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ABSTRACT

In the planning of power system generation facilities,
reliability considerations are as important <;is those of econo­

mics. The system must have sufficient reserve capacity to

permit it to operate at an adequate level of reliability. The

evaluation of generating capacity reliability can be considered
to take two basic forms which can be designated as the static
and the spinning reserve requirements. This thesis investigates
the application of the frequency and duration concept to the·
static reserve problems.

.

Equations for fast computation of the cumulative

availability and frequency of capacity outage states are

developed. Relationships are also developed for the reliability
evaluation of a system connected to one or more systems. A

general computer programme for the reliability evaluation of

single and two area problems has been developed. The concepts
developed in this programme are illustrated by application to

the Saskatchewan and Manitoba Systems.
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1. INTRODUCTION

In the planning of power system generation facili­

ties I reliability considerations are as important as those

of economics. The system must have sufficient reserve capa­

city to permit it to operate at an adequate level of reliability.

The evaluation of generating capacity reliability can be

considered to take two basic forms which can be designated

as static and spinning reserve requirements.

Static Reserve(l) - The installed capacity which

must be planned and constructed in advance of the system

requirements. ThiS reserve must be sufficient to provide for

the maintenance of generating equipment, outages of generating

units which are not planned and load growth requirements in

excess of the estimates.

Spinning Reserve(l)- The capacity which must be

available at all times. to meet load changes on the system

without. impairing the system frequency and also capable of

satisfying the loss of some portion of the system generating

capacity.

At the planning level both of these areas must be

investigated but once a decision has been reached, the spin­

ning reserve requirement becomes an operating problem. The

analysis of these two areas can be considered in two basic

parts each of which requires a different approach and a
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different set of system statistics. The theoretical techniques

presented in this thesis and the illustrated applications

are limited to the static capacity problem.

The static reserve requirement in the past has

normally been evaluated using rule of thumb methods. one

popular technique is the percentage reserve approach. There

are, however, some important objections to the use of this

method.

It does not give adequate representation to the

generating system composition and the load model configura­

tion. According to this method, two systems with the same

peak load over the same period will have the same reserve

irrespective of the fact that the two systems may have units

of different capabilities, different mean failure and repair

rates and that the load characteristics of the two systems

may be entirely different.

This method regards the generating capacity reserve

as being independent of the syst.em composition and is thE�re­

fore not adequate for comparing alternate generation planning

proposals.

It is not possible to assess the effect of inter­

connections with other systems when using the percentage

reserve approach.

Generation system planners have long been concerned

with the need for analytical techniques to solve these problems.
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The interest in the application of probability techniques

to generating capacity reliability evaluation became evident

as early as 1933 .. Since. then a number of paPers have been

published on this subject. The methods proposed in these

papers fall in.to the following four broad classifications.

The Loss of Load Probability Method (2)

The adequacy of the proposed and available genera�

ting capacity is measured in terms of the expected time that:

the load will exceed the available capacity.

The Frequency and Duration Method

In this approach the frequency, the mean duration

and the probability of encountering the various levels of

generating capacity inadequacy are determined as the indices

of reliability.

The Loss of Energy Probability Method(3)

This technique is similar to the Loss of Load

Probability Approach and utilizes the ratio of the expeot.ed

load enE!rgy curtailed due to generating unit forced outages

to the total energy required by the system.

The Simulation Method(4)

This approach develops i3. capacity model from the

historical data of generating uni t; up time and down time

durations and a load model from the historical load data.
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Using Monte Carlo techniques these two models are combined

to give a probability distribution of the available reserve

margins.

IIA survey of the published literature indicates

that the loss of load probability method using a daily peak

load variation curve appears to be the most widely accepted

technique and used more often than any other technique II (3)
•

Though relatively simple to appreciate and to apply, this

approach has the follOwing drawbacks .•

It is difficult to relate the loss of load probability

index LOLP with the actual physical performance of the system.

The LOLP index is not sufficiently sensitive to the

mean failure and the mean repair rates of the generation

units and the available interconnections. Two identical units

with the same forced outage rate, according to this method,

will have the same effect on the system reliability despite

the fact that this forced outage rate can be obtained by an

infinite number of combinations of the mean failure and the

mean repair rates.

This approach is not consistent with the technique

most frequently employed for transmission system reliability

evaluation, i.e., the frequency and duration approach (5) •

The frequency and duration method though a little

more complicated, at least in appearance, overcomes these

drawbacks. Equations for computing the frequency and the
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duration of various capacity outages were first given by

Halperin and Adler(6). The application was extended by the

publication of four recent papers(7,S,9,10) which presented

for the first time, a set of recursive relations for obtain-

ing the frequency and the duration of various capacity outages.

These papers also proposed suitable load models, gave tech-

niques for combining the capacity outage data with the load

model and discussed the inclusion of partial capacity states.

The techniques given in these four papers are potentially

very powerful and can be extended to cover many areas of

power system reliability evaluation(11,12,13).
The frequency and duration method has been examined

in detail in this thesis and particularly in regard to its

application to a practical system such as that of the Saska-

tchewan Power Corporation. Steady state availability and

unavailability have been defined as the relative durations

in the up and the down states. The frequency of encountering

these states can be obtained by multiplying these relative

durations by the expected number of departures per unit time.

Starting with the simple application of the principle of

expectation, the various relationships have been developed

using a slightly different approach to that previously

presented (7, 8) • The main emphasis in this approach is on

the computation of the availability and the frequency of

cumulative rather than individual states. In order to apply
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these to practical system configurations, fast computing

techniques have been developed to evaluate the reliability

measures of the cumulative states.

Relationships for evaluating the reliability indices

of a generation system connected to one or more systems have

been developed. These equations have been incorporated in

a general computer programme and the effect of variations

in the tie line parameters on the reliability measures has

been examined.

Data from the Saskatchewan Power Corporation System

for the period June 1968 to July 1969 has been analyzed

using the digital computer. The exposure factor for various

load levels has been determined and the peak load levels

converted into a load model. The effects of variations in

the exposure factor on the reliability measures have been

examined in detail.

The effect of load forecast uncertainty on the

reliability indices has also been examined.

The basic considerations are illustrated in this

thesis by the development and application to a hypothetical

system. The effects in a practical configuration of varia­

tions in the statistical parameters are illustrated by

application to the Saskatchewan and Manitoba Systems.
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2 • THE FREQUENCY AND DURATION METHOD

Generating capacity reliability evaluation normally

utilizes or:.ly two system parameters. The assessment is basi-

cally conc�rned with the relative behaviour of the system
I

load and the system generation facilities. The application
i

of the fre4Iuency and duration approach to this problem involves

three basi� eteps.

1. A mod�l describing the probabilistic behaviour of capacity
I

outag�s is developed first. This is referred to as the

II'Genetation System Model II •
I

2. The p�'obabilistic nature of the occurrence and the dura-

tion 6f selected peak loads is incorporated into a

"Demand Modell" or "Load Model II •

3. The gf-neration system model and the load model are then

mergep ":.0 give a IIGeneration Reserve Modelll which depicts
,

the ekpected occurrence of surplus capacity and capacity
i

deficii-encies.
I

i

2.1 The: Generation System Model

2.1.1 Bas�c Principles

be Generation System Model (GSM) is similar to

the capaci�y outage probability table developed in the loss

of load prpbability approach. It offers, however, some

additional! :pformation which is not provided by the capacity
,

I

outage projhahility table. In addition to the steady state
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probabilities of exact or cumulative capacity outage levels

as provide� in the capacity outage probability table, the

GSM includes the frequency of encountering these conditions.

The data required to construct the GSM are the

mean durations at the different levels of generating capa-

bility for all the units in the system. A generating unit,

especially a large thermal one, may have many different capa­

bility levels. The consideration of partial capacity states

is not a major problem(lO), however, in order to illustrate

the basic approach each unit has been assumed to exist either

in an up (full capability) or in a down (zero capability)

state. The average behaviour of the binary model can be

represented as in Figure 2.1 where

n. = The mean up time of the unit

r = The mean down time of the unit

It may be noted that both "m" and "r" are mean

durations and are assumed to be constant. The r-ec i.proc e.L

of the mean up time is the average failure rate A. This

is the rate with which on the average a unit would transit

to the down state given that it is in the up state. Simi­

larly, the reciprocal of the mean down time is the average

repair rate. This is the rate ,'lith which on the average a

unit would transit to the up state given that it is in the

down state. Expressed mathematically
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A = Average failure rate

= 1
m

]..I = Average repair rate

= 1
r

7be state transition diagram of a binary model

is shown in Figure 2.2. Two relations can be deduced

directly from Figure 2.1

A = The availability of a unit, i.e.,

the steady state probability of find�

ing the unit in the up state.

m
=

m+r

( 2.1)

and A = The unavailability of a unit

r
=

m+r

= _.L (2.2)V+A

Two simple relations which form the basis of the

frequency and duration approach can be stated as

f = The frequency of encountering a state

= A. A

= (Steady state probability of being in

the state) (Rate of departure from

that state) (2.3)

AlternativeJ_y f = A. ]..I
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= (Steady state probability of not being
in the state) (Rate of entry into that

state) ( 2.4)

It will be noted that these relations are a direct

application of the principle of expectation in probability

theory. Availability of a unit is simply the relative dura-

tion of the up state and when multiplied by the rate of

transition from this state, gives the frequency with which

the state is likely to be encountered. The Same results

can be obtained by assuming the up and down times to be

exponentially distributed with mean values of m and r respect-

ively and applying Markov chain theory.

For a system composed of a number of units, it

is helpful to view these relations in the following way.

f = Expected transitions per unit time

from state "i" to state "j" (Eo oJ
1J

= Expected transitions per unit time

from state "j II to state "i II (E 00 )
J1.

( 2.5)

The availabilities and frequencies of the exact

states can be obtained using equations 2.1 - 2.4.

2.1.2 Grouping Identical Capacity Outage states

The generation system model may contain a number

of identical capacity outage states. The only way the system

can transit from one state to another within a group of
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identical capacity outage states is by the simultaneous

failure and repair of two units with the same capability.

The p.:.obability of such an occurrence is negligible corn-.

pared with the probability of occurrence of a single event

and therefore the identical capacity states can be regarded

as separat8d in time. The equations for merging "N" identi­

cal capacity outage states can be stated as(7)

Capacity
= c. =

a

Availability N

�·=LA.
i=l

� (2.6)

and frequency N

fk = L f.
i=l

�
(2.7)

111e subscript lIill refers to those states having

the same capacity on outage and IIkll denotes the merged state.

The tot:al rates of departure to greater and lesser capaci ty

states are given by:
N

A = LA. . A / Ax: ( 2.8)up,k i=l
� +i

and A
N

A- L A· / Ax: ( 2.9)dn,k .

-i
i=l

�

where

�i = Transition rate from state i to states

with more capacity available

A . = rrransition rate from state i to states
. -�

with less capacity available
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\ = Transition rate from state k to statesup,k
with higher capacity

\ - Transition rate from state k to statesdn,k
with lower capacity

2.1.3 Cu�ulative Capacity Outage States

AS shown above, the frequency of encountering

exact capacity states can be calculated without too much

difficulty. It is often of more interest, however, to deter-

mine the availability and frequency of the cumulative capa-

city outage states, i.e., those states with capacity on

outage equal to or greater than a given value� The availa-

bility and frequency can be obtained by repeated application
of the follo'Ning relations(7) to the capacity outage states

arranqod in the ascending order of outage (see Figure 2.3)

Availability

�-1 = � + � (2.10)

and frequency

(2.11)

where

i

I
An_l, fn_1 = Availability and frequency of the

(n-1)th cumulative capacity outage
state

An' fn = Availability and frequency of the nth

cumulative capacity outage state
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Less capacity Cumulative Exact Capacity More Capacity
in Capacity Outage outage Outage

c1
-

> c1

C2
-

> c2

J c3 > c3 J
c >

-

(k n-l)ck =
n-l

C > cnn

>

-

ICc = - cnn

where IC = Installed Capacity

ana c = Capacity in
n

Therefore C > Ie - cnn

or C s, cnn

Figure 2 .. 3 Relationship of Cumulative Capacity Outages To

Exact Capacity Outages Arranged in Ascending

Order of Magnitude
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� = Availability of the state being added

A+k
- Transition rate from state k to states

in which more capacity is available

A_k = Transition rate from state k to states

in which less capacity is available

Equation 2.11 is in fact an application of equa-

tion 2.5.

N
= L E.

j =n Jk.

f = Expected transitions per unit timen

from the cumulative capacity outage
state n to states with lesser capa­

city on outage
N N

= � E
ik

+ � Eo
( <1<)

J=n
J

J=n
J

Also

•. A '"
�. +k

=

j� Ekj

Therefore

N N N
= � E

Ok
+ � E °

«k)
- ?=. E Ok

+ � Ek,
J =n

J
J =n

J .

J=n J
J <k

J

N
= �o· Eo

«k)
+ L Ek °

J=n J j <k J

= f
n-1
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2.1.4 Quick Computing Techniques

The generation system model can be constructed

using t.he equations 2.1 - 2.11. As noted previously, the

availability and frequency of the cumulative states are of

prime inte=est and therefore relationships for the direct

generation of these values from the unit data were developed.
These equations have been implemented in the segment of com­

puter programme which evolves the GSM by successive unit

additions. 'fhe basis for these' equations is explained below.

Consider that a GSM already exists and it is desired to

add a new �nit to it. Let

A. ,
1

f. = Capacity outage, availability and1.

frequency of the cumulative states,
i = 1,2,3 ••••• N

and

Ck, \" llk = Capacity" average failure rate and

average repair rate of the unit being
added.

Since the unit is assumed to exist either in the

up state (cap'3.city out = 0) or in the down state (Capacity
out = Ck), the cumulative outage states obtained after the

unit addition are
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Unit k in unit k but

C1 + 0 llk Ak C1 + Ck--

C2 + 0 llk Ak C2 + Ck
- - - - - - - - - -

C3 + 0 llk Ak C3 + Ck

C4 + 0 llk Ak C4 + Ck
- - - - - - - _I

C5 + 0 llk Ak C5 + Ck
r

C6 + 0 llk Ak C6 + Ck

r

eN + 0

Availability and frequency of existing cumulative outage states:

Assume that it is de s i.r-ed to determine the fre-

I

l
quency of encountering the cumulative capacity outage C5'
given that (c3 + Ck) � c5 and (c2 + Ck) < c5• The boundary

for such a cumuLat.Lve state is shown by the dotted line in

the above table. The frequency of this state is
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where

�
- The availability of the unit being
added

=

and

Ak = The unavailability of the unit being
added

= 1 - �

In general, the modified availability and frequency

of a cumulative capacity outage state "i" in the existing

GSM will be given by

new

A.
1

old old
= Al.� + Aj'� (2.12)

and

new old old old old
f
i

= f
i

•Ak + f
j

•� + (Aj - Ai) •� • A
k

( 2.13)

such that

c. > (c. - Ck)J - 1

Availability and frequency of generated capacity outage states:

old

A(i+k) = Ai·Ak + (2.14)

and

old old old old

fCi+k) = fi·Ak + fj.Ak + (Ai - Aj> �.�
( 2.15)
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such that

ACi+k)I f(i+k) = The availability and frequency of

capaci ty outage l {ci + Ck}

'The process is started by constructing the GSM

for a single unit and each unit is then added in turn.

2.1.5 Hypothetical System Example

The system of 22 units suggested by Arnoff and

Chambers(14) has been selected for illustration. The rele-

vant data for the units in this system are listed below.

No. of Identical

Units .

Unit Size

M.W·

Mean Down

Time (r)

Years

Mean Up
Time (m)
Years

1

3

2

4

9

3

250

150

100

75

50

25

0.06 2.94

Total number of units = 22

Total Lnst.a.Ll.ed capacity = 1725 MW

The GSM obtained from the developed computer

programme is given in Table 2.1. Capacity outage states
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TABLE 2.1

Generation System Model of the 22 Unit System

Capacity Outage Availability Frequency Cycle Time Mean Duration
Equal to or (A) (f) ( l/f) (A/f)
Greatp.r than MW Per Day Days Days
0.0 0.100000 x 100

0.760757 x 102 o . 272981 x 10225.0 0.358829 x 10 0.131448 x 10=�50.0 0.319573 x log 0.121205 x 10_2 0.825046 ){ 10� 0.263663 x 10�75.0· 0.201006 x 100 0.898946 x 10 0.111241 x 103 0.223602 x 10100.0 0.709902 X 10=� 20.141450 x 100 0.140864 x 103 0.199252 x 102125.0 0.102314 x 10,..c1 0.546692 x 10_2 0.182918 x 103 0.187151 x 102150.0 0.904434 x lO_i 0.457351 x 10_2 0.218650 x 103 0.197755 x 102175.0 0.436883 x 10 0.295266 x 10-"2 0.338678 x 103 0.147963 x 102200.0 0.379311 x 10:i 0.247558 x 10_2 0.403946 x 103 0.153221 x 102225.0 0.295167 x 10_1 0.181697 x 10_2 0.550368 x 103 0.162450 x 102250.0 0.253559 x 10_2 0.146596 x 10 0.682147 x 104 o . 172965 x 102 tv275.0 0.968847 x 10_2 0.887232 x 10=� 0.112710 x 104 0.109199 x 102 0300.0 0.809136 x 10_2 0.729771 x 10
3

0.137029 x 104 0.110875 x 102325.0 0.4389f>5 x 10_2 0.433177 x 10:3 0.230853 x 104 0.101336 x 10350.0 0.291192 x 10_2 0.302569 x 10"':3 0.330503 x 104 0.962397 x 10375.0 0.189202 x 10_2 0.202682 x 10_3 0.493384 x 10 0.933492 x 10400.0 0.154317 x 10_3 0.158243 x 10_4 0.631938 x 10� o .975185 x 1°425.0 . 0.528440 x 10_3 0.719494 x 10_4 0.138986 x 105 0.734460 x 10450.0 0.391825 x 10_3 0.533764 x 10_4 0.187349 x 105 0.734079 x 10475.0 0.203941 x 10_3 0.293670 x 10_4 0�340519 x 105 0.694457 x 10500.0 0.114013 x 10_4 0.173100 x 10_5 0.577700 x 106 0.658653 x 10525.0 0.587161 x 10_4 0.951282 x 10_5 0.105121 x 106 0.617232 x 10550.0 0.412809 x 10_4 0.649118 x 10_5 0.154055 x 106 0.635955 x 10575.0 0.145389 x 10_5 0.270617 x 10_5 0.369526 x 106 0.537251 x 10600.0 0.899488 x 10_5 0.169028 x :1.0_6 0.591619 x 107 0.532154 x 10625.0 0.438848 x 10_5 0.859062 x 10...;6 0.116406 x 107 0.510845 x 10650.0 0.217446 x 10_6 0.443870 x 10_6 0.225291 x 107 0.489887 x 10675.0 0.926480 x 10_6 0.204309 x 10 6 0.489455 x 107 0.453470 x 10700.0 0.531049 x 10 0.116074 x 10-7 0.861516 x 10 0.457507 x 10725.0 -6
0.209261 x 10� 0.417138 x 100.199338 x 10_7 0.477871 x 10:7750.0 0.963639 x 10

7 0.236983 x 10
7

0.421971 x 10� 0.406627 x 10775.0 0.431916 x 10:7 0.109852 x 10:8 0.910313 x 10 O. 3936�9 x 10800.0 0.188172 x 10 0.493791 x 10 0.202515 x 10 0.381 6 x 10
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-8
with cumulative availability less than 0.1 x 10 are trun-

cated after each unit addition.

It should be recognized that the principal addition

to the LOLP capacity outage probability table is the fre-

quency of encountering the cumulative outage states. The

cycle time and the mean duration of a cumulative outage state

can be simply calculated from the availability and frequency

by the following equations.

Cycle Time = 1 / frequency

Mean Duration = Availability / frequency

2.2 Load Model

The basic load model suggested in reference(8)
is shown in Figure 2.4. It consists of a random sequence

of N load states, each of which is followed by a low load

state. Each day contains a high load state and the low load

level. All the load levels are assumed to have the same

constant mean duration. The level of low load is assumed

fixed and of constant average duration.

The description of the load model is given below.

Number of load levels

Description of load levels, MW

N

Li, i = 1,2,3 •••• ,N

and

Ll > L2 > •••••• > LN
Number of occurrences of Li
Interval length, days

ni, i = 1,2,3 •••• ,N

D
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L
o

.

L2
L3L4

- �

Time

Figure 2.4: Basic Load Model

Ll • L. • • • • LN1

Aol'� Aoi AoN �

A A
0 0 •

Low Load state L
0

Figure 2.5: State Transition Diagram of the Basic Load

Model



23

Mean duration of peak, days
Mean duration of lowload, days
Availability of L.

1

��ansition rate from L. to
1

a higher load level

Transition rate from Li to
a lower load level

Transition rat.e from lowload
L . to greater loado

Transition rute from lowl.oad
to lesser load

Frequency of occurrence of Li
Frequency of occurrence of Lo

e < 1

1 - e

A.
1

A .

-1

A
-0

f.
1

f
o

The state transition diagram of this load model

is shown in Figure 2.5. From the basic load model and its

state transition diagram, the following relationships can

be obtained.

1. The interval length

N
D = � n .

.

1 1
1=

2. A load level L. of mean duration e is expected to1

occur rli times during an interval of D days. The

availability or relative duration is given by

A. =

1

n .• e
1

D

3. The system can transit from one peak load level to.
another only through an intervening low load state,
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Therefore:

4. The mean duration of a load level is e and therefore

the transition rate to the low load state is

A . = A
-1 0

= 1
e

5. An expression for frequency of load ]e vel Li can be

written from

f. = (Steady state probability of being1

in state L. > x (Rate of departure1

from L.)
1

= Ai ( A . + A . >+1 -1

= Ai (0 + AO>
n.

= 1

D

6. The avail.ability of low load state

A = 1 - e
o

7. A system can transit from the low load state only to

one of the peak load levels

Therefore:

A = 0
-0

8. The mean duration of the low load state is (1-e) and

the tratlsition rate to the complex of peak load levels

is given by
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A
+0

= 1
1-e

9. The expActed time·spent in the low load state during
a period of D days is

= (1-e) D

considering only the state L., the mean duration1.

of Low load

= (I-e) D
n.

1.

anc. therefore

A = The transition rate from the low loadoi
state to the peak load state i

= ni (I-e)
D

It should be pointed out that the same relation-

ships are obtained if the load state durations are assumed
to be expon'3ntially distributed with a mean value e and

Markov chaf,n theory applied.

2.3 Capacity Reserve Model
2.3.1 Definition

Assuming stochastic independence of the generation
system model and the load model, they may be combined to

form a capacity reserve model. Capacity reserve or margin
is an excess of capacity over the demand. Denoting capacity,
demand and margin by e,L and m respectively,
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Where "i" and "j" refer to the capacity and load

states in the margin state matrix shown in Figure 2.6.

2.3.2 Exact Margin States

Availabilities and frequencies of exact margin

states can be found from the following relationships.

Availability

Availability of the margin state mk = c. - L.
1 J

is

given by

A .•A.
1 J

Frequency

Denoting the up and down transitions by "+,, and

11_" respectively I the transition rates from margin state

� are given by

and

where

\i I A_i = Transition rates from capacity state

"i" to states with greater or lesser

capacities

and

A .
= Transition rates from load state "j"

-J
to higher or lower load levels
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Load Level
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Figure 2.6: Margin State Matrix
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'nj� frequency of the exact margin state ITik is

2.3.3 Identical Margin States

Assuming the simultaneous occurrence of two events

to be stochastically impossible, there can be no direct

transitions within identical margin states. Substituting

capacity reserve for capacity, the identical margin states

can be merged using equations 2.6 - 2.9.

2.3.4 Cumulative Margin States

The cumulative margin states, i.e., states with

margin equal to or less than a specified value are of primary

interest and their availability and frequency can be deter-

mined by the application of equations 2.10 and 2.11.

2.3.5 Computational Techniques

Availabilities and frequencies of cumulative margin

states can be computed much more efficiently by combining

cumulative capacity states with exact load states. This

can be achieved using the following equations
(8)

•

Availability of margin M,MW or less:

�1 = LA .•AG
j J

(2.16)
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and frequency:

f � � AJ, [fG + AG (A_J, - A+J,)]p.-l
j

(2.17)

where

{G} � {C, < L, + M}1. - J

These equations can be understood by reference to

the margin state matrix of Figure 2.6. At each load level

the boundary of margin equal to or less than H can be defined

by a corresponding capacity level G (or capacity outage G)
such that

(G - L ,) < M
J -

or

G < (L. + 1\1)- J

The frequency can be determined by computing the

expect:ed transitions per unit time out of this boundary.

N+1

�. A ,.AG ( A
-J'

- \ .)
j�l J J

The system can transit out either vertically due to changes
in generation system or horizontally due to. load variation.

N+1
Contribution due to vertical transitions = � A, .fG

j�l J

Contribl1tion due to horizontal transitions �
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'l'he contribution to the horizontal transitions of
N+1

the portion 2_ A .•AG.A_. represent the transitions out of

j=1 J J

the boundary ecd in Figure 2.6. There are no down transi­

N+1
The remainder, i.e., -L A ...AG.A+, cancels

j:::1 J J
tions from LO.

the transitions out of ec.

Adding up the contributions

The expressions 2.16 and 2.17 have been implemented

in a subroutine of the computer programme to evaluate the

availabilities and frequencies of cumulative margin states.

2.4 Load Porecast Uncertainty

The effect of uncertainty in load forecasting can

be included using a conditional probability approach. The

probability distribution for load forecast uncertainty can

be divlded into class intervals, the area of each class repre-

sentinq the probability of the load being the class interval

mid value. Assuming "mil such class intervals with areas

A IP = 1,2,3 •••••m, the load model can exist in m possiblep

ways

(L, ,i = 1,2,3 •••••N),p = 1,2,3 •••.•m
l.p

where

LIp ._ The forecast peak having a probability of Ap
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The basic st.ructure of the load model is assumed

to be independent of the variation in the load forecast.

Therefore, regardless of the forecast load, the number of

load levels "N", the number of occurrences of state i, lin "

i '

n .• e
= 1

D

the exposure factor lIell and the ratios Li, i = l,2,3 ••••N

L1
stay the same. Given the load model (L. , i = 1,2,3 ••••N) ,

lp
the availability of load state L. is

lp

Therefore the availability of Lip is

and

f
(MAp)

= f
(M Ip) .Ap

The "m" class intervals being mutally exclusive

m

� = L A(l'1A )p=l P

and

m

fM = J_;-l f (MAp)
where

A(Mlp)' f(Mlp) = The availability and frequency of

margin M,MW or less given the fore­

cast peak Llp

__j
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A
(MAp) , f (MAp)

= The availability and frequency of

margin M,MW or less and the forecast

peak LIp

�, fM = The availability and frequency of

margin M,MW or less

and

A subroutine incorporating the effect of load fore-

cast uncertainty on the availability and the frequency of

the cumulative margin states has been added in the computer I
:
!programme.

2.5 Effect of Maintenance on Generation System Model

During the period of a year, different units are

on maintenance and therefore one generation system model

cannot. be used for the entire period. The year can be divi­

ded into a number of intervals during which the units on

maintenance stay the same. For each interval a new genera-

tion system model can be developed either ab-initio or by

removing the units on maintenance from the existing genera-

tion system model. Unit removal is the reverse of the process

of unit addition described by equations 2.12 - 2.15. In

order to reconstruct the old GSM, i.e., the one prior to

the addition of Ck, equations 2.14 and 2.15 can be modified.
"

Since Cj is just greater than or equal to ci + Ck,
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old old

A(i+k) = A.
J

and

old old
f
(i+k)

= fj

substituting these in equations 2.14 and 2.15,

and replacing the indices (i+k) , i by i and j respectively,

new old old old old

fi = fi·Ax: + fj.� + (Aj- Ai) Ax:. \:
ana

old old

Ai.Ax: + Aj.�
�uch .that

C.-c. = Ck1. J

or

i.e.

These equations are the same as those of 2.12 and

2.13 with the same qualifying statement. Availabilities

and frequencies of the old system are

old new old
A. = (A. - Aj .�)/Ax: (2.18)1. 1.

and

old new old old old
f. = {f. - fj.� + (A. - A.) Ax:. �) lAx:1. 1. 1. J

(2.19)
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such that

C
j

> ci - Ck

After each unit removal, the generation system

model may contain sets of states with different capacity

outages but the same availability and frequency. In each

such set �ll the states except the last one are redundant

and may, therefore, be deleted to get the exact old genera-

tion system model. A subroutine has been added to the co��

puter programme to accomplish unit removal.

There is a considerable variation in daily peaks

2.6 Non-stationary Effect in Load Model

over the pe�iod of a year. Thus one load model cannot be

employed over all maintenance intervals. A separate load

model is constructed for each interval and combined with

the correspon�ing generation system model to obtain the

availability and frequency of cumulative margin states on

annual basis.

The availability of load state L. on an anhual
1.

basis is given by A. D with its mean duration remaining
1.365

unchanged. ':'he intervals are separated in time and the

availabilities and frequencies add to give the annual

quantities. Assuming 11111 intervals
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I

=LA
qe L q

and
I

= L f

qeL
q

2.7 Availability, Frequency and LOLP

It is interesting to note that these three measures

of reliability are related by the following equation(9)

(Annual LOLP)daYS/YEar (Average
Peak \

Load

r;ratio;=
Average duration of a

capacity shortage

Average Cycle Time in

years

LOLP in days/year =
365 .�_
e

(2.20)

= 365 (Availability of

capacity deficiency)

or

where

�_ = Cumulative availability of the first

negative margin.

This =elationship implies that the same load model

has been employed for both the frequency and dUration and

the loss of load probability studies.

2.8 Hypothetical System Studies
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;:: 0.0656134 days/year

To study the characteristics of the capacity

reserve model)studies were conducted on a hypothetical sys­
tem designated. SYS.RS, which was assumed to be composed of

the 22 unit ,generation system outlined in the previous exarm-

ple and the load model shown below.

Exposure factor;:: 0.5 day
Period;:: 20 days

Load Level (L. ) No. of
1

MW Occurrences (ni)
1450 8

1255 4

1155 4

1080 4

The low load level was assumed to be at zero MW.

2.8.1 LOLP and Availability

Availability of the failure state in SYE.RS, on

an annual bas i.s , for a twenty day period was computed to be

..

. .....4A ;:: 0.8988137 X 10

Therefore

LOLP

The load model of SYS.RS was then rearranged as
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a load durat.i on curve as shown in Figure 2.7 and the LOLP

calculated using the equation

where

Pk. = Probability of capacity outage �

and

tk = No. of time units for which such

a capacity outage results in a

loss of load.

LOLP obtained in this manner

= 0.0656134 days/year

AS previously noted, the LOLP obtained by both the

The computer programme can accept any distribution

equations is the same. Availability in the frequency and

duration approach is therefore an index of load loss in the

LOLP approach provided that an equivalent load model is used.

2.8.2 Load Forecast Uncertainty

for uncertainty using a discrete step representation. The

normal distribution shown in Figure 2.8(2) was selected for

the examples considered in this thesis.

The vCi.riations in the availability of and the cycle

time to the failure state in SYS.RS are shown in Figures 2.�
and 2.10 respectively. These values are for a twenty day
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Installed Capacity = 1725 MW

600

1600

1400

1200

4 8 12 16 20

........
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'0
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0
H

� 800(J)
04

400

Number of Days Load Exceeded The Indicated Value

.. Figure 2.7: The Load Duration Curve
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r -3
No. of Standard Deviationst

-2 -1 o 1 2 3

From the Mean Mean = Forecast Load

Figure 2.8: Seven Step Approximation of Normal
Distribution For Uncertainty In Load
Forecasting

1 S.D =
% Uncertainty x Forecast Load, MW

100

No. of S.D

from the l.V1ean
Probability of Actual Load=Forecast
Load + Number of Standard Deviation
in Col. 1

�3
-2
-1
o

+1
+2
+3

0.006
0.061
0.242
0.382
0.242
0.061
0.006

I:
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o 2 4 6 8 10

% Uncertainty

Figure 2.9: variation of Risk Level (Availability) of

SYS.RS with % Load Forecast Uncertainty
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o 2 4 6 8 10

% uncerta:Lnty

Fi9ure 2.10: Variation of Risk Level (Cycle Time) of

SYS.RS with % Load Forecast Uncertainty
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interval on an annual basis. The variation in the relia­

Lility indices with uncertainty clearly indicates the need

for accurate and comprehensive forecasting techniques. The

critical uncertainty is that value which exists at the time

when t.he expansion plan must be finalized in order to allow

design and construction to begin.

2.8.3 An Expansion Study on SYS.RS

Thi$ study was conducted to compare the expansion

schemes for SYS.RS for 1971 - 79, using the availability of

failure (which as previously mentioned is an index of LOLP)

and the cycle time to failure as the criteria.

The peak was assumed to increase by ten percent

every year with the basic load model remaining unchanged,

One load model was assumed to hold throughout and no mainten­

ance was included. The variability in reliability measures

results only from changes in the peak load and from unit

additions.

Curves showing the availability and cycle time of

the failure state versus peak load were obtained first with

an installed capacity of 1725 MW, i.e., for 1970 and then

for each subsequent addition of a 250 MW unit. These curves

are shown in Figures 2.11 and 2.12 respectively. The unit

additions in hoth cases are indicated by the dotted lines
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Figure 2.11: Expansion Study on SYS.RS - 1971-79, Using AvailaT

bility as the Criterion
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and in this particular study are virtually identical. Unit

additions are required in 1971,72,73,75,77/78 and 79.

The effective load carrying capability of a unit

is the increase in load carrying capability of the system at·

a given risk level after the unit addition. It is measured

by the displacement of "Risk Level vs Peak Load" curve along

a horizontal line passing through the standard risk level.

It should be pointed out that the availability or cycle time

versus peak load curves ar� not as smooth as shown in Figures

2.11 and 2.12. These are stepped curves I che average width

of the step depending upon the structure of the load model

and the capacity outage increment in the generation system

model. Accurate assessment of the effective load carrying

capability of the unf.t; being added' is not, therefore, possi­

ble from the availability or cycle time versus peak load

char'act.erLst.Lc s , It can, however, be determined by successive

iterations about the step change point. The effective load

carrying capabilities of the units found by successive itera­

tions an� shown in Table 2.2. In this case, the results are

the same when either the availability or the cycle time is

used as the criterion of risk level. This is, however, a

special Case and in general the effective load carrying

capabilities determined on the basis of availability are

found to be slightly different from those obtained using

cycle t.Lme (See 4.4).
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TABLE 2.2

The Effective Load Carrying Capabilities

of the Units Added

I Unit # BOA BOCT

1 200.00 MW 200.00 MW

2 225.00 MW 225.00 MW

3 225.00 MW 225.00 MW

4 225.00 MW 225.00 MW

5 225.00 MW 225.00 MW

6 175.00 MW 175.00 MW

7 250.00 MW 250.00 MW

8 250.00 MW 250.00 MW

9 250.00 MW 250.00 MW

BOA Based on the availability of failure

as the criterion

BOCT Based on the cycle time to failure

as the criterion

Capacity of the unit added is 250 MW.

All units have the same mean failure and the

mean repair rates.
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A subroutine has been added to the computer pro­

gramme which can determine unit additions for a specified

cycle time and print out the results in a tabular form.

The output obtained for the above case is shown in Table 2.3.

This removes the necessity of having to plot all the results.



TABLE 2.3

250 MW Unit Addition Schedule

Standard Risk = 291.56 days

Year of Peak Load Total Capacity Risk Level Whether Unit

Study MW MW Days Addition Reguired
'_.-

1970 1450.0000 1725.0 291.56 NO

1971 1595.0000 1725.0 26.48 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .0009318795 ]J = .04566210

1971 1595.0000 1975.0 709.43 NO

1972 1754.0000 1975.0 49.29 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .0009318795 ]J = .04566210

1972 1754.0000 2225.0 1345.24 NO

1973 1930.0000 2225.0 115.00 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .0009318795 ]J = .04566210

1973 1930.0000 2475.0 2624.68 NO

1974 2123.0000 2475.0 265.59 YES
�
co

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .0009318795 ]J = .04566210

1974 2123.0000 2725.0 5582.01 NO

1975 2335.0000 2725.0 224.61 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .009318795 ]J = .04566210

1975 2335.0000 .

2975.0 4138.32 NO

1976 2569.0000 2975.0 283.60 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .009318795 ]J = .04566210

1976 2569.0000 3225.0 5116.20 NO

1977 2826.0000 3225.0 141.31 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .009318795 ]J = .04566210

1977 2826.0000 3475.0 2041.30 NO

1978 3108.0000 3475.0 1.07.29 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .009318795 ]J = .04566210

1978 3108.0000 3725.0 1374.17 NO

1979 3419.0000 3725.0 56.91 YES

CAPACITY OF UNIT ADDED,MW. = 250.0 A = .009318795 ]J = .04566210

1979 3419.0000 3975.0 614.36 NO
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3. INTERCONNECTED SYSTEMS

3.1 General

The interconnection of a power system to one or

more power systems provides a definite improvement in the

level of generating capacity reliability. This effect is

due to diversity in the occurrence of the load and the out­

ages of capacity in the different systems. When the power

system suffers a loss of load, help is generally available

from the power systems to which it is connected, thus com�

pensating partially or completely the capacity deficiency.

For a given operating reserve, the level of generating capa­

city reliability is improved or conversely for a given risk

level, the power system can operate a.t a lower operating

reserve.

The evaluation of reliability of an interconnected

system depends on its type of agreement with the other sys­

tems. Relationships have been derived assuming that one

system helps the other as much as it can without curtailing

its own load. The principles involved are, however, general

and may be easily extended to cover other agreements.

The other assumptions utilized in the development are:

1. The load and generation models of the different systems

are stochastically independent.
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2. The simultaneous occurrence of two or more transitions

is stochastically impossible.

Relationships have been developed for a system

connected to one other system and subsequently extended to

the case of a system connected to two or more systems.

3.2 System A Connected to System B

3.2.1 The Direct Approach

General relations for determining the availability

and frequency of positive or negative cumulative capacity

margins in System A (Figure 3.1) have been developed and

simplified for application to the negative states only.

Since the capacity and the load in each system

are assumed to exist at a discrete number of levels, the

margin state; which is the capacity available less the load

on the system, would also exist at a discrete number of

levels in each system. In Figure 3.2 M is a column vector
a

containing the unaffected margin states in System A and Mb
is sirnilarly a row vector containing the unaffected margin

states in System B. These states are arranged in the order

of decreasing reserve.

Therefore

mal > ma2 > •••••
> mai > •••••maNA

and
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SYS.B
Tie Line

SYS.A

T
ab

= The Capability of the Tie Line

A
ab

= The Average Failure Rate of the
Tie Line

llab = The Average Repair Rate of the
Tie Line

Figure 3.1: System A Connected to System B
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Figure 3.2: Effective Margin States Matrices for System A Connected to System B
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mb1 > mb2 > ••••• > mbj > ••••mbNB

The term unaffected denotes that the interconnection

is not; effective. The effective margin states in System A,

i.e., wher, the tie line is in operation, are given by the

elements of the matrix M,

m .. = m . + h ..
1.J aa 1.J

(3.1)

where h .. is either the help available to System A
1.J

from System B or it is the help required by System B from

System A. I� the latter case h .. has a negative sign.
1.J

If

no heLp can be rendered by one system to the other hij = O.

The maxarnum value of h .. is limited by the tie line capability.
1.J

The effective margin states in System A, while the

tie line is on forced outage are given by the elements of

"

matrix M,

"

m .. = m .

1.J aa
(3.2)

Equations 3.1 and 3.2 define the boundaries in M

,

and M respectively of any effective cumulative margin state.

In this presentation, m with proper subscript represents an

exact margin and M with the same subscript denotes the corres-

ponding cum�lative margin, e.g�, M .. means a margin equal
1.J

to or less 'Chan m ..•
1.J

The principles involved in the determination of

the availability and frequency of a particular state, say
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M34, will be examined and then these will be condensed into

generalized equations. It is assumed that in the matrix M,

the thick line bcfhi demarcates the effective reserve equal

to or less than m34• The boundary for this margin state in

/

M may be theoretically anywhere - in line with hi as j1k1,
above hi as j2k2 or below hi as j3k3. In practice the bound-

/

ary in H can be:

1. Above hi only if there are no zero or negative margins

in Syst'=!m B. Such a system is highly improbable in

actual practice.

2. Below hi only if m34 is a positive margin.

3. 'I'he boundary in M/will be always in line with hi for

negative m34•
/

The matrices M and M can be represented by the

state cransition diagram shown in Figure 3.3.

Assuming m34 < ma3 and that all other corner states

are greater than the corresponding state in M , the bound-
a

ary for M34 is shown by the dotted line in the state transi-

tion diaqram , If m34 were equal to or greater than ma3, the

portion yz of the boundary would be modified as shown by

arrows.

Availability:

The effective margin states are separated in time

and the contril:ution to the availability of M34 by the rows
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corresponding to rna3 for the condition {rn34 � rna3} will be

given as

NB
= (Aa(3) - Aa(3+1» (Aab �4 (�(j) - Ab(j+1»)

NB
I- (Aa(3) - Aa(3+1» (Aab?= (Ab(j) - Ab(j+1»)J=1

;

If lTl34 were less than ma3, the row in M correspond-

ing to rna3 will not contribute to the availability of M34
since those ctates being equal to ma3 would not be included

in M34• Contribution under this condition would be given as

Generalizing from the above

(3.3)

where

Aa(l)' An(k) = The availabilities of the cumulative

capacity margins Ma(l) and Mb(k)
respectively

Aab = The availability of the tie line

between A and B
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� = The availability of an effective margin

state <N.

L,K = The indices defining the corner states

of the boundary of N. For example, the

indices for N = m34 are (NA,I)--(6,1), (5,2)

(4,3) and (3,4).

and

S == 1 for N :: ma(L)

== 0 for N < ma(L)

Frequency:

Let

fa(l)' fb(k) == The frequencies of encountering the

cumulative margin states Ma(l) and

Mb(k) respectively.

Aab, �ab == The mean failure and the mean repair

rates of the tie line

and

fN == The frequency of encountering an effect­

ive margin 2. N.

System A can transit from one effective margin

state to another in any of the following ways.

1. The capacity or load transitions in System A itself

System A will shift vertically in M when the inter-



58

I

connection is operative and in M when the interconnection

is on forced outage. In the state transition diagram, the

system will transit correspondingly from a state in one com-

posite block to the corresponding state in some other compo-

site block. In terms of the matrix notation:

When the interconnection is in the up state, given that

System A is in the effective state m .. , it can transit to
1J

�., k *- i
. J

and

When the interconnection is in the down state, given

that the system is in the effective state m� ., it can trans-
1J

it to m�j' k � i.

")
.... . The capacity or load transitions in System B •

Due to the transitions in System B, System A will

shift horizontally from one effective state to another in

the matrix M, when the interconnection is in the up state.

With the interconnection in the down state, System A will

shift horizontally from one effective state to another in

I

the matrix M. As will be seen later, such transitions do

not ultimately' reflect into the effective operation of

System A. Again in terms of the matrix notation

When th8 interconnection is in the up state, given that

System A is in the effective state m .. , it can transit to
1J
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ana,

When the interconnection is in the down state, given

that System A is in the effective state
/

m .. ,

�J
it can transit

to m�k' k t- j.

3. The failure or the repair of the tie line

When the tie line fails or is repaired, System A

will transit from a state in M/to the corresponding state

in M and vice versa. In the state transition diagram transi-

tion is between two vertically opposite states and in terms

of the matrix notation

Transition due to the failure of the interconnection

will be from ro .. to m� .

�J �J

and

'Transition due to the repair of the interconnection

will be from m� . to m ..•
�J �J

The frequency of encountering an effective cumula-

tive margin state in System A equals the lIexpected transi-

tions per unit timell across the boundary defining that state

plus the lIexpected transitions per unit time" associated

with the deserting states. The deserting states are defined

as the s+a+e s \I[hich leave the domain of the cumulative
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margin state as a result of the failure or the repair of

the tie line. As an example, if m34 > ma3, the states

m�l' m;2 and m�3 desert M34 as a result of the repair of

the tie lihe. Similarly, if m34 < ma3, the states m34,

m35, ••.•• I m3NB desert M34 as a result of the fai1u.re of

the tie line.

In determining the contributions to fN due to the

three different modes of system transition, it is helpful

to bear in mind the follOWing equations.

NA a

fa(l) = � Ei «1)1=1

NB b

j:b(k) = _;;::k Ej ( <k)

and

where

NA,NB = The total number of discrete

levels in the capacity reserve

models of Systems A and B

respectively
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ana

If: .
= The expected number of Iitransitions per unit

1J
time" from an exact state "i" to an exact state

"j" in the system "Xll.

As i� the case of the availability, the contribution

of the rows corresponding to maS to the frequency of M34
will be determined first and then out of this the general-

ized formulation will be evolved.

The total "E" (expected transitions per unit time)

out of the boundary b. in 1-1 and the corresponding boundary
J

�

in M is

The cot.al. E out of the boundary abcde in M and t.he

I

corresponding boundar-y in M is

NB "
NA a NB I

NA a

- LAb·Ab ( .) L: ES' _. S LAb·Ab ( .) 2::::: ES'
.

2.
a . J .

6
1 .

1
a J. 6

1

J= 1= J= 1=
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I NB b
+ AaboAa(5) j�2 Ej «2)

Here B = , if m34 > m since then the corresponding row
-, a5-

I

in M will be included in the boundary,

= 0, if m34 < m since then the corresponding row
a5

�

in M will not be included in the boundary.

The primed designation has been used to denote the

availabilities of the exact states.

Rearranging the expression for total E out of abcde

NB
I

NA a NB I NA a
= J�l AaboAb(j) 11;6 Ei «6) + J�l Aabo�(j) L E

i=6
i «6)
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I

+ Aab·Aa(S)·fb(2)

(3.4)

Let

ij
E I = The expected transitions per unitmm

time from m, , to m� '.
1J 1J

The contribution due to deserting states

Sj
= LEI
'1

mm
J=

and if m34 < maS is

NB Sj
= 2:::: E I'

'2
mm

J=

Rearranging, the contribution due to deserting states

(3.5)

where
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y = 1

= 0

Adding up 3.4 and 3.5 and substituting Land K

for 5 and 2 respectively, the general expression for fN
becomes

+ a.Aab·J.lab (1 - Ab(k» (Aa(l) - Aa(l+l»

Where L,K are, as before, the indices defining

the corners of the boundary of the effective cumulative

margin N, in the matrix M.

Manipulating the above expression,

+ (A
a (1)

- A
a ( 1+1» ( fb (k)

+ a (1 - Ab (k) ) A ab

(3.6)

where
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s = 1 for N �maL

= 0 for N < maL

and

y = 1 for N < maL

= 0 for N > m
_. aL

Equations 3.3 and 3.6 describe the general relations

for the availability and the frequency of any effective mar-

gin equal to or less than N, in System A. These equations

are conveniently adoptable to the computer. As will be seen

later, the effective positive margins come into the picture

in the case of multiarea problems. For the two area problem,

the mai.n concern is with the deficiency states. In the case

of the deficiency states, N is always equal to or greater

than maL and equations 3.3 and 3.6 can be simplified as

follows:

(3.7)

and

(3.8)
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3.2.2 The Indirect Approach

In this approach, the effective generation system

model for System A is developed by combining the generation

system model of System B with that of System A, under the

constraints of the load model of System B. The load model

of System A is then combined with this generations system

model to generate the effeftive capacity reserve model.

The development of the effective generation system

model is analogous to the development of the effective margin

state model. Referring to Figure 3.4,

with the interconnection in the up state

= c .
- h . .

al. l.]
( 3.9)

where

-

cij= The effective outage of capacity in System A

with cbj as the capacity outage in System Band

cai as the unaffected capacity outage in System A

hij = The help available to System A from System B or

the negative of help required by System B

min (Rb-
-

Tab)= cbj'

�mi.n (R -

- -

Rb, Tab) in the latteror = c
ai' cbj-

case
a

or = 0 , if no help can be rendered by one system to

the other
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Figure 3.4: The Effective Generation System Model of System A

Connected to System B
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Ra,Rb = The operating reserves in Systems A and B

respectively

= The installed capacity - The load on the system.

Tab = The capability of the interconnection between

System A and System B.

With the interconnection in the down state

- -

c .. = c .

1J aa
(3.10)

Equations 3.9 and 3.10 define the boundaries of

- -,

the cumulative capacity outages in the matrices C and C.

Whereas c with proper subscript denotes an exact outage of

capacity, the corresponding cumulative outage of capacity

is represented by C with the same subscript, e.g. C . means
al

a capacLty outage equal to or greater than cai•
Equations 3.3 and 3.6 apply to the availability

and the frequency of the effective cumulative capacity out-

age states with some modification of the qualifying state-

ments. These are restated below:

(3.11)

and

+ (Aa(l)- Aa(1+1» (fb(k) + B(1-Ab(k»Aab
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(3.12)

where

AO,fO = The availability and the frequency of a capacity

outage equal to or greater than "0".

L,K = The indices defining the boundary of this cumu­

lative capacity outage

Aa(l) ,fa(lT The availability and the frequency of the cumu­

lative capacity outage Cal

Ab(k),fb(k) = The availability and the frequency of the cumu­

lative capacity outage Cbk

s = J.

= 0

and

y - 1

= 0

f <
-

or 0
- cai

for 0 > c .

al.

for 0 > c .

al.

for 0 < C .

al.

If this effective generation system model of System

A is required to generate the availability and frequency of

only the negative margins in System A, only those capacity

outages in excess of the operating reserve in System A will

be required. For this "0" is always less than or equal to

cai and equations 3.11 and 3.12 simplify to
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(3.13)

and

(3.14)

Only a limited portion of the effective generation

system model is required to determine the availability and

the frequency of any particular cumulative negative margin

state. The steps involved in determining the availability

and the frequency of the failure state are outlined below.

Let

L be the load levels in System A, p = 1,2,3 ••••• na,
ap

L
al

> La2 >
. . . .

> L
ana

Lbq be the load levels in System B, q = 1,2,3 •••nb,

Lb1 > Lb2 > > Lbnb

v be a small positive value (say 0.0000001)

rCa,ICb be the installed capacities on systems

A and B respectively

and

L ,Lb be the low load levels in systems A and B
ao 0

respectively
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Step # 1

R = IC L
a a a1

With these values of the operating reserves, the

availability and the frequency of the effective capacity

outages equal to or greater than {(IC - L . + v), P = 1,
a ap

2,3 ...• na} are calculated.

Step # 2

Rbq = ICb- Lbq , q = 1,2,3 •••• nb

For each of these operating reserves in System B,

the availability and frequency of the effective capacity

outages equal to or greater than· {(IC - L + v), p = 1,2,
a ap

3 ..•. na} are c0mputed. The availabilities can be calculated

directly using equation 3.13 but to compute the frequencies

a term, to take care of the load transitions in System B

must be added to equation 3.14. The complete expression

for frequency is given by
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+ (A- ( .)
- A-

( » Ie
cp 0 cp q

whe r-e

A-' -

cp(o)
- The availability of the effective capacity

outage equal to or greater than (IC -- L + v)
. a ap

given the low load state in System B.

A­
cp(q)

= The availability of the effective capacity

outage equal to or greater than (IC - L + v)
a ap

given that the load in System B is equal to Lbq.

= The availability of the load level Lbq

f­
cp(q)

= TIle frequency of encountering an effective

capacity outage equal to or greater than

(ICa- Lap + v) given only two load levels in

System BIi.e., L1::q and Lbo.

Then

f
(N�-v) q

where

f(N�_v)q =- The frequency of encountering an effective margin

equal to or less than "_V" given the load level

in System B as Lbq

�ap = The availability of the load level Lap

and

A ,A = The transitions to higher and lower load levels
+1. -L

respectively in System A
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Finally the frequency of encountering an effective

margin equal to or less than II_V" is given by

f
(N<-v)

nb
= 2;l�bq·f(N<-V)qq- -

and
nb

A(N<_v) = �1�bq.A(N�_V)q

where
na

A(N�_V)q
= J;;1 �ap·Acp(q)

3.3 System A connected to two or more than two systems

The reliability evaluation of System A connected

to Systems Band C as shown in Figure 3.5 is illustrated

first and later it is shown that this can be extended to

the case where System A is connected to more than two systems.

The techniques for determining the availability and the fre-

quency of the failure state, i.e., the first negative cumu-

lative margin in System A is outlined. The techniques are

quite general and may be applied to any negative cumulative

margin.

3.3.1 Technique 1

The state transition diagram of System A is shown

in Figure 3.6, where "ill, IIj" and "n " are the indices for
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Figure 3.6: The State Transition Diagram of System A

Connected to Systems Band C
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the margin states in Systems A, Band C respectively, arranged

in decreasing order of magnitude.

Let

Aab' Aac = The mean failure rates of the tie

lines AB and AC respectively

and

).lab' ).lac = The mean repair rates of the tie

lines AB and AC respectively

Reference frames 1 - 4 are the three dimensional

arrays representing the effective margin states in System A

under the following conditions:

The Reference Frame # Tie Line A - B Tie Line A - C

1 UP UP

2 ON UP

3 UP ON

4 ON DN

For the purpose of the derivation, it is convenient

to view each three dimensional array as a series of two dimen-

sional matrices projected in the third dimension. The refer-

ence frame 1 may, for example, be regarded as a series of

two dimensional matrices M (obtained by combining Ma and

Mb), there beiug one such two dimensional matrix for each

margin state in M. The boundary of any effective cumulative
c
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margin state can be defined by the equations described below.

Reference Frame 1

m.. = M . + h .. + h
1Jn aa 1J cn

= m .. + hcn1J

where

with m ., In. .

aa nj
margin states

C respectively

margin state in System A

and mcn as the unaffected

in the Systems A, Band

m ..
1Jn

= The effective

hcn = The help available from System C

at its nth margin state

= min (mcn' Tac>
= 0 if mcn is negative

and

Tac = The capability of the tie line A - C

Reference Frame 2

m .. = m
ai

+ hcn1Jn

Reference Frame 3

m .. = m
ai

+ h ..
1Jn 1J

Reference Frame 4

m .. = mai1Jn
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'I'r..ese equations can be condensed into the form:

m .. = m
ai

+ b.hij + c.hcn (3.15)
lJn

where

b = 1 for the tie line A B up

= 0 for the tie line A B down

and

c = 1 for the tie line A C up

= 0 for the tie line A C down

The Availability:

Let

Axn = The availability of the failure state, given
tile reference frame x and margin m in System C

cn

=L� (Aa( 1) - Aa( 1+1» �(k)
x' x

L ,K = The indices defining in the reference frame x,
x x

the corner states of the boundary of the failure

state

Aa(l) = Toe availability of Mal' i.e. , a margin equal to

or less than mal in System A

�(k) = The availability of Mbk, i.e. a margin equal to

or less than mbk in System B

,

A = The availability of mcnc( n)
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and

A = The availability of the tie line A-C.
ac

The expression for the availability is a straight

forward summation;

A

NC
I

= n� A1n .Ac(n) .Aab·Aac The contribution of the refer­

ence frame 1

NC
+ L A2 . A

( ).
A b'A

n=l
zn c n a ac

The contribution of the refer­

ence frame 2

NC
I

+ L ]13· .A
( ) .AboA

n=l
n c n a ac

The contribution of the reference

frame 3

NC
+ L A4 .A

( ).A b·A
n=l

n c n a ac The contribution of the refer­

ence frame 4

where

NC = The total number of �iscrete levels in the mar­

gin state matrix of Sys�em C

Some of the terms in the above expression can be

further simplified:

A
NC I NC

= n� A1n·Ac(n) .Aab·Aac + n� Aa(U) .Ac(n) .Aab·Aac

(3.16)

where
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Aa(U) = The cumulative availability of the margin state

in M corresponding to the uppermost corner of
a

the boundary of the failure state in the refer-

ence frame 1

and

Aa(FM) = The cumulative availability of the first nega­

tive margin in M
a

The frequency:

System A can transit from one effective margin

state to another in any of the following modes=

1. The capacity or the load transitions in System A

2. The capacity or the load transitions in System B

3. The capacity or the load transitions in System C

4. The failure or the repair of the tie line A - B

5. The failure or the repair of the tie line A - C

The contributions to the frequency of failure by

the modes listed above are evaluated as follows.

( a) The contribution due to modes 11111 and 11211

NC
Reference Frame 1

,

f
c10

=� f1n·Ac(n) .Aab·Aac

where

f
0

= The contribution to the frequency of encountering
cx

the failure state in System A by the capacity or

load transitions in System A or system B in refer­

ence frame x
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and

fIn = The frequency of encountering the failure state

in System A by modes 1 and 2, given the refer­

ence frame 1 and the margin m in System C
cn

at n

(3.17)

As indicated earlier (Ll, L2 at n) are the indices

of the corners of the boundary of the failure state in the

reference frame I, with the margin in System C as mcn•

Reference Frame 2

NC
,

fc20 = � f2n·A ( ).A b.A11=1 c n a ac

where

f2n = The frequency of encountering the failure state
in System A by the modes 1 and 2, given the refer­

ence.frame 2 and the margin m in System C
cn

= L [(f ( )- f )A + (A.a(I)-Aa(l+I»fb(k)JL2,K2
a 1 a(l+l) b(k) .. .

at n

=LfK1fa(1)- fa(l+I»
at n

(3.18)

= Ea(U)
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where

fa(U) = The frequency of the cumulative margin state in

M corresponding to the uppermost corner of the
a

failure state in the reference frame 10

Reference Frame 3

:')1C
I

fc30 = 2: f3 .A
( )oA boA

n=l
n c n a ac

where

f
3n

:::: The frequency of encountering the failure state

in System A by the modes 1 and 2, given refer­

ence frame 3 and the margin mcn

c..t n (3019)

= The same at all values of n as help from System C

is rendered ineffective due to the failure of the

tie line A-Co

Therefore

f
30

::-: f3 oA boAc
.

n a ac

where n may be any margin state in System C

Reference Frame 4

NC
I

fc40 = � f4noA ( )oA boA
ne L

c n a ac
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where

f4n = The frequency of encountering the failure

state in System A by the modes 1 and 2,

given reference frame 4 and the margin mcn

=LtK4[fa(l)- fa(1+1»Ab(k)+(Aa(l)-Aa(1+1»fb(k)J
at n

== L (f (
-f

(
.

) )
L4,K4

a 1) a 1+1

at n

(3.20)

= The same at all values of n since no help
is available from System C

= fa(FM)

= The frequency of encountering the first

cumulative negative margin in System A

as no help is available from System B

(b) The contribution due to mode 3

Reference Frame 1

(3.21)

where

fcx! = The contribution to the frequency of

encountering the failure state by mode 3

in reference frame x



84

Reference Frame 2

NC

fc21 ::: �1 A2n (fc (n) -fc (n+L) ) AaboAac (3022)

where

Reference Frame 3

NC

fc31 = �1 A3n (fc (n) -fc (n+1) )AaboAac

NC
= A3n oAaboAac �1 (fc (n) -fc (n+L) )

= 0

Ref e r'erice Frame 4

NC

£'1 =LA (f (
-f

(' »A .i.
c4

ne.L
4n c n) c n+1 ab ac

NC
= A4n oAaboAac �1 (fc (n) -fc (n+ 1) }

= 0

(c) The contribution due to mode 4

Reference frame 1 to reference frame 2

The contribution associated with the deserting
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states is given by

NC
I

f
1 2

= � A
( ) (A2 -A1)A .Ab·A bc -

ne l,
c n n n ac a a

(3.23)

Reference frame 3 to reference frame 4

NC I

f
3 4'

= � A
( ) (A4 -A3)A .A b·XbC. -

ne L
c n n n ac a a

(3.24)

(d) 'I'he contribution due to mode 5

Reference frame 1 to reference frame 3

NC
I

fCl_3 = � Ac(n) (A3n-Aln)Aab·Aac·Aac (3.25)

Reference frame 2- to reference frame 4

NC
-
'x- '

-

Af -:/ A", A -A ,.A.c:2�4 fl=l c (n) ( 4n .2n)Aab ac ac
(3.26)

The frequency of encountering the failure state in

System A is given by the summation of all these contributions:

4
f = 2: (f 'O+f '1) + f

1 2
+ f

1 3
+ f

2 4i==l Cl Cl c - C -
" c-

(3.27)

The indirect approach employed in the two area

problem can be extended to this case in a similar manner.

It may be noted that the above procedure can be conveniently
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adopted to a digital computer.

3.3.2 Technique 2

This is a very convenient technique for the evalua­

tion of the availability and the frequency of the effective

capacity reserve margins in System A connected to two (as

shown in Figure 3.5) or more than two systems. The effective

capacity reserve model of System A connected to System B is

developed first and this is then modified by successive reac.;..

tiohS with the other systems using equations 3.3 and 3.6.

The evaluat:ton of the availability and the frequency of the

failure state by this technique is as follows.

T.he effective margih state matrices for System A

connected �o Systems Band C are shown in Figure 3.7. The

column vector Mab represents the effective negative margin

states in System A connected to System B. The boundary of

the failure state in matrices MM and MM" can be determined

using the equations

mmij = mabi + hCij
and

I

mmij = mabi

where

he .. = The help available from System C at (i,j)1.J
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Figure 3.7: The Effective Margin states Matrices of

System A Connected to Systems Band C
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= min

:=: 0 if m . is negative
CJ

The equations for the availability and the frequency

of the failure state are given below:

(3.28)

and

(3.29)

where

Aab(p) ,f ab I p)
= The availabi3.ity and the frequency of a

margin state equal to or less than m
abp

Ac(n),fc(n) = The availability and the frequency of a

margin state equal to or less than mcn

Aac,Aac = The mean failure rate and the availability
of tie line A-C

and

P,N define the indices p,n of the corners of the

boundary of the failure state in matrix MM.

By suitable manipulation it can be shown that

equations 3.28, 3.29 and 3.16, 3.27 are equivalent.
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Equ�tion 3.29 can be rewritten as

where

The expression for f1_ can be re-written as

NC I

f - � f A A
1- -"_ ab (p). c (n)." ac

n=l

The summation is over all the values of n in M
c

and P defines the corresponding state in Mab on the boundary

of the failure state in matrix MM.
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L,K define the indices I,k of the corner states

of the boundar-y of MabP ('2.mabP) in the matrix 1'4. It can be

'"

visualized that the boundary of Habp in M and M is the same

as that of the failure state in the two dimensional matrices

in reference frames 1 and 2 at the margin mcn
for fab(p) can be rewritten as

The expression

oF
-ab(P)

where
1

f;b{P) = fK [(fa(l) -fa(l+l»Ab(k) + (Aa(l) -Aa(l+l»

f�b(P) = 2:: (fa(l)-fa(l+l»AabL,K

and

From equation 3.17

Fro':'l1 equation 3.18
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and from equation 3024

S1�bstituting these values in the expression for fl_

NC NC
. I

= �l flnoAaboAacoAc(n)+ �l f2noAab·Ac{n) oAac

The expression for f2_ can be rewritten as

NC
I

f
2-

= � f
ab (P) .Ac (n) oAac

The summation is over all the values of n in Mc
and P defines the corresponding margin state in Mab on the

boundary of the failure state in matrix MM.

456
= fab{p) + fab(p) + fab(p)

where
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and

The summation is over the boundary of MabP in the

I
matrix M 0 The boundary of f4abp in M and M is the same as

that of the failure state in the two dimensiohal matrices

in the reference frames 3 and 4 at mcn

Therefore,

From equation 3019

:E'rorn equation 3020

'. f5 f-,

ab(P)
= 4noAab

and

Substl.t.uting in f2_
NC NC I

= � f3noAabOAc'(n) oAac + 2: f4 .X boA ( )
oX

n--1
n a c

.

n
.

ac1'2=1
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The expression for f3_ can be rewritten as

when AB is up

when AB is down

Snbstituting back in the expression for f3_
NC

f
3-

= � A1n (fe( n) -fe( n+l) ) AaboAae

NC
+ �A2n(fe(n)-fe(n+l) ) AaboAae

= fell + fe21
And finally

NC
= Aaco Aae n� A�(n) (Aab(p')-Aab(p»
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I

,,,,here P ana P define the boundary of the failure
/

state in Mi'1J. and MM respectively, corresponaing to each mcn

'I'herefore

NC
I

f4_ = Aac· Aac � Ac(n)[Lt;K3(Aa(1)-Aa(1+1) )�(k) .Aab

NC NC
=- Aac·Aac·Aab n� (A3n-A1n) + Aac· lac·A.ab n� (A4n-A2n)

= icl_3 + fc2_4

substituting the values of f1_, f2_, f3_ and £4_
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i n t.o tht� .).<prcs:;ion [or f

4
f t: L (f .

0
+ f . 0) + f

1 2
+ f

1 3
+ f

2 4·
+ f

3 4
i=1

Cl Cl C - C - C - C -

which is the same as expression 3.27

Equivalence of the availability equations:

NC NC.
::. n� Aab( p) .A�( n) .Aac +� Aab( p) .A:( n) .Aac

NC
I

+ 2: A ( ).A [� (Aa(1)-Aa(1+1»k(k) .Aabn=1
c n ac

L3,K3
--b

NC NC I
= � A1n·A;(n) oAaboAac +� A2n·Ac(n) oAac·Aab
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OC
I

OC ,

+ 2=:. A3 .A
( .).A boA + 2: A4 oX .X boA

n=1
n c n a ac

n=l
n ac a cn

which is the same as expression 3.16

Th:1s either of the techniques may be employed for

the reliability evaluation of System A connected to Systems

Band C. In the Case of System A connected to more than two

systems I Teclmique 1 becomes unwieldy and Technique 2 can

be conveniently employed.

3.3.3 Example

In this example, the frequency of encountering

failure in System .A connected to two identical systems B

and C has been calculated by both the techniques. The des-

cription of each system and the interconnection is:

The Generation system(7):

Unit # Capacity Ivlean Repair Rate Mean Failure Rate
MW Per Day Per Day

1 20 0.49 0.01

2 30 0.49 0.01

The Load Mojel (8)

State # Load Level No. of Occurrences

-_._-
M.W

1 40 2

2 25 5.
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continued:
State # Load Level

M.W
No. of Occurrences

3

4

o

20

15

o

8

5

20

Exposure factor = 0.5 day

The Tie Line Data:

Tie Line Capability Mean Failure Rate Mean Repair Rate

From To MW Per day Per day

A. B 15.0 0.01 0.49

A C 10.0 0.01 0.49

The required segment of capacity reserve model of

each sys+em is shown in Table 3.1. The contribution due to

the low load level (assumed = zero MW) has been taken into

accoUnt.

Techniq:ue 1

Tha help from System C is limited by the capability

of the tie line A-C and therefore there will be three basic

configurations of t'he two dimensional matrix, in each of the

reference :(rames 1 and 2 corresponding to the following

ranges of·tne margin states in System C:

1 • 50 Mlfl to 10 MW

2. 5 MW

3 . 0 MW or less.
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TABLE 3.1

The Required segment of the Capacity Reserve

Model of Identical Systems A, Band C

Margin
MW

Availability of

Cumulative State

Frequency of

Cumulative State

Per day

50 1.0000000 x 100 0.0000000 x 100
15 0.6801993 x 10-1 0.1440794 x 100
10 0.6556994 x 10-1 0.1380035 x 100
5 0.1362999 x 10-1 0.3320238 x 10-1
0 0.8729991 x 10-2 0.2105038 x 10-1
-5 0.4609991 x 10-2 0.1153278 x 10-1
-10 0.2159998 x 10-2 0.5456783 x 10-2
-15 0.1179999 x 10-2 0.3026397 x 10-2
-20 0.1129999 x 10-2 0.2877398 x 10-2
-25 0.6999995 x 10-4 0.2085998 x 10

... 3

-40 0.1999998 x 10-4 0.5959993 x 10-4
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"'1ith no help available from System C, there will

be only one type of configuration in each of the reference

frames 3 and 4. These different configurations are shown

in Figures 3.8a to 3.8c.

By calcula.tion:

fcl0 + fc20 + fc30 + fc40 = 0.29636059 x 10-3

fcll = 0.24132682 x 10-4

fc12 = 0.16485864 x 10...;.5

f
cl-2

= 0.11199958 x 10-4

f = 0.67462575 x 10-6
c3-4

f
cl-3

= 0.10751249 x 10-4

f
c2-4

= 0.66546818 x 10-6

f = 0.34543316 x 10-3 Per day

Similarly fer availability:

Contribution of the reference frame 1 = 0.46644936 x 10-4
Contribution of the reference frame 2 = 0.23808985 x 10-4
Contribution of the reference frame 3 = 0.22893253 x 10-4
Contribution of the reference frame 4 = 0.18439951 x 10-5

A = 0.95191169 x 10-4
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Technique 2

T"he two dimensional matrix MM is shown in Figure

3.9. The availabilities and the frequencies of the required

effective cumulative negative margins in Mab are given below.

Effective Margin
in Mab :Equal to
or Less Than

Availability Frequency
Per Day

----

-5 MW 0.12368627 x 10-2 0.32674489 x 10-2
. -10 MW 0.18896602 x 10,-3 0.69275155 x 10-3
-15 MW 0.60999454 x 10-4 0.21890749 x 10-3

The availability and frequency by this technique

are calculat€j to be

A = 0.95191182 x 10-4
and

f
-3

= 0.34543316 x 10 Per day

These values agree with those calculated using

technique 1.

3.4 System A Connected to Other Interconnected Systems

When the system whose reliability is being evalua-

ted is connected to several interconnected systems, the pro-

blem requires careful analysis, which includes the establish-

ment of priorities for emergency help. Some simplifying
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assumptions may also be required. To illustrate this situation,

the oonf iqur a+ ion shown in Figure 3.10 has been selected.

The following priority constraints have been assumed.

Constraints:

1. When both System A and Sys_tem B need emergency help

from System C,' System B will get preference. Similarly

when both System A and System C need help from System B,

System C will 'get preference.

2. When thE:! tie'line AB is on forced outage, emergency

help by System B will be supplied to System A via BC-CA.

Similarly when tie line AC is on forced outage, emer­

gency help by System C will be supplied to System A

via CB-BA.

3. When the tie line AB is in, emergency help from Syst�em B

will only be s-appl.Led via FA and similarly when AC t.s in,

emergency help from System C will only be suppli'ed via

CA.•

The reliability evaluation of System A is made in

the following steps�

Step 1.

The availabilities and frequencies of the effective

positive margins in System B, from the point of view of emer­

gency help to System A, are determined. The effective margin
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SYS.A

SYS.B

SYS.C

Figure 3.10: System A Connected to Two Other

Interconnected Systems
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state mat.r f.ce s for System B are shown in Figure 3.11. The

I

boundaries of positive margins in matrices M and Mare

defined using equations 3.1 and 3.2 respectively. The same

equations are used to define the boundaries in matrices MX

I

and MX except that hij = 0 when no help is needed by System B,

i.e., when ffibi is zero or more.

The equation for the frequency of a cumulative

effective margin N, in System B is given as

Ab.1-I. .A.
c ac ac

where

L,K - The indices defining the corners of the boundary

of the effective margin N in the matrix M

LX,KX _, 'The indices defining the corners of the boundary

of the effective margin N in the matrix MX

KK = The index defining the corner of the boundary of

the effective margin N in the matrix M correspond-

ing to LX

A A = The availability and the unavailability of the
ac' ac

tie line AC

A = The mean failure rate of the tie line AC
ac
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ThlS is equation 3.6 as applied to System Band

System C.

Similarly the expression for the availability of

a cumulati.,e effective margih N, in System B is given as

x.. = A L x.. + A L Ay-"N ac
L, K

--y acLX, KX

where

This is equation 3.3 as applied to Systems Band C.

Step 2.

The availabilities and frequencies of the effective

positive margins in System C from the point of view of emer­

gency help to System A are evaluated in exactly the same

manner.

Step 3.

1be effective positive margins of System Bare

combined with the negative margins of System A to obtain the

availabilities and frequencies of the effective negative

margins of System A. The effective positive margins of

System C are then combined with the effective negative margins

of System A to obtain the availability and frequency of the

failure state in System A.
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3.5 The Interconnection System Studies

3.5.1 General

Thp,se studies were conducted with the intention

of studying the characteristics of the Capacity Reserve

Model of the hypothetical system SYS.RS connected to an

identical system, under different sets of interconnection

and system parameters� The base values of the mean failure

rate and the mean repair rate of the tie line were assumed

to be 0.01 ar.d 2.5 per day respectively. The two identical

systems heve been designated as "A" and "B II
•

3.5.2 The Effect of Tie Capacity on the Risk Level in SYS.A

As the tie capacity is varied from zero, the two

dimensional matrix M representing the effective capacity

reserve model of System A, will continue to be modified until

the tie capacity reaches the limiting value

where

Mbm+ = The largest positive margin in

System B

= ICb-Lbo

and M = The largest of the absolute values
affi-

of the negative margins in System A.
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The availability and the frequency of the faiiure

state will continue to decrease and the cycle time to increase

until this limit is reached. Now

M = I Ie -c -L·Iam- . a amax al

where

-

camax = The maximum possible outage of capa-

city in System A.

1�eoretically all the units in System A may be on

forced outage and therefore,

In practice, however, the generation system model

may be curtailed when the availability of capacity outage

is less than a minimum specified value. In such a case

camax = The last significant outage of

capacity.

In certain cases, the margin states having availa­

bilities less than a minimum specified value may be neglected.

In these caSE)S

M
am-

= IThe last significant cumulative

negative reserve margin I
The installed capacity of SYS .RS is 1725 MW and

the peak level in both the systems was maintained at 1450 MW.
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Thus

and

Mbm+ = 1725-0

- 1725 J:vlW-

M = 11725-800-14501am-

= 525 MW

as the generation system model was curtailed at

the capacity outage of 800 MW. Therefore,

LTab = Min (1725,525)

= 525 MW

The study was carried out by varying the tie

capacity ::l.-om 25 MW to 625 HW. The mean failure and the

mean repair rates were maintained at LO p.u. each. The

results of this study are portrayed-Figures 3.12 and 3.13.

The last segment of these graphs is shown in tabular form

below:

TABLE 3.2

'l'he Effect of Tie Capacity on the

Reliability Measures of System A

Tie Capacity Availability Cycle Time

MW Days

475 0.1680375 x 10-4
.

0.1375250 x 105
500 0.1680049 x 10-4 0.1375328 x 105
525 0.1679803 x 10-4 0.1375384 x 105
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Peak in SYS.A = 1450 MW
Peak in SYS.B = 1450 MW
Failure Rate of
Tie Line = 0.01 failures/day

Repair Rate of
Tie Line = 2.5 repairs/day

o 50 150 450 550250 350

Tie Line Capability (MW)

Figure 3.12: �/ariation of Risk Level (Availability) in SYS.A

with the Variation of Tie Line Capability
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Peak in SYS.A = 1450 MW
Peak in SYS. B = 1450 MW
Failure Rate of
Tie Line = 0.01 failures/day

Repair Rate of
Tie Line = 2.5 repairs/day

102
�--_.--------_.--------_.--------_.------------------�

o 50 550150 250 350 450

Tie Line Capability (MW)

Figure 3.1J: Variation of Risk Level (Cycle Time) in SYS.A

.. with the Variation of Tie Line Capacity
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550 0.1679803 x 10-4 0.1375384 x 105
575 0.1679803 x 10-4 0.1375384 x 105
600 0.1679803 x 10-4 0.1375384 x 105
625 0.1679803 x 10-4 0.1375384 x 105

It can be noted that there is no improvement in

reliability beyo�d the predicted limiting value for the tie

capacity, :".e .. , 525 MW. Also it can be observed from. the

graph that no significant improvement in reliability takes

place beyond a tie capacity of 275 MW. This sets the' practi­

cal limit for tie capacity which may be defined as the point

after which

and

where. 'D1 and D2 are arbitrary constants depending

on the accept&bl'e risk level in System A.

3.5.3 The Effect of the Tie Line Mean Failure Rate and

1l1ean Repcil.r Rate on the Risk Level in System A

_to

The peak load in both systems was held at 1450 MW

and the tie capacity at 200 MW. The availability and the

frequency of the failure state were computed under the follow-

ing conditions�



116

1. Keep::'ng llab fixed at 2.5 per day (i. e. 1.0 P. U) and

varying Aab from 0.005 per day (i.e. 0.5 1?U) to 0.03

per day (i.e. 3 P.U)

2. Keeping Aab fixed at 1.0 p , u and varying II
ab from 0.5

p.u to 3.0 p.u.

and

3. Varying both \.b and llab from 0.5 p.u to 3.0 pvu ,

The results of these studies are shown as the

ratios of the base availability and the base cycle time in

Figures 3.14 and 3.15. The base availability and the base

cycle time were computed with Aab = 0.01 per day and II
ab

=

2.5 per day.

'I'he variation in Availability:

If only �3.b and llab are varied, the expression

·for the availability of the failure state can be written as

A
llab

= C1 '

I\ab+}lab
+

A
ab

where C1 and C2 are constants corresponding to the

,. .

.

contributiol"s by the matrices M and M respectively. Expressed

in p.u of the base availability �,

A·
p.u

=
+ C2 A

ab

�
•

Aab+llab
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1.3

1.2 _

2

1. Only �b varied keeping II ab
at 1.0 P.U.

2. only }Jab varied keeping A ab
at 1.0 P.U.

3. Both Aab and II ab
varied in the same ratio.

0.7

0.6 .--._------__�__�----�--------�--------�
0.5 2.5 3.01.0 1.5 2.0

Aab or II ab
or Aab and II ab (P.U.)

Figure 3.14� Variation in Risk Level (Availability) of SYS.A

with Variations in Tie Line Mean Failure and

Mean Repair Rates
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1.2 Tie Line Capability = 200 MW

Base A
b

= 0.01 failures/day
Base l1:b = 2.5 repairs/day
Peak in SYS.A = 1450 MW
Peak in SYS.B = 1450 MW

1.1 2

3

0.7

1.

2.

3.

0.6

0.5

on�y Aab varied keeping l1ab at 1.0

Only l1ab varied keeping Aab at 1.0 P.U. 1

Both Aab and 11 ab
varied in the same ratio.

1.0 1.5 2.0 2.5 3.0

Aab or�b or Aab and �b (P.U.)

Figure 3.15: Variation in Risk Level (Cycle Time) of SYS.A

with Variation in Tie Line Mean Failure and

Mean Repair Rates
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K1 . �\:lb+K2· Aab
A ab+ flab

where K1 and K2 is another set of constants.

If Aab is varied keeping 11ab constant, the slope

of the plot. representing A vs A b will
be given by

p.u . a

= (1- 2 Aab)
11ab

if Aab« 11 ab

In actual practice Aab is usually very small compa­

red with 11ab and the slope is almost constant, i. e., in this

range t:he availability of the failure state varies approxi-

mately linearly with the change in the mean failure rate of

the tie linB. The value of C2 is independent of the tie capa­

city but C1 decreases with an increase of tie capacity until

the limiting value is reached. Therefore the greater the

tie capacity, the greater is the sensitivity of lithe availa-

bility of the failure state" to the mean failure rate of the

tie, the limit being � corresponding to the LTabo
dAab

In the second case where 11 ab is varied keeping A ab
con­

stant, the slope of the characteristic 2 is given by
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�Ap.u
a :u ab

Since K2 is always greater than or equal to Ki'
the slope is negative and decreases with an increase in the

mean repair rate. Therefore, the availability of the failure

state is tnverseLy sensitive to the [IE an repair rate.

If I however, both Aab and 11 ab are varied in the

same ratio, the availability of the failure state will not

be affected as indicated by the characteristic 3 in Figure 3.14.

The Variation in the Frequency:

If only Aab and 11ab are varied, the expression

for the frequency of the failure state can be written as

follows:

litb+ �b
f

Expressed in p.u of the base frequency

f
-(p.u)

=
K3• J.lab+K4 .Aab+( K2-K1)11 ab·A ab

11 ab+Aab

f
-(p.u)
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If Aab is varied while keeping II ab unchanged, the

frequency will vary almost linearly and the expression for

frequency can be written in the form

f
-(p.u.)

where

.'

and

If both Aab and llab are varied in the same propor­

tion, the fr.equency will again vary linearly but the coeffi­

cient of Aab 1S given by

S'ince m2 is Le s s than m1, the frequency of the

failure state is more sensitive to, Aab than A ab
and llab both

varied together. This is, of course, indicated by Figure 3.15.

If II ab
alone is varied

a f K4 • Aab
allab

= -

2
II ab

ar!d if Aab alone is varied
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Thus a f
> a f

a�ab
-

dA
ab

'rhus the frequency or cycle time of the failure

state is more sensitive to the A ab
variation than u ab

varia­

tion. This iE shown by the characteristics of Figure 3.15.

These studi�s are important in that they show how the relia-

bility may be improved by controlling the failure rate of

the tie line or improving its repair rate. These parameters

depend both upon the design and the operation of the line.

3.5.4 The E:ffect of the Peak Load in System B on the

Risk Level in System A

Assuming the basic configuration of System B Load

Model to stay unchanged, the peak load was varied from 1200 MW

to 1725 MW and the results are shown in Figures 3.16 and 3.17.

The complete generation system model of any system

contains capacity outage states varying from zero to the

installed capacity. If the peak in System B was quite low

virtually all. the capacity in System B would be available

to System A depending upon the capacity of the tie line.

As the peak in System·B increases, the positive margins

decrease and consequently the improvement in reliability of
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Peak in SYS.A = 1450 MW

Tie Capability = 200 MW

Failure Rate of Tie Line = 0.01 failures/day
Repair Rate of Tie Line = 2.5 repairs/day

1200 1300 1400 1500 1600 1700

Peak in SYS.B

Figure 3.16: Variation of Risk Level (Availability) in SYS.A

wi th Variation of Peak in SYS.B
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Peak in SYS.A = 1450 MW

Tie Capacity = 200 MW

Mean Failure Rate of Tie = 0.01 failures/
day

Medn Repair Rate of Tie = 2.5 repairs/day

102
1200 1300 1400 1500 1600 1700

Peak in SYS.B (MW)

Figure 3.17: Variation of Risk Level (Cycle Time) in SYS.A

with the Variation of Peak in SYS. B
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:;y:;l('I\\ (\ dUt' to :;y::tf'11I 11 <11 :;0 rC'<iuce:;. In pJ'i\cl ic"', :;y::l"1rI

II qencraLicm sY!3tem model is curtailed beyond a c(![L,li n Iov c.L

of capacity outage and therefore there is no discetnable

improvement in the reliability of System A by reduction in

the peak of System B beyond

Installed capacity - Last value in the

capacity outage table

= 1725 - 800

- 925 HW.

The interconnection will be of benefit to System A

as long as there is a single positive margin in system B.

The improvement in reliability will, therefore, continue

as long as Lne following limit is not reached

l\.t t.h i s limit,

The Risk level in the System A with interconnection

= The Risk level in the system A without

interconnection

Both of these limits are improbable in actual

practice and the steepest range in the improvement of relia-

bility lies somewhere in between. In this study there is a

very sharp improvement in the reliability of System A as the

peak load in System B drops down to 1500 MW. The improvement

diminishes rapidly below this point.
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3.5.5 Thr,= Effect of the Peak Load in System A on the Risk

Level in System A

Tre peak in System A was varied from 1250 MW to

1725 HW while the peak in the System B was maintained at

1450 MW. The availability of and the cycle time to failure

ver sus peak load are ind icated by curve 11111 in Figures 3.18

and 3.19 respectively. Curve 11211 indicates the risk indices

versus the pBak load with no help received from System B.

The dotted curve shows the risk indices with no help received

from System B but with an addition of 250 MW unit to System A,

raising its installed capacity from 1725 MW to 1975 MW •.
It

can be Seem that the addition of this 250 MW unit has approxi­

mately the same effect as the help rendered by System B with

its m.inimum operating reserve of 275 MW. The reliability of

a system may thus be greatly improved by interconnecti()n.
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" 1. ASSISTANCE FROM B
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"

'

-- NO ASSISTANCE FROM B

, 250 MW UNIT ADDED TO A

,
,
I

1250 ' 15501350' .: 1450 1650 1750

PEAK IN SYS. A (,MW)

Figure 3.18,: Var'Lat.Lon of �isk LevEiJ.. (Availab�,li ty) of

SYS.A with Variat·ion. �n Pe'ak in $YS.A
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4. STUDIES ON SASKATCHEWAN POWER CORPORATION. SYSTEM

4.1 GSM(SPC), 1971-1972

The data required for constructing the GSM(SPC)

for the year. 1971-1972 is shown in Appendix A. Only the

capability nnd the FOR of each unit were known. The mean

failure rate of each unit was assumed to be 0.01 failures

per day and the corresponding mean repair rate was calcula-

ted using the equation

II = (F�R - 1) A

Tne availabilities of the cumulative capacity

outage states are not affected by the variation in A or II

when t.he FOR remains unchanged. The frequencies are, how-

ever, quite sensitive to A and J.l variations even if the

FOR is constant. The studies shown on the following pages

illustrate the general probablistic nature of the capacity

reserve model and also show how the frequency and duration

,
�

technique may be applied to the reliability evaluation of

practical generation systems.

4.2 The Demand Model

4 • 2 . 1 The Exposure Factor

To determine the exposure factor for the SfC System,
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the log data for the period July 1968 ..... June 1969 was ana­

lyzed on the computer. The mean durations of the peak load

for the range 97 percent to 70 percent of the daily peak were

computed for weekdays, weekends and the overall period.

The exposure factor as a function of the load level is shown

in Figure 4.1. For a given load level, the exposure factor.

for weekend s is higher than that for weekdays. This is due

to the fact that the weekday Load curves are more peaked

than the weekend curves. The exposure factor characteristic,

with no distinction made between the weekdays and the weekends

is closer to the weekday characteristic since the latter is

representative of the 5/7 of the total days.

Figure 4.2 shows the probability distribution of

the peak load duration with a mean value of eight hours.

An exponential distribution with the same mean value is also

shown.

4.2.2 The Frequency Distribution of the Load Levels

The daily peaks were arranged in the rank order

and then grouped in class intervals of 400-500, 500-600,

600-700, 700-800, 800 and above. The median of each class

was taken as the load level and the class frequency as the

frequency of occurrence of that load level. The load model

obtained after suitable rounding off is
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Figure 4.1: Mean Duration of the Peak vs Load Level­

Saskatchewan Power Corporation July 1968-

June 1969



rcl
U1
U1
.�
U
U1

�
1\10.8
c::
0
.r-i

�
lo-I
::I
A0.6

�
Q)
Pot

tl
t0.4
.r-i
...-i
.r-i

�
.g
lo-I
Pot0.2

1.0

�
(..oJ
N

T,hiS :Lcpresents distrioutior. of load durations

with mean 8 Hours

o 2 4 10 12 14 1686

Duration of Peak (Hours)

Figure 4.2: Distribution of Load Durations (Weekdays) for Saskatchewan Power

corporation System



133

Load Level

MW

Number of

Occurrences

850

735

655

560

475

51

95

145

60

14

The period length = 365 days
The Annual Peak = 918 MW

Assuming 1245 MW as the expected peak for 1971-

1972, the load levels were multiplied by (1245/918) and

suitably rounded off. The demand model for 1971-1972 is

Load Level Number of

MW Occurrences

1150 51

1000 95

890 145

765 60

645 14

The most accurate approach is to divide the year

into a number of intervals and develop a load model for each

interval.

4.3 The Effect of the Exposure Factor on the Availability
and the Frequency of a Cumulative Margin State
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The availabil.ity and the frequency of the zero

MW or less margin were computed as a function of the expo-

sure factor for different peak loads. The exposure factors

used were 0.2, 0.35 and 0.7 days which correspond to 88"10,

85"10 and 70% of the load levels respectively. The results

are indicated in Figures 4.3 and 4.4. The availability

curves are parallel to each other but the cycle time cUrves

deviate sllghtly. This is explained in the next section.

4.4 The Effect of the Exposure Factor on the Unit Addition

Programme

The exposure factor affects the availability of

and the cycle time to the occurrence of the cumulative margin

states. ThlS study was conducted to investigate the effects

of t�e exposure factor on the unit addition programme and
�cc�-�i,

the effective load carrying capabilities of the units added.

:B'igure 4. 5A shows the availability of the failure

state as a function of the peak load with the exposure factor

equal to 0.2 days. The first curve was developed using the

installed capacity expected in 1971-1972, i.e., 1442 MW.

A set of four more similar curves were obtained by adding

a unit of 200 MW each time. Figures 4.5B and 4.5C show

similar curves for exposure factors of 0.35 and 0.70 days

respectively.



135
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Peak = 1265 MW
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Figure 4.3: Variation of Availability of Failure State in

S.P.C. System with Variation in Exposure Factor
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Figure 4.4: Variation of Cycle Time to Failure in S.P.C.

System with Variation in Exposure Factor
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Figure 4. 5A: Varic.tion in Availability of Failure state

with Variation in Peak. Load in S.P.C. System
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rc=1442 MW IC=1642 MW rc=1842 MW IC=2042 MW

rC=2242 MW

I
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Exposure Factor=0.35 Days
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72

74-75 76-77 -Year75-76
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Peak (MW)

Figure 4.5B: Variation in Availability of Failure State with

Variation in Peak Load in S.P.C. System
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IC=1442 MW Ic=1642 MW !c=1842 MW IC=2042 MW

IC=2242 MW

Exposure Factor=0.7 days

-5
10 1971-
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72-73 73-74
I I

74-75
I I

75-76
I

76-77 ....... year

I I

1150 1300 1450 1600

Peak (MW)

1750 1900

Figure 4.5C: Variation in Availability of Failure State

with Variation in Peak Load in S.P.C. System
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'The availability at a peak load of 1150 MI'f and

the installed capacity of 1442 MW, i.e., corresponding to the

year 1971-1972 was accepted as the standard risk level. The

unit additi�ns in each Case are shown by the dotted line.

The effective load carrying capabilities of the various units

based on the selected availability criterion are shown in

Table 4.1. These values were found by successive iterations

correct to third decimal place. It can be noted that the

unit additions and the effective load carrying capability

of the unit Deing added are independent of the value of the

exposure factor. This is, of course, as expected. Every­

thing else remaining unchanged, the expression for the availa­

bility of any cumulative margin state can be written as

� = E.K

where

E = The exposUre factor

K ::: Constant

when plotted on semilog paper

log � = log E + log K

Thus the effect of the exposure factor is an equal

vertical shifl: to all the "Availability vs Peak" curves.

Since the standard risk will also shift vertically by the
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TABLE 4.1

The Effective Load Carrying Capabilities

of the Units Added

Unit # Exposure Factor= Exposure Factor= Exposure Factor=

0.7 days 0.35 days 0.2 days

BOA BOCT BOA BOCT BOA BOCT

1 128.001 127.001 128.001 127.001 128.001 127.001

2 138.999 140.999 138.999 140.999 138.999 139.999

3 148.001 151.999 148.001 149.000 148.001 149.300

4 138.000 149.000 138.000 147.001 138.000 144.700

i

BOA = Based on Availability

BOCT = Based on cycle time

The capability of the unit being added = 200.00 MW
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same amoufl.t, the variation in the exposure factor will not

affect the unit addition or the effective load carrying cap�-

bilities of the units being added.

Figures 4.6A - 4.6C are the corresponding curves

for the cycle time. The cycle time at the 1150 MW peak load

point for the 1971-1972 conditions was considered to be the

standard risk. The load carrying capabilities of the various

units basec on the cycle time criterion are also shown in

Table 4.1. The unit addition pattern is the same as.for the

availability criterion, however, the effective capabilities

of the units are not exactly the same--though quite close,

for the different values of exposure factor.

Everything else remaining unchanged,

where

K1,K2 = constants for a particular peak load

and the particular GSM

log CTM =

=

r.eglecting the higher powers

Tr.e effect of log E is to shift all the curves
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Exposure Factor;:::0.2 days

72-73 73-:-74 74-75 76-77 +-Year75-76

1300 1750 19001450 1600

Peak (MW)

Figure 4.6A: Variation in Cycle Time to Failure with

Variation in Peak Load in S.P.C. System
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vertically by the same amount. Now

2
K

1+2.E. 1

K2

K1 .

o:;:'herefore, if the ratio -- 1S the same for all
K2

peak loads and is not affected by the addition of a unit

to the GSM, the curves will shift simply vertically by an

equal amount. In a practical system, this ratio does not

vary widely within a normal peak. load range and therefore,

the effect of the exposure factor on the unit addition pro-

gramme and the effect.Lve load carrying capabilities is not

very significant.

4.5 Interconnection with Manitoba Hydro (MEl) System
4.5.1 General

The data required to construct the GSM (MH) for

the period 1971-1972 is given in Appendix B. The basic con-

figuration of the load model was assumed to be the same as

that for the S.P.C. with the load levels multiplied by the

ratio of the respective system peaks. The exposure factor

for both the systems was assumed to be 0.35 days.

The annual peak for 1971-1972 in the MH has been

taken as 1710 MW. This gives an equivalent peak. of 1580 MW,

after suitable rounding off.
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4.5.2 The Effect of Tie Capacity on the Risk Level in S.P.C.

AssUming 0.015 failures per day and 3.75 repairs

per day as the mean failure and the mean repair rates of the

interconnection, the tie capacity was varied from 100 MW to

400 MW. The availability and the cycle time of the failure

state as a function of the tie capacity are indicated in

Figures 4.7 and 4.8 and the last segment of these character�

istics is shown in Table 4.2.

TABLE 4.2

The Last Segment of the Availability and

the Cycle Time Versus Tie Capacity Chara­

cter�stics for S.P.C. System

T�e Capabil�ty
MVil

Availability Cycle Time

Days

2S0 0.8290760 x 10-7
0.8133878 x 10-7
0.8133878 x 10-7
0.8133878 x 10-7
0.8133878 x 10-7

0.1638851 x 107
0.1659399 x 107
0.1659399 x 107
0.1659399 x 107
0.1659399 x 107

273

300

350

400

The GSMs of both the systems were truncated beyond

capacity outages with cumulative availabilities less than

1 1-6O. x 0 . This gives

The last significant capacity outage in S.P.C.

System = 565 MW.
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Mean Failure Rate of Interconnection:::0.015
failures/day

Mean Repair Rate of Interconnection=3.75
repairs/day

Equ.ivalent Peak Load in S.P.C. System (1971-72)=1150MW
Equivalent Peak Load in M.H. System (1971-72) =1580 MW

Exposure Factor for both Systems=0.35 days

10-8
�--------�,--------�----------�--------�--------�-----------

100 150 200 250 300 350 400

Tie Line capability (MW)

Figure 4.7: Variation in Availability of Failure State in S.P.C.

System with Variation in the Capability of Interconnection

Between S.P.C. and M.H.
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Failure Rate of Interconnection=0.015
failures/day

Mean Repair Rate of Interconnection=3.75
repairs/day

Equ':'valent Peak Load in S.P.C. System (1971-72)=1150MW
Equivalent Peak Load in M.H. System (1971-72)=1580MW

Exposure Factor for both Systems: 0.35 days

100 150 200 250 300 350 400

Tie Line Capability (MW)

Figure 4.8: Variation in Cycle Time to Failure in S.P.C.

System with Variation in the Capability of

Inberconnection Between S.P.C. and M.H. Systems
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The last significant capacity outage in MH System

= 525 MW.

'I'herefore,

= 273 MW

�m+ = ICMH- Low Load on MH System

= 2099 MW

and

LTSM = Min (2099,273)

= 273 MW

where

LTSM = The limiting capability of the tie

between the S.P.C. and MH systems.

It can be seen from Table 4.2 that there is no

improvement in reliability beyond a tie capability of 273 MW.

If, however, the GSMs were not curtailed at all, the absolute

limiting value of the tie capacity would be 1441 MW. From

Figure 4.7 it can be seen that there is no significant

improvement. in reliability beyond a tie capacity of 250 MW.

This sets a practical limit on the maximum tie capacity.

4.5.3 The Effect of the Tie Line Mean Failure Rate and Mean

Repc:ir Rate on the Risk Level in S.P.C.
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The peak loads in SPC and MH systems were main-

tained at 1130 MW and 1580 MW respectively ahd the availa-

bility and the frequency of failure were computed as a functJon

of the M.F.R. and the M.R.R. of the tie line. The following

three studies were done:

1. Asm was varied from .005-.03 failureS/day, keeping

�sm constant at 2.5 repairs/day.

2. �sm was varied from 1. 25-7.5 repairs/day I keeping

Asm constant at 0.01 failures/day.

3. Asm and �sm were varied together from (.005,1.25)

to (.03,7.5) per day.

The results are plotted in the Figures 4.9,4.10

in p.u. The base values are

)lsm = 2.5 repairs/day

�m = .01 failures/day

A = The availability of the failure state
base

with the base �sm' J1sm and Tsm=17S MW

CT = The cycle time to the failure state with
bas(�

the base Asm' ).lsm and Tsm=175 l-1W

These curves are similar to the ones obtained in

the hypothetical case. It is interesting to see the relative

magnitudes of the constants C1 and C2•

A
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Exposure Factor==0.35 days
Equivalent Peak in S.P.C. System=

1150 MW

Equivalent Peak. in M.H. System=
1580 MW

Base Mean Failure Rate of Inter­

connection=O.Ol failures/day
Base Mean Repair Rate of Inter ....

connection=2.5 repairs/day

3

2

0.4_-- ....... ............._
_

0.5 1.0 1.5 3.0

Mean Failure and/or Mean Repair Rate (P.U.)

Figure 4.9: Variation in Availability of Failure state in S.P.C.

System ·wi·th Vq.riation in Mean Failure and Mean RE3pair
Rates of Interconnection Between S.P.C. and M.H. System:
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1.8

Equivalent Peak in S.P.C. System=1l50 MW

Equivalent Peak in M.H. System=1580 MW

Base Mean Failure Rate of Interconnection=O.Ol
failures/day

Base Mean Repair Rate of Interconnection=2.5
repairs/day

Exposure Factor=0.35 days

.

::>

2

1

0.4----------�--------�----------�--------�--------�---
0.5 1.0 1.5 2.0 2.5 3.0

Mean Failure and/or Mean Repair Rate (PoU.)

Figure 4.10: Variation in Cycle Time to Failure in S.P.C.

System with Variation in Mean Failure and Mean

Repair Rates of Interconnection Between S .P.C.

and M.H. Systems
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Selecting the first and the second values from

Table 4.3(A)

C1
2.5

+ C2
.005 .9257553 x 10-7

.005+2.5 .005+2.5
=

and

C1
2.5

+ C2
.01

.1330631 x 10-6.01+2.5 .01+2.5
=

From these two equations

-7
C1 = .51926 x 10

and

-4
C2 = .2041734 x 10

It should be appreciated that C2 » C1 and that

C2 is in fact the availability of the first negative margin in

the unaffected capacity reserve model of SPC System. The

value of C2 as calculated above agrees with the availability

of the first :1egative margin as calculated directly.



TABLE 4.3

The Availability and the Cycle Time of Failure in SPC System as Functions of the

Mean Failure Rate (A ) and the Mean Repair .Rat.e (l.! ) of the Interconner::tion.
sm: SIll

(A.) The Mean Failure Rate is Varied Keeping the Mean Repair Rate at 2.5 Repairs/Day

A A Availability Availability Cycle Time Cycle Time
sm sm

Per Day Per Unit Per Unit Days Per Unit
--

I--'
()1

0.005 0.5 0.9257553 x 10-7 0.69572 0.2081762 x 107 1.5189
Ln

0.010 1.0 0.1330631 x 10-6 1.0 0.1370538 x 107 1.0000

0.015 1.;5. 0.1733911 x 10-6 1.30307 0.1022575 x 107 0.7461

0.020 2.0 0.2135609 x 10-6 1.6049 0.8162161 x 106 0.59554

0.025 2.5 0.2535708 x 10-6 1.9056 0.6796053 x 106 0.49586

0.030 3.0 0.2934228 x 10-6 2.2051 0.5824888 x 106 0.425



(B) The Mean Repair Rate is Varied Keeping the Mean Failure Rate at 0.01 Failures/Day

].lsm u
SID Availability Availability Cycle Time Cycle Time

Per Day Per Unit Per Unit Days Per Unit

1.25 O�$ 0.2135522 x 10-6 1.6048 0.9773801 x 106 0.71313

2.50 1.0 0.13.30631 x 10-6 1.0
7

1.0000 •.1370538 x 10

3.75 1.5 O�1060938 x 10-6 0.7973 0.1584056 x 107 1.1557

5.00 2.0 0.9258036 x 10-7 0.69576 0.1718165 x 107 1.2536

6.25 2.5 0.8446278 x 10-7 0.63475 0.1810242 x 107 1.3208

7.50 3.0 0.7904868 x 10-7 0.5940 0.1877317 x 107 1.3697
I-'

(C) Both the Mean Failure Rate and the Mean Repair Rate are Varied
U1
(Jl

(Asm Ysm) (A sm, 11sm) Availability Availability Cycle Time Cycle Time

Per Day Per Unit . Per Unit Days Pe.ri UnLt;
-

(0.005,1.25) 0.5 0.1330557 x 10-6 0.9999 0.1591887 x 107 1.1615

(0.010,2.50) 1.0 0.1330631 x 10-6 1.0000 0.1370538 x 107 1.0

(0•015 , 3. 7 5 ) 1.5.
-6

1.0000 0.1203258 x 107 0.87790.1330652 x 10

(0•020, 5 .00) 2.0 0.1330664 x '10-6 1.0000 0.1072375 x 107 0.7824

(0.025,6.25) 2.5 0.1330675 x 10-6 1.0000 0.967169.0 x 106 0.70568

(0.030,7.50) 3.0
.. -6

1.000.0 0.8807698 x 106 0.642640.1330675 x 10
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5. CONCLUSIONS

'The generation system model for a conventional

static capacity reliability study normally consists of the

cumula.tive probabilities associated with designated capacity'

deficiencies. The frequency and duration method adds an

additional parameter to this model in terms of the cumula-

tive frequency of encountering a designated capacity defi­

ciency. The frequency aspect of the computation requires

a knowledge cf the individual generating unit failure and

repair rates rather than just the composite forced outage

probabilities used in availability calculations. This informa­

tion, however, should be available in any comprehensive out­

age report.Lnq procedure.

The availabilities and the frequencies of exact

capacity outages can be obtained and combined recursively

to generate the availabilities and frequencies of cumulative

capacity outage states. The cumulative values can, however,

be obta i.ned in a more eff icient manner directly from the

unit data as illustrated in Chapter 2 of this thesis.

The load data of a system for a sufficiently long

period can be analyzed and by including the factors that

can affect the future system load, a suitable load model

can be developed. T'his load model differs from the conven­

tional daily peak load variation curve used in loss of load



158

probability studies in that the frequency of encountering

the various peak load levels and the exposure time at each

peak load level is included. The exact load states can be

combined with the exact capacity outage states to obtain the!

availabilities and the frequencies of the exact margin staters.

These can be recursively combined to yield the frequencies

and availabilities of cumulative margin states. The availa­

bilities and frequencies of cumulative margin states can,

however, be obtained directly by combining the exact load

states with the cumulative capacity outage states as illus­

trated in this thesis.

The Saskatchewan Power Corporation data for the

period July. 1968-June 1969 indicates that the durations of

peak load may not be exponentially distributed. This cannot,

however, be regarded as a definite conclusion as the length

of the stUdy period is relatively short. This does not intro­

duce any difficulty in regard to a long term static capacity

study provided that a finite mean duration does exist. The

actual value of the exposure f accorr depends upon the percent­

age of the daily peak at which it is determined.. The varia­

tion in the exposUre factor affects both the availability

and the frequency of margin states. The load carrying capa­

bility of a unit determined on the basis of availability of

failure is not affected by the choice of exposure factor.
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If cycle time to failure is, however, taken as the criterio�1
the load carrying capability is slightly affected by the

exposure fact0r. In a single system study, the exposure

factor appears to be quite arbi-trary provided that the system

load model retains its basic shape. In reliability evalua­

tion of interconnected systems, exposure factors at the same

percentage of peak should be utilized.

The reliability study of a system connected to

one or more ot.her isolated systems
_

can be conducted using

the relationships developed in this thesis. For a system

connected to other interconnected systems, careful analysis

shoUld be made before extending these equations. This situa­

tion has been illustrated by application to a simple triangular

configuration.

ThE' reliability of a power system is improved by_

interconnection to another power system. This improvement

depends on the capability of the interconnection, the peak

load on the system to which it is interconnected and the mean

failure and the mean repair-rate-of the tie. The-optimum

tie capacity can be evaluated for any given set of conditions

in the two systems and on the tie line.

It can clearly be seen in this thesis that the

comput.at.Lonal effort required to determine frequency and

duration indices in single and multiple systems ificonsider-
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ably in excE.SS of that required in a conventional loss of

load approach. The level C)f application of probability

mathematics is also much higher. In t.arms of capacity plan­

ning and unit commitment it is doubtful if one method can

be stated to be superior under all conditions. The frequency

and duration approach does possess a certain physical signi­

ficance wh i.co is lacking in the loss of load method. lt also

utilizes more individual component reliability parameters

and is, therefore, more suitable for sensitivity assessment

arising from changes in maintenance, operating and planning

policies.
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7.1 Appendix A

7. APPENDICES

Data for the Generation Systern Hodel of Saskatchewan Power Corporation System

(1971-1972)

Name 0:;: Plant

Squaw Rapids

Coteau Creak

Boundary Dam

Queen Elizabeth

A.L. Cole

Regina

Nuraber of Capacity Per Mean Failure Mean Rep&ir

Units Unit M"w Rate Per Day Rate Per Day
---

3 35.0 0.01 1.32333
3 34.0 0.01 1.32333
2 39.0 0.01 1.32333

3 63.0 0.01 1.32333
I-'

1 62.0 0.01 0.234499
0'1
w

1 61.0 0.01 0.186078

1 62.0 0.01 0.283255
1 61.0 0.01 0.138588

1 10.0 0.01 0.656666
1 14.0 0.01 0.656666
1 23.0 0.01 0.1045475
1 23.0 0.01 0.656666
1 32.0 0.01 0.656666

1 14.0 0.01 0.656666
1 19.0 0.01 0.656666
1 5.0 0.01 0.656666
1 28.0 0.01 0.656666
1 23.0 0.01 0.112249



Name of Plant Number of Capacity Per Mean Failure Mean Repair

Units Unit l'-1W Rate Per Day Rate Per Day
---

Estevan 1 5.0 0.01 0.656666
1 14.0 0.01 0.214215
1 19.0 0.01 0.52476
1 28.0 0.01 0.603497

Kindersley 3 3.0 0.01 0.41735
2 10.0 0.01 0.65666

Swift Current 1 2.0 0.01 0.226967
1 1.0 0.01 0.226967
4 3.0 0.01 0.656666

Success 3 15.0 0.01 0.49
p
0\

Boundary Dam 2 140.0 0.01 0.156666 ,f:>

Queen Elizabeth 1 96.0 0.01 0.156666



7. 2 Appendix B

Data for the Generation System Model of Manitoba Hydro System (1971-l972)

Name of Plant Number of Capacity Per Mean Failure Mean Repair
Units Ur.it MW Rate Per Day Rate Per DdY

1 25.0 0.00504 2.40000
1 25.0 0.00480 6.85714
1 25.0 0.00740 9.6
1 25.0 0.00288 26 .. 66666
1 25.0 0.00192 120.00
1 25.0 0.00288 26.66666

1 8.0 0.00216 1.83206 I-'

1 8.0 0.006 3.93442 <i'
U1

1 8.0 0.00528 3.75
1 8 .. 0 0.00552 2.40
1 8.0 0.00552 3.42857
1 7.0 0.00528 4.8
1 7.0 0.00408 4.28571
1 7.0 0.00408 3.52941

1 22.0 0.0024 1.8.46154
1 22.0 0.00192 4.28571
1 22.0 0.0072 3.58208
1 22.0 0.00552. 0.97560
1 22.0 0.00576 0.73170
1 22.0 0.0036 5.33333

1 66.0 0.08376 8.0
1 66.0 0.02424 1.07142

Seven Sisters

McArthur

Great Falls

Selkirk



.Name of. Plant

Pine Falls'

Grand Rapids

Kelsey

Brandon

Pointe duBois

Ntimberof

<Units

1
1·"
1
1
1
1

I,
1
1

1
1
1
1
1·

1
1
.1
1

1
1·
1 ..
1
'1
1.
1
1
1

Capacity-Per

14.0·
14�0
14.0
14 .. 0
14.0
14�0

118.0
118.0
118.0

32.0
32.0
32.0
32.0
32.0

33.0
33.0
33.0
33.0

3.0
3.0
3.0
3.0
4 ..0
4.0
4.0
4.0
6 ...0

Mean Failure

Rate Per Day

0.0084
0.0120
0.00552
0.00648
0.01128
0.0084

0.04032
0.00864
·0.01992

0.00624
0.006
0.00624
0.01008
0.01200

0.0384
0.0264
0.04416
0.06312

0 .. 00792
0.00288
0.00288
0.00504
0.00312
0.00504
0.00576
0.00816
·0.01704

Mean Repair

Rate Per Day

3.28767
4.13793
1.311475
2.016806
3.42857
4.44444

0.48979
0 •.461538
0.474308

.0.88888
4.44444
0.707964
2.926683
1.• 182266

·0.857142
0.857142
0.857142
0.857142

11 •. 42857
6.85714
6.85714
1.46341
14.11765
1.96721
12.63157
2.376237
1.481481

I-'
0'\
0'\



Name of Plant Number of Capacity Per Mean Failure Mean Repair
Units Unit MW Rate Per Day Rate Per Day

-

(Pointe duBois) 1 6.0 0.01464 0.275862
1 5.0 0.00936 0.275862
1 5.0 Q.02112 0.461538
1 5.0 0.00888 7.058823
1 0.0 0.0139� 3.287671
1 5.0 0.01080 4.8
1 5.0 0�0132 5.581395

Slave Falls 1

9.0 0.00504 0.253164J.

1 9.0 0.00408 0.172662
1 9.0 0.00288 13.33333
1 9.0 0.00288 13.33333
1 9.0 0.00384 17.14286
1 9.0 0.00600 17.14286 I-'

0\
1 9.0 0.00288 16.00 .....:I.

1 9.0 0.00192 1.73913

Amy St. 1 5.0 0.01 0.33333
1 5.0 0.01 0.33333
1 15.0 0.01 0.33333
1 25.0 0.01 0.33333

Kettle Rapids 1 102.0 0.01 1.994999886
1 102.0 0.01 1.994999886
1 102.0 0.01 1.994999886
1 102.0 .·0.01 1.994999886

Laurie River 1 3.0 0.01 0.33333
1 3.0 0.01 0.33333
1 4.0 0.01 0.33333
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7.3 The Comput.er Programme

The principle paths in the computer programme

for generating capacity reliability evaluation are indicated

in Figure 7.1. The programme is sUitable for continuous

studies, the processes at each stage being decided by a

control card. The description of various subroutines is

given below.

Description

1.

2.

3.

WPGSM

ROUND1

RMC

5. EXPANU

Print or punch the GSM

Round off the GSM

Evaluate the availability and the

frequency of cumulative margin states

without taking load forecast uncer­

tainty into account

Evaluate the availability and the

frequency of cumulative margin stat.e st,

taking load forecast uncertainty into

account

Obtain unit addition scheme for genera­

tion planning, load forecast uncer­

tainty being taken into account

Obtain unit addit.ion scheme for genera­

tion planning, load forecast uncer­

tainty not being taken into account

Remove a unit from GSM

Obtain the effective GSM of SYS.A for

a given operating reserve in SYS.B

4. RMU

6. EXpANc

7.

8.

UR

GSMIC



NO

READ FIRST

ADD UNIT

TO �E GSM.

SUBR()UTINE

WPGSM

SUBROUTINE

RMC

SUBROUTINE

EXPANC

SUBROUTINE

GSMTC

169

GENERATE

ALL MARGIN

STATES

SUBROUTINE

ROUND 1

STOP

SUBROUTINE

RMU

SUBROUTINE

EXPANU

SUBROUTINE

UR

SUBROUTINE

SAT

Figure 7.1: The Flo'W Diagram of the Computer Programme



9.

10.
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GURU' Evaluate the availability and the

frequency of failure state in a system

connected to one other system.
Evaluate the effective load carrying

capability of a unit added to a GSM.

SAT
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