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An important factor among the requirements to be satisfied in the
distribution of electric power is that of service reliability. Although the degree
of service reliability of a given network can be judged empirically by qualitative
estimation, a numerical investigation seems a better approach to the problem.
Methods of probability ecalculus and mathematical statistics offer the pos-
sibility for a correct evaluation of service reliability. Therefore, itis considered
appropriate to give a short survey of mathematical concepts and operations
applied for this purpose.

1. Mathematical survey
1.1 Applied basic concepts of set theory

Set : as a mathematical conception, is a collection of elements having
some kind of property in common (e.g. pages of a book, persons forming the
audience of a lecture, etc.).

Symbol: 4, B, C. etc.

Elements of a set : a, b, h, etc.

a is an element of set A: a € A,

@ is not an element of set A: a§ A.

Subset : is a part of the basic set (e.g. the set 4 of books dealing with
mathematics is a subset of the set H of all books). Symbol: 4 « H.

In an extreme case a subset may be equal to the basic set.
A set is called empty set or zero se:, when having no elements. Symbol:

0.

Let H be a hasic set with subsets 4, B ... K. Applying the operations
of set algebra, new sets may be obtained:

Union of subsets 4 and B: is the set of those elements of set H, which
are elements of 4 or B or both. Syvmbol:

AU B.
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Intersection of subsets 4 and B:
is the set of elements of H, which belong to both 4 and B. Symbol:

ANB.
Difference set of A and B:
is the set of those elements of 4, which do not bhelong to B. Symbol:

Fig. 1.1

Complement of A:
is the difference set of basic set H, and subset 4. Svmbol: C4 or 4

Cd=A, = H — A.

Set of sets T is a sum of subsets belonging to the basic set H for which

AT and AJB T
BT ANB < T
ANB « T

0cT

i.e., also the results of operations performed with the subsets are elements
of T (thus, T is in fact the set of subsets).

These operations are clearly represented by the so-called Venn diagrams
(see Fig. 1.1). The results are shown by the shaded portions of the figures.

Application of set theory for the description of network reliability

Let H be the set of service conditions of a network
A be the set of available service conditions of element a
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B he the set of available service conditions of element b
then, the meaning of ') B: either a or b or both are available
the meaning of 4/ B: both a and b are available

is unavailable

4d: a
AN B: a is unavailable and
b is available.

First, an clement is considered as available. if free of any defect and
is considered as being unavailable, if defective. Later on, the condition ‘‘un-
available” will be extended to the condition in which the element is taken
out of service for maintenance (Section 4). Element “a” will be understood
” of the network. Hence, .4 means
. or in other words, element *a”

to mean a facility installed at point «

that no element is available at point “a
has become defective and is being repaired or under replacement. After
replacement the new facility will be the one called element “a”.

1.2 Fundamental concepts of probability theory

The service reliability of networks can be expressed by probability
figures. As an introduction it seems appropriate to give a brief account of
the axioms of probability calculus. Since our investigations will be based
on the concepts of set theory, in the following sections a short survey of the
set-theoretical axioms of Keolmogorov will be given.

I. Let the set of elementary events of a phenomenon (e.g. the set of
services conditions of a network) be H.

II. Let T be a (sct of sets), which is a collection (set) of subsets (., B)
of H. where the sets

also belong to T.

Each one of sets 4, B represents one portion of elementary events
of the phenomenon, e.g. 4 represents the available condition of ecircuit
breakers, and B the available condition of transformers, whereas 4 and B
represent the unavailable condition of circuit breakers and transformers,
respectively.

II1. Let H also be a member of set of sets T (H is the basic set, i.e. the
collection of all possible service conditions), while the set of sets T is the
collection of groups of elements selected according to II. ie. the subsets

(4, B,...) of set H, with set H itself included.

2 Periodica Polytechnica El Xj2.
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IV. To each element of T, (where each element is a set in itself) a number
P(A) ean be attached, which is called probability. Its value is

0 < P(4) < 1.

V. To the basic set H the value 1 is attached (expressing the fact that
one out of all possible service conditions will surely occur). To set 0 the value
0 is attached (it is impossible that none of the service conditions will occur).

VI If ANB=0 (4 and B mutually exclude each other, i.e. their

simultaneous occurrence is impossible):
P(4UB) = P(4) + P(B).

A, elements of T and

R

VII. Generalization of Axiom VI: If 4, 4,
A;MN Ay = 0 then the probability is:

1

/-

P(4, U 4, U.. U )= SP).

N\

\

)
[

From the theorems that can be deduced from the above axioms only
those are summarized, which will be utilized in the following discussion:

a) Let us assume that the sets of events — briefly referred to as events,
in the followings — .A4,. A,, 4;... 4, are independent of each other. This
means that none of them is the cause of another (e.g. while a breakage of
an insulator string and a line fault are interdependent events: a busbar fault
in the distribution network and a transmission line fault in the 120 kV grid
are independent events). Thus, if events A4,, A, ... 4, are independent,
then the probability of their simultaneous occurrence is

P(4, N 4, ... N 4,)=P(4)-P(4d,).. P(4,) = ['j[ P(4,).
£l
b) If the condition set up by Axiom VI fails te apply
ANB=£0,
then, according to a). if 4 and B are independent of each other:
P(A4UB) = P(4) + P(B) — P(4NB).
In the case of three service conditions (4, B, C), if
ANB+0, ANC=+0, BNC==0,
then, if 4, B and C are independent of each other:
P(AUBUC) = P(4) + P(B) + P(C) — P(4) - P(B)—

— P(4) - P(C) — P(B) - P(C) +
+ P(4) - P(B) - P(C).
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2. Investigation of networks

The dependability of a network can be determined by means of two
characteristic properties, these being the reliability rate and the unavailability
rate.

The reliability rate of a network, or network element *“A4” is expressed
by the number

P(4) =R,

determining the probability of the occurrence of service conditions (4) under
which the network is capable of supplying the load.

The unavailabilty rate of a network or network element “A4” is expressed
by the number

P(-’i) =0

expressing the probability of service conditions (4) under which the network
is incapable of supplying the load.

Since a network is either capable or incapable of supplying the load,
we may write

P(AU 4)=P(4) + P(A) =R + Q =1,

2.1 Series arrangement of network elements

Let *a” and “b” network elements be connected in series (Fig. 2.1).
Further, let 4 and B be the sets of service conditions of network elements
a and b respectively, with said elements available.

{3130

The resultant network is available, if both elements are available (Fig.

o
[\
~——

AN B;

the probability of this condition is

P4 N B)= Rseries =R, Ry,

The resultant network is unavailable, if either “a” or “b”’, or both,
are unavailable (Fig. 2.2):

4UB
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the probability of this condition is
P(—’:l U B) - Qseries - QA - QB — QJ ) ‘QB-
Since, generally (; << 1, with good approximation:

Qsexies = Q:’\ e QB'

In the following, by expending the concept of series network elements.

the method of the so-called “complete system of events™ will be described.
which has been developed for caleulating the resultant reliability rate or
unavailability rate of a network.!

Let us write all combinations that can be obtained from the sets of
service conditions of network elements “¢” and **6”°. which can occur
simultaneously.

AN B both components available
ANB a out. b available
ANB a available, b out

~

A48 both out.

Any pair of the above cases can be excluded, sinece no element can be
available and unavailable simultaneously. Thus, their probabilities can be
added (Axiom VI).

Since all possible service conditions (subsets) have been written, the
union of subsets means the basic set (H) of all possible service conditions,
Since, however. one of these service conditions will certainly ocecur, the
probability of the basic set is 1 (as stated by Kolmogorov's Axiom V).

Hence, the probability of possible service conditions is as follows:

P(4 N B)=R, RB available
PN B)=0Q,R unavailable

P(4 N B) = R, Rg unavailable
P(4 0N B)=10,0Q4 unavailable
P(H) = 1.

! This method was first used in this country by the Budapest Electricity Works.
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The sum of probabilities is 1. From the table the probability of avail-
ability
R\ Rg = Rgies

and that of unavailability

QARB R QB Q QB Qs;nea

can immediately be seen.
Two different results are obtained for the value of Qgees. These two
results, however, are equal:

Q»&RB R U+ QAQB:QA(l_QB)”:-(I_QA)QB“:"QAQB:
:Q‘ Q QB QB QAQB QAQB_QA QB QAQB'

Although a rather simple example has been chosen to demonstrate
the application of the method, the principles used are of general validity
and, therefore, there is no need to verify its applicability to more involved
case

o

2.2 Parallel arrangement of network elements

Let circuit elements a and 0 be connected in parallel. Let 4 and B
represent the availabilities of circuit elements a and b, respectively.

The resultant network is available, if either ““a’”, or *b”°., or both, are
available (Fig. 2.5)
Al B,
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the probability of which is

P(A U B) = Rpara[lel = RA - RB _ RA RB

(the product term cannot be neglegted, since R ~~ 1!). The resultant network
is unavailable, if ““a” and ““b” are simultaneously unavailable (Fig. 2.5):

ANB,
the probability of which is

P(A_- n B) = Qparalli[: QA QB .

Using the method of ‘“‘complete system of events”:

Service conditions Probabilities Resultant network
ANB R.Ry available
AN0B QsRy available
ANB R,0p available
ANB 0.R; unavailable

RA RB T QA RB + RA QB - Rresuuant
QA QB = Qresuham

2.3 Combination of series and parallel elements

Let neiwork elements a, b, ¢ be connected as shown in Fig. 2.6. The
network is built up of series and parallel elements. The resultant network
is available, if ““a’ and ™ or **¢”” (or *a”” and **b” and **¢”’) are simultaneously
available (Fig. 2.7):

AN(BUC), the probability of which is

PAN(BNC)]=Rs(Rg+ Rc— RgRe) =R, (1 —Q50c)-
The resultant network is unavailable (Fig. 2.7), if

AN@BNC).
the probability of which is

P[—’iU (Eﬂ é)]:QA_%‘QBQC_QAQBQC'
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Now applying the method of “complete system of events” (Fig. 2.8):

Service conditions  Probabilities Resultant network
ANBNC R,R;R, available
ANBNC Q.RgR, unavailable
ANBNC R0z R, available
ANBNC R.Rz0Q. available
ANBNC 0.0z R, unavailable
A4N0BNC Q. RE0c unavailable
ANBNC R, 050, unavailable
ANBNC Q.050¢ unavailable

Rresultant = R_-'\ (RB Rc + QBRC - RB Qc) .

A

/ Voo
ANBNC ANBNC

Fig. 2.8

2.4 Mesh-connected elements

Let the connection of elements be as shown in Fig. 2.9: The network
is available, if between the terminals at least one path exists along which
all elements are available. Thus it is assumed that in the case if any one
possible path is available, the network is also available.
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The possible paths in the network:

ANB
AGEND
CNENB
cNhD.

The network is available, if one or more of the above paths are available:
(ANB)UANEND)YU(CNEN BYU(CM D).

The probability of this condition is:

R, .._P(ri’WB) + P(4NEND) -+ P(CNENB) + P(CND) —
P(4NBNANEND) — P(ANBNCNENB) —
P(ANBCND) — P(ANENDNCTENB) —
P(ANENDNCND) — PCNENBACAD) =
P(ANBNANENDNCNENB) +

TP(_ ABNANENDNCAD) +

<~ P(ANBNCNENBNCND) +

~ P(ANENDNCNENBNCND) —

— P(4NBAANENDNACNENBNCTD),

since ANA4d = A4; BN B = B; etc.

R, _P(4)P( ) -~ P(4) P(D) P(E) - P(B ) (C) P(E) +
P(C) P(D) — P(-4) P(B) P(D) P(E) — P(4) P(B) P(C) P(E) —
P(4) P(B) P(C) P(D) — P{(- 1) P(C) P(D) P(E) —
P(B) P(C) P(D) P(E) - 2 P(4) P(B) P(C) P(D) P(E)

The same result may be obtained by using the method of “complete system
of events”, although in that case the latter procedure is somewhat more
lengthy.

l\J

5 System provided with a reserve element

Let us consider a bus of high degree of service reliability. With good
approximation

Rg—1.

Two substations (I and II) are fed from this bus through elements <“a™ and
b7, further. a reserve supply is available through element “¢7. (Fig. 2.10)

The power demands of substations I and 1I are equal and correspond
to the transfer capacity of “a”” and “b” respectively, further, the transfer
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capacities of “a”, “b” and “*t”” are also equal. Therefore, the network is con-
sidered available, if at least two transmission branches are available. The
network is capable of supplying one half of the load with only one trans-
mission branch available.

The reliability of the network can be studied by means of the method
of ‘““complete system events”.

Ry=1
a t b
i I
Fig. 2.10
Service conditions: Probabilities: Resultant network:
ANBNOT R, Rz R~y available
AnNBNT Q. Rg Rr available
ANBNT R.Qg Ry available
ANBNOT R, Rg0Qr available
ANBOT Q.0s Ry available for half load
ANBNOT Q. R Or available for half load
ANBNT R.Qg0Qr available for half load
ANBNT 0,05 01 unavailable.

Summing up the rows of acceptable service conditions, the following resultants
are obtained:

R.=R,RgR;y +Q Rz Ry - R,0QzRy + R Rz0+.
Q = Q.-\ QB Ql .

The probability of half-load network availability is:

Ry =0@a05Rr - Q. R0+ R,050+.

3. Selection of probability variables

With respect to service reliability of a system two questions may arise:

a) how manyv unavailabilities oceur within a given period,
b) what is the duration of these unavailabilities.
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Correspondingly. two probability variables should be introduced:

a) frequency of unavailabilities,
b) duration of unavailabilities.

It seems convenient to jointly investigate the two variables. This can be
done in two different ways.

I. The durations of unavailabilities may be handled as discrete variables,
i.e. after selecting characteristic outage durations, such as Tj = 0.1, 0.5, 2,
5 hours, etc. The number of unavailabilities outlasting the selected periods

T, should be investigated:

where: t [hours] duration of one outage,
T, [hours] selected discrete periods.
Value of the unavailability rate (probability of failure) is:

QATo = P[*'I(t =Tyl

where: N [4(¢t == T,) [davs]: number of days. with element 4 unavailable
for a period of t == T .
N, {days]: number of days of the period of investigation.

The calculations described above should be performed for each period
of T, considering the unavailability rates { and availability rates R of each
circuit element referring to each period T, concerned.

Example. Let us determine from statistical data the unavailability
rate Q1 of circuit breaker tvpe PTK 601—20/1000. Statistical data are at
disposal for a period of 5 vears, thus the period of investigation is IV, — 5.365 —
— 1825 days. Number of circuit breakers involved: 50. (The more units
investigated, the more comprehensive conclusions can be obtained.) According
to the statistical data, the number of days with any one of the 50 circuit
breakers out of service (except for maintenance reasons):

for a period of t = 0.1 hours; 50 days: per breaker: N = 1 day
for a period of t = 0.5 hours, 10 davs: per breaker: V= 0.2 day
for a period of t = 5 hours, 3 days: per breaker: N = 0.06 day
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Hence, the unavailability rate of circuit breaker: for outage durations of

t = 0.1 t=0.5
Q o1 =5.8-10~4 Qg5 = 0.2 _ 1.1-10—
A1 iges ’ A3 1895 ’
t=2>5
0.06
Q.45 = 0.34-10—4.

T 1825

II. The second method of joint investigations of the two probability
variables:

The frequency of unavailability can be dealt with as a discrete variable,
i.e. a few frequency values are to be selected, such as K, = 10-2, 10-1, 1,
etc. representing the number of unavailabilities occurring within the investi-
gated period, and, again over the same period, the overall duration of un-
availabilities whose occurrence outnumber K, should be investigated:

Ak =K,

where k [occurrence/T,]: occursence of one outage within the investigated
period (T,),
K, [occurrence/T,]: discrete values selected.
Unavailability rates:

QAKo =P [‘”I(I‘:/= ICU)] s

T4k = K,)]
e

(4

QAKO =

where T [A(k 2 K)] [hours]: overall duration of wunavailabilities whose
occurrence outnumbers K,
T, [A(k 2= K;)] [hours]: period of investigation (usually one vear:

8760 hours).

The calculations described under II should be performed for all selected
values of K, substituting the corresponding unavailability rates  and
availability rates R. Obviously, the values ) and R of the various network
elements should always be those belonging to the same value of K.

Example : Let us determine, by means of this second method. the
unavailability rate (Q.,) of circunit-breaker type PTK 601—20/1000 of the
previous example. Statistical data as before refer to 50 breakers and to a
period of 5 years.
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The selected values for K [occurrences/year] are 0.01, 0.1 and 0.5 and
refer to one breaker. With the 50 circuit breakers the following unavailabilities
occurred (except for maintenance reasons):

k"> 2.5 outages with overall duration of T = 1000 hours,
k' > 25 outages with overall duration of 7" = 230 hours,
E' > 125 outages with overall duration of T' = 50 hours.

The above values reduced to one vear and one breaker:
k = 0.01 [occurrence/year]: T — 4 hours,

k> 0.1 [occurrence/year]: T — 1 hour,

k> 0.5 [occurrence/year]: T'— 0.2 hours.

(k > 0.01 may cover e.g. all unavailabilities that ocecurred,

E > 0.1 may cover e.g. unavailabilities due to leakage and valve-box

failures.
k 2> 0.5 may cover e.g. unavailabilities due to valve-hox failures).
Hence, the unavailability rates of the circuit breaker:

with kE>0.01 k>0.1
4 1
e = 4.6-1074, = ——— = 1.14-10—,
Cas 8760 Ca 8760
k> 0.5
0.2
O == 0 = 0.23- 104,
AT 8760

4. Consideration of maintenance outages

In the above investigations anv element in troublefree condition has been
considered available, and the elements affected by a failure were only regarded
as unavailable. However, there is a service condition of network elements
left out of consideration so far, namely the condition of a piece of equipment
while it is taken out of service for maintenance. Extending our investigations
to include this condition, the unavailabilities may be attributed to two
reasons:

a) failure,

b) maintenance.

The difference between the two groups lies in the character of their
occurrence, the former being a random phenomenon, while the latter can be
made to occur at a predetermined time.

A failure can either directly bring about a disturbance, or may only
cause unavailability (e.g. in the case of excessive temperature rise of a trans-
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former terminal connection the trouble can be eliminated by switching over
to a standby unit), reducing though the resultant service reliability of the
network, but causing no disturbance.

In evaluating the reliabilitv of the various network elements there is
no difference between the two conditions of wunavailability. The eclement
investigated by itself is in hoth cases unavailable, and whether or not such
an unavailability will lead to a disturbance will depend on the availability
of a path parallel to the unavailable one and capable of taking over the load.
The unavailabilityv rate is, thus. a figure, which iz characteristic of the net-

work and not of the clement.

ANA® H

Fig. 4.1

Maintenance only causes unavailability, weakening thereby the resultant
reliability of the network.

According to that stated above, two new sets of service conditions are
to be introduced:

element ““a” is under maintenance A*,

element ““¢’” is not under maintenance 4%,

The interdependence of sets 4 and A* must first be cleared. The pos-
sibility of a failure of a network element while it is under maintenance can
be excluded, this being considered as an impossible event. On the other hand,
— mostly in the case of apparatus — while repairing a defect which has
caused a disturbance, normal maintenance of the piece of equipment will
at the same time be performed (such occurrences can be evaluated by intro-
ducing conditional probabilities). However, it should be noted, that in case
of minor defects, in order to minimize the duration of the disturbance, usually
no maintenance is permitted to take place. Thus, the coincidence of a defect
and a maintenance period can only occur in case of serious damages, although
in such cases a total replacement of the defective element (e.g. of an apparatus)
will often take place. The number of such occurrences is further reduced by
the possibility of defects closely preceded by a maintenance period.

Justified by the considerations outlined above, the coincidence of a
maintenance period and a defect will be neglected:

AN 4% =0 (4.1)
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hence (Fig. 4.1):

AN A* =4 4.2)
4* N A= A% (4.
and AN 4*=(4U.4%). (4-4)

Due to relation (4.1), the events

A and A%
as well as A and A%
A and 4%

are not independent of each other. (Defect 4 can only occur, if there is no
maintenance 4*, and maintenance 4* can only take place, if no defect to
the element occurred.)

Hence, theorem b) of Section 1.2 cannot be applied here:

P(4 N 4%) == P(4)-P(4%),
and ' ~
P(A N A%y == P(A)- P(A4*),
but, according to relations (4.2) and (4.3)
P(4 N 4% = P(4) = Q.
and  P(Ad N 4*) = P(4%) = Q%,
P(AN 4%)=P(4 U 4*) — 1 —[P(A) + P(4*)] = R, — Q.

If simultaneous occurrence of several service conditions is investigated,
the service conditions not independent on each other should be substituted
by their resultant

e.g.: ANA*NB,

where B is independent of 4 and A%, while 4 and 4* are not independent
of each other. Substituting the dependent elements with their resultant:

AN A*NB=A*N B.

So, among the conditions investigated there will no elements dependent
on each other be left and. thus, their probabilities can be multiplied together.
4.1 Evaluation of the maintenance of individual elements

According to the foregoing statements, the following service conditions
of element ““a” can occur.
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element “a” is in working order: A
element “a’ is unavailable due to a defect: A4
element ““a’” is not under maintenance: A*

s unavailable due to maintenance: 4%

i

element “a’’
element ““a’’ is, thus, available, if in working order and not under
maintenance:
AN A*,
and unavailable, if

AN A4x.

Collating this result with those of Section 2.1, the maintenance of
element ““a” can be regarded as heing equivalent to the connecting of an
element a* in series with the original element *“a” (Fig. 4.2). Hence, the
probability of availability of element “a” is

P(ANA*).

To calculate this value, a further probability variable is to be introduced,
the probability of maintenance :

P17 =05

This relation can be interpreted in two different wavs, as described in
Section 3:

. Ne>T
I. Q_‘ B ~*.'_.’.\—___0_)__ R

N,
where ¢ [hours] = duration of maintenance,

N [days] = number of days of maintenance, or:

T- (k= K,)

11 0% = — =",
T,
where k [occurrences/T,] = frequency of maintenance,
T [hours] = duration of maintenance.

With these values, the probability of availability of element “a” is:
P(AN A*)=R,—QL=R,.

The probability of unavailability of element “a” is:

P(4 U 4%)= Q.+ 0%,
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because 4N A* =0 (Axiom VI, Section 1.2).
With the method of “complete system of events™:

Service conditions Probabilities  Resultant
A A4 . R4 — Q3% available
ANA* = 4 0. unavailable
AN A* = 4% Q% unavailable.

4.2 Evaluation of maintenance of series elements

The maintenance of a svstem consisting of series elements can alwavs
be arranged in such a way that all its elements are to be maintained simul-

a b K"
o— ) _F—{
Fig. 4.3

taneously. In the calculations it will be assumed that the frequency of main-
tenance is equal for all series elements (e.g. each element is maintained once
a vear). In such a case, the outage duration of the series path due to main-
tenance will be determined by the element requiring the longest duration of
maintenance. Let this element be k7. The equivalent cireuit of the series
path is shown in Fig. 4.3.

The series system is available, if

Its probability is

P(4 N BNK*=R,R, —

The series system is unavailable, if <“a”, or <“b”, or both, are defective,

or maintenance is taking place:
AUBUK*=(4UB)UK*.
However, according to the former condition:

(ANB)NK*=0,

thus

P[(4 U B) U K* = P(4 U B) - P(K*)].

Q.=0.+0p— Q.05+ 0k-.



RELIABILITY INVESTIGATIONS OF ELECTRIC DISTRIBUTION NETWORKS 117

When using the method of “complete system of events™ it should be
taken into account that the event of maintenance (K*) excludes the possibility
of a defect according to Section 4.

Service conditions: Probabilities:  Resultant network:
ANBNK* RiRs — Q%) available
(ANB)YNK*= ANB Q.Rz unavailable
(ANB)NK* = ANB R.AQg unavailable
(ANBY)NK* = ANB 0405 unavailable
(AN B)NK* = K* % unavailable

where, in case of (Jﬂ B)QK*, the first term indicates the disturbance of

the series system. hence

(ANB)NK* = AN B.

Similarly:

(ANBYNK* =0,

these rows need not even be indicated.
The above example refers to two series elements only, but the method

can be extended to cover anv number of series elements.

4.3 Evaluation of maintenance of parallel elements

A parallel system is shown in Fig. 4.4. Each branch of the above parallel
system can be a resultant of series elements. In this case, 4 represents the
resultant available service conditions of the series elements, and 4* the
service conditions of the series system under maintenance periods, as defined
in Section 4.2.

Maintenance of parallel elements should be planned so as to avoid
simultaneous maintenance outage of two parallel elements.

These conditions can be expressed as follows:

A*NB = A NG =F*NC*=A* NB* N C*—0.

3 Periodica Polytechnica El. X2,
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From that it follows:
A*NB*NC*=4* N B* = 4* 1 C* = 1%,
PA* N B* N C*)=1— P(4* U B* U C*) =

:1_(Q.A*QB+QC):]—"§Q{

-

P(A*NB*NC*NANBNC)=1-PHA*UB*UC*U4UBUC=
=1—[04+ 05+ 0c+ (I1-R,RzRc)] =
= — (04 + Q-+ Q¢)+ R RzR..

In addition to the above, Eqs. 4.2 and 4.3 are also to be applied. The
system can be investigated with the method of the “complete system of
events”. Six elements are contained in the syvstem, thus one of the combinations
of the six elements would appear in each row of the table. Since, however,
only the probabilities of independent events can be multiplied together as
stated in b) of Section 1.2, the combinations with elements not independent
of each other are to be transformed by means of the relations shown above,
for the interdependence of elements are defined by these relations. E.g.:

o

A*NB*NC*NANBNC = A*NB*NC*N BNC = (because 4N _4* = %)
and, further, = 4*NBNC
(because A* N B*NC* = 4%).

Similarly:

A*(\B* 7 C* ANBNC = B* " C*NANBNC.

In setting up the table of the ““complete system of events”, the first
group of service conditions will consist of the possible variations with element
*a” under maintenance. In this case it is assumed (Eq. 4.2) that during this
period “a” cannot become defective and the possible variations are com-
binations of “b” and ¢”.

The second and third service conditions are similar to the first. The fourth
group is constituted by the variations of service conditions in which no
element is taken out for maintenance. Since probabilities of independent
events only can be multiplied together (b) of Section 4.2), the transformations
mentioned above should be performed.

The service condition of the resultant network is shown in the third/fourth
columns. If one of the three parallel branches is capable alone of transmitting
the full load, then the third column applies, whereas if two branches are
needed to carry the full load, then the fourth column is wvalid.
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Adding the probabilities of the corresponding rows the probabilities
of available, unavailable and half-load service conditions can be computed.
The example shown refers to the case of only three parallel branches, bhut

the method can be applied to any number of branches.

Service conditions Probabilities: Resultant network, with
1 branch 2 branches
required for the full load
carrying

{*nB C QiRgR available  available
1* "B nC 04 0sR available  half-load
1* "B nC Q4 R 0¢ available  half-load

4*nB~C A% Q5 Q¢ unavailable unavailable
B*ndnC Q% Ry Rg available  available
B rANC Q04 Rc available  half-load
B*ndnl QB R, Qc available  half-load

B* A4 AC Q504 Qc unavailable unavailable
C*nAnB Qfg R4 Rp available available
C«rndnB QC Q.4 Rp available  half-load
C*nANB Q¢ R4 Qg available  half-load

C*~41"B Q%0405 unavailable unavailable
A*nB*nC* 4 ~BnC — (Q% —~ QB -+ Q8 -— RyRgR¢ available  available
B*nC*nAnBnC — (Qk =08 4 QsRp Ry  available available
A* nC*nAnBrnC — (0% = 08 + R4 Qg Re available  available
A* "B*ndBNC — (Qi\ = 08 -+ R4 Rp Q¢ available available
C*rdBrC — Q¢ = Q410 R¢ available  half-load
A*n4AnBnC — 3 -~ R40Qp0Qc available  half-load
B*rd~BAC — 0% +~ Q4R 0c available  half-load

4 BnC + Q4080 unavailable unavailable

5. Evaluation of statistical data

The availability calculations, as outlined above. should be performed
by utilizing the probability variables (Q. R. Q) of a network or networks.
The theoretical values of these variables have been defined in Sections 3 and 4.
A further task is to compute the practical, numerical values of these variables,
which can be performed on the hasis of statistical data.

In Section 3 the probability variables Q have been determined in two
different ways (I/Qar,: and II/Qag,)-

The statistical data have to be evaluated correspondingly, in the follow-
ing way:

3*
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a) Let us examine network element “a” (e.g. a given type of circuit
breaker or a 10-kilometre section of a given tvpe of transmission line, etc.).
From these network elements — of which a great number is present in a net-
work — a sample containing n elements should be selected. The probability
figures of the network element concerned shall then be determined on the
basis of this sample.

b) The period of investigation should be fixed according to Method I:
N, davs, according to Method II: T, hours.

¢) From statistical data the unavailability rate shall be determined
for each element of the sample consisting of n elements. According to Method I:

N [A@ =Ty
N, '
Values of T, shall be selected (0.1, 0.5, 2, 10 hours), and those of ¢; be
calculated for each value of T, According to Method II:
T LA — Ky
! T

?

q;: =

Values of K, shall be selected (0.01, 0.1, etc. per year) and those of ¢;
be calculated for each value of K.

d) The expectation value of ¢ is considered as the unavailability rate
(uncertainty) of the network under investigation. Best approximation is
obtained from the arithmetic mean:

go=0,— L ik iRtk Lo

n

This value is to be determined for all values of T and K, respectively.

The value of (, will be the more accurate, the higher is the value of

n. In order to simplify the caleulation, Sections ¢) and d) mayv be combined:

—’Nl ! _N-._, L e _:!LL
."?\"_r H Tzs l\?i' = _\v”
Qa==— T T -
or
T} e Tﬂ s - ,T_’L
Q R ,71' Tzr “ ) T‘ — _Tl - T2 R —T” -
A n nT,
i.e,
0= SN[ =T1)]. ol
nN, T
or
Qu=— NT,[Ak=K,) (5-2)
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e) The maintenance outage rate of the network element concerned is
now also to be determined. This can be done by means of formulae (5.1) and (5.2).
By evaluating the statistical values all kinds of unavailability of the inves-
tigated network element should be taken into account, i.e. not only those
due to a disturbance but any event that caused unavailability. If, namely,
one of several parallel elements in a system became unavailable, no outage
occurred. This condition shall also be considered in the statistical valuation
(e.g. if a terminal of a transformer exhibited an excessive temperature rise,
and a standby unit was put into service, and the transformer originally in
service was taken out for repair: no outage was caused, yet an unavailability
occurred). During the unavailability of such elements the reliability of the
resultant network is reduced!

Attention should be drawn to the requirement that statistical surveys
must be extended to cover all unavailability conditions !

The following statistical data referring to unavailability conditions should
be included:

Network element (e.g. 100 km transmission line);

Date of unavailabilities;

Duration (¢) of unavailabilities;

Cause of unavailabilities (insulator, conductor, etc.);

Loss of kilowatthours, if any.

From the above figures the following data should be determined:

N4 =Ty,
and T [A(k = K,)] .

where k indicates the rate of occurrence for each cause.
The data should preferably be processed by means of punched-card
type computers.

6. Evaluation of the resulis of reliability investigations

Performing the operations shown in Sections 2 and 4 with the probability
variables described in Sections 3, 4, and 5, a resultant unavailability rate is
obtained. The result of these operations is as follows:

With Method I:

N

-T,)] frequency [occurrence/year]

Qc:

<

for various periods T .

'

With Method II:
= T_[_(lf; K))] duration [hour/vear]

T, for various frequencies K.

@

Q.



122 Z. REGULY

The result in both cases is a two-variable probability function. The
valuation of this function can be performed considering two different aspects:

6.1 Technical aspect

The calculations give information on the reliability of the investigated
system. Comparison between several different systems can also be made on
this basis.

6.2 Economic aspect

No firmly established methods exist for the economic valuation of
reliability or for assessing the expectable value of energy not supplied to the
consumers in consequence of a disturbance.

a) In principle, the expectable value of energy loss due to a disturbance
lasting a given period of T, can be evaluated by means of the following for-
mula:

ﬁ— = T Paveragt [k‘Vh] .

where T [hours] is the expectable duration of system unavailability (outage)
within the investigated period T,:

. IQU min) .

P (kW) is the average load of the system.

Now, the problem is to find the economic value of lost energy W, i.e.
the economic damage caused by this outage. The determination of this damage
is extremely difficult, because it cannot be taken as equal to the value of
products that could have been manufactured by means of this electrical
energy, since the loss of production due to an outage is one that can sub-
sequently be made good. An irreparable loss is represented by the idle time of
workers and emplovees, or the damage resulting from a manufacturing process
that cannot be carried on after the recovery of supply voltage, ete. The assess-
ment of damage due to a disturbance imposed on public consumers is a further
problem. According to results of a few attempts made in this country to find
numerieal values for this damage. the figures are in the range of 10 to 30
Forints/kWh.

These, however, can by no means be regarded as well-established figures,
and many authors admit that this problem has not been solved anvwhere yet [7].
Some attemps were made in France by EDF. but according to recent infor-
mation, also these failed. The general opinion is that such specific values may
be found for individual industrial plants, but values of universal validity could
not be found so far.
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b) The valuation of a given unavailability rate may perhaps be
possible in the case of industrial plants where the economic damage dependent
on the duration of outage is such a sway that no damage is caused by a short-
time disturbance, minor damage is caused bv a longer disturbance and severe
harm is done by a disturbance of longer duration (e.g. in metallurgical
industry and mines. where life hazards may also be involved).

7. Summary

Using set-theorv and probability arithmetic a general method can be developed for.
numerical evaluation of resultant reliability of widely varying network configurations. Simi-
larly, the maintenance outage rates can be correctly evaluated.

Reliability or expected outage rates of network elements can be evaluated by means
of mathematical statistics. Existing statistical records on system disturbances must be com-
pleted with data required for reliability calculations. Evaluation of data is preferably per-
formed by means of punch-card computers.

Based on these theoretical considerations detailed computations will be performed
to evaluate the reliability of actual networks. The results will be published at a later date.

F3

I wish to express thanks to Professor Dr. P. O. Geszti, whose advices were of great help
in solving the problems dealt with in this paper.
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