Ma | Mge TTERE * Mes T i EIM))
T
MT im je 1 + Ajtti jts N(S + timj(l f xjtssrim im
( - r Sr, 2 ‘
T hm | A 1'1'31E° * Ao TR IiT T, J(s+r, )Y
r ' ts + +
1 ic§ . rjm)( Aicssrjm (s Tym
r o osr, ? , s 2
= Ay | AieTim * Aee RS | A e | Aur, + A, e 2o
im| “jtidm © Tyrs N(S + T Jm| Meim C Tdes N(S 4+ Ty

jk) then j(ki) and k(1j).

rder cut set.

where: 1 and j are the components contained in the 2nd order cut set.
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(c) third order cut set

A = A+B+C
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B and C are similar to A but for components j and k
respectively, i.e., 1{jk) then j(ki) and k(1j).
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where: i, j and k are the components contained in the 3rd order cut set.
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4,2.2 Repair and Maiq;enahce Activities Discontinued in Adverse Weather

(a) first order cut set
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wherg: i is the component contained ih the lst order cut set.
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(b) second order
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(c) third order cut set
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and
2
B = A r 28 (B. + B X Cim ?
*Yim im N 1 2! "R (By + B
where:
A.Ak )
B = e jkes 3 .
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C and E are similar to A but for components j and k
respectively, i.e., 1(jk) then j(ki) and k(ij).

‘D and F are similar to B but for components j -and k
respectively, i.e., 1(jk) then j(ki) and k(1j).

where:

N

i, j and k are the components codtained in the 3rd order cut set.
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APPENDIX E

Table E.1 Reliability indices for all load points of the
IEEE 14 bus network configuration (Figure 2.7)
- repair activities is continued in adverse

‘ ‘weather
Average
Moad Availabi- gg??ﬂTzr gg??ﬁrzr g¥r?;igr- ;g;S;l

point lity frequency rate ruption downtime

. (f/yr) (f/yr) | (hrs/r) {(hrs/yr)

2 0.9995604 0.268216 6.268334 14.3584 3.8529

3 0.999588H1 0.239030 1 0.239129 15.0956 3.6098

4 0.99380756 0.500525 0.500988 16.1781 8.1051

6 0.9926402 0.861405 0.867792 74.8446 '64;950

7 0.99390044 0.550330 0.5509?9 15.8?55 8.7299

8 0.9990185 0.535979. 0.536506 16.0412 8.6062

9 0.9990380 0.520974 0.521475 16.1747 8.4347

10 0.9989b14 0.595991 0.596635 l15.8532 9.4586

11 0.9988465 0.646834 ~0.647581 15.6213  10.116
12 0.9989034 ° 0.608441 - 0.609109 15.7867 9.6159 -

13 0.9995875 0.239497  0.239596 15.0883 3.6151
- 14 0.99955;8 0.280401 © 0.280533 14.7528 4.1386 '

OVERALL 0.9901122  2.688520  2.715369 32.2174  87.482
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Reliability indices for all load poinis of the

Table E.2
IEEE 14 bus network configuration (Figure 2.7)
- repair activities is discontinued in adverse
weather
» . Average ‘
Consumer Consumer duration Total
Load Availabi- failurecy failure of inter- annual
point lity frequency rate ruption downtime
(f/yr) *(f/yr) (hrs/r)  (hrs/yr)
2 0.9984685 0;144209 0.144430 93.0298 13.436
v
3 0.9984694 0.14408§ 0.144314 83.0521  13.429
4 0.9978022 0.16137 0.169510 ¥13.830 19.295
6 0.9740868 0.675699 0.693674 335.947 233.038
7 0.9977963 0.169701 0.170076 113.755 19.347
) J .
8 0.9977152 0.174828 0.175228 114.484 20.061
9 0.9976735 0.176967 0.177379 115.162  20.427
10 0;9975548 6.183403 0.183852 116.790 21.472
o 11 0.9977610 0.172808 0.173196 113.500 . 19.658
12 0.9976413 0.178845 0.179268 115.532 20.711
13 0.9984886 0.141948‘/”0.142163 93.2734  13.260
14 0.9981447 0.160854" . 0.161153 101.037 -16.282
OVERALL 0.9586601 0.144586 2.237077 168.861 377.754
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APPENDIX F
%

The computer algorithm for fihding the first, second,
third, etc., order of cut set fnom a set of paths leading
to a particular consumer success is discribed‘in tpis |
section. Consider the system shown in Figure A.1. The
system configuration have four possible paths lead¥ﬁg to
the output component #3, they are: ‘

(i) 1-2-3 '
(ii) 5 -4 - 3
(iii) 1 -2 -6 - 4 -3
(ivl 5-4-6-2-3

Form a 'P' by 'Q’ table, where 'P’ is the total
number of paths leading to.the desined(}oad point, and'
Q' is the total number .of Cowponentg in the given network
configuration. For the example aboyé} ‘P’ is four‘and

'Q" is six, therefore, form a '4 X 6' table.

H W N

Scan th?ough eachvpath and cross the corresponding

-
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]ocatién of the component number within the path, e.g., )
the conponentvs within path (1) is 12 and 3, thus in the
first row of the table column 1, 2 and 3 are crossed.

The process is repeated for all paths. Hence, for the

example, the resulting table is as follows:

1 X XX
2 X | x | X
p '

3 X | X[ XX X
4 X1 X X1 X7TX

1 2 3 4 5 6

Q
STEP 3 -

Next, scan through each colume of the table to lorz e
those column with all rows crossed-out. This gives the
minimum. first order cut set. In the table above, column
3 is the only column which has all rows crossed-out.

This means the desire 1oad‘point'withjn the given system

has one first order cut set and it contains component #3.

- - - -

Al1 the cross which forms the first order cut set is

removed from the fable as shown below.

1 XTX .
2 T XX
o 2 |
3 [XTX X
4 X1~ X[ XX
1 2 3 A&
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Thegsecond order cut set is found by scaning through P
two columns at a time to locate g{vbinations of.any‘ 2
columns that would allows all rows to have crosses. In
the table above, it can be seen that columns 1 and 2 does
not satisfy this condition since both columns 1 and 2
does not contribute a cross in row #2, hence 1-2 is not
a second order cut set{ On the other hand, columns 1 and
4, columns 1 and 5, columns 2 and 4, columns 2 and 9 does |,
form a second order cut set. This is to say that for {he
system in Figure A.1, there are four secong order cut*set
they are:
1-4, 2+4, 1-5, 2-5.

9 '

-—— - . - -

Using the same “table and method as in STEP 4, the
consecutive orders of minimum cut set can be found. Note
that the maximum"order/of cut is limited to the total |
number of paths to the desired load point{v Note also that
the higher order of cut set cannot cohtaiﬁ(a lower order
of cut set, e.g., if a second order cdt set is 1-4, tnhen

a 1-4?5 or 1-4-6 cannot be considered as a third order

[

minimum cut set.

For the example aboves, the minimum . cut sets are:

S

order of cut set component (s) w1th1n cut set

e m e EmEme e .e .- ---== --—-——-u——-..-—-----—----—----

- e Em e e W e EmE A eSEmSnD eSS =SS e

g S e it ARl il et ol



o -

There are no third or higher order cut set.
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