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SYNOPS IS

The statistical informaetion about the failures in the
working of devices can be used for improving the construction of
existing ones and developing new ones a&s well as in the analysis
of thelr production, This calls for development of the general
methods of Reliability Theory to make 1t sultable for the fallure
analysis of protective schemes of large Power Systems, Failure of
a protective scheme may lead to great finanelal loss and adverse
vccnsequences. Therefore the fallure analysls of a protectlve
scheme needs thorough investigation, The present work discusses
mainly the followings

1. General methods of Reliability Theory, including the
discussion of different failure distributions.

2, Failure analyslis of maintained and non-maintained systems
for different mathematical models usually encountered in Reliability

analysis,

3. Component fallures, their reasons and the effect of their

fallure on the system containing these components.

4. Protective relays whether conventlonal or otherwise operate
under different conditions and this calls for modification of
reliabllity principles for application to thelr fallure analysis.,

S, Detailed analysis of Selective and non-selective operation

of relays.,

6. Different techniques of reliability evaluation of a complex

system and their usefulness in reliability assessment,
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LIST OF SYMBOLS

Fixed number of components
Number of components falled out of Hb

Number of components survived out of Mo
Differential
Reliability function (R)

Failure function (F)

Fallure density function (f)

Fallure rate ,

Time between two consecutive failures (1/A).
Fallure rate function.

Emperical derived parameters or constants
Time

Mumber of trials

Number of occurance out of m trilals
Probability of success occurance
Probability of failure occurance (l-p)
Average number of fallures

Laplace operator

Small time interval

mean wearout life _
Standard deviation of the mean life time from the
mean 1ife v,

Rumber:' of events

ConStan;

Deterioration function

Instantaneous damage functlon.

Constant of integration

Total life time

Number of equipments or components,

1,



Probability of sufviving

Failure rate probability of an line equipment
Failure rate probability of off line equipment
Failure rate probabllity of switeh |
Time at which wearout starts.

Debugging time

Repair distribution function

Repéir rate

*Availability functitn

Mean time to failure
Mumber of series elements

Number of parallel elements

2.

Probability of appearing the ﬁndesired output signal-
of one element (probability of non=selective action).

Probability of non-selective action for scheme.
Probability of failure for an element.
Probability of failure for scheme.

Actual probability of non-selective action,
Gain in selectivity

Reduction in probability of failure.

Elements 1 and 2 are in parallel (or gate)

Elements 1 and 2 are in serles (and gate).
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INTRODUCTION

In the last few years reliability has become of prime econcern
to an Engineef or Technologist as the complexity of his system
grows more and more. With the advancement of space technology,
rellability has taken an important place, as each constituent
part or system of a space vehicle has to function properly during
1ts operative life for a successful experiment. The cost of

failure to operate successfully may be quite high,

Generally the cost of unrellabllity is not only the cost of
the failed item, but of the associated equipment as a whole, which
1s damaged or destroyed as a result of failure, due to inter-
dependancy between components in a complex system. To a power
Engineer the reliabiiity of protective scheme4is equally important,
since the failure of a protective Sheme whose function primarily
is to protect the equipment under abnofmal conditions, may lead to

heavy loss of money,.time and also human life.

Recently, there have been efforts(22’27) in the direction of
making reliable operation of protective schemes, Studies have been
carried out to analyse the underlying ﬁheory of the reliable

operation of protective relays.

In the present work, the author has tried to analyse the
successful operation of relays through the existing concepts of
Reliability theory as such reliability is a new and rapidly
developing field, New ideas and methods»are appearing constantly
and in this context one can safely say that reliability is a field
in vhich theory of today may become the fact of tomorrow or other-

wise,

In the first chapter the author has explained the mathematipa:



concepts of reliability and different factors on which 1t is
dependent or depends.

In the second chapter of this dissertation the guthor
elaborately discusses the different stat$stical distributions
necessary to represent the fallure phenomenon of any component
or equipment. Some of the distributions have been deduced for
a combination qf'two fallure functions and with the assumption of
different fallure rates. Also discussed in Chapter«2 is the
common life curve and possible, aﬁp?opriate distribution: funct-
ions describing a particular zone of this curve. Applications of
different distributions have been indicated clearly.

Depending on system maintenance the faillure analysils Has’
been done in Chapter 3 of the dissertation. Different system ‘
configurations have been consldered for the analysis of maintain-
ed and nonamaaigtained_systems using proper mathematical models,
Importance of maintenance has been stressed with the help of

proper graphs,

As the relays differ 1n respect of their operation from other
conventional components which are constantly in use during their
11fe time, the reliability theory, before it could be applied to
relays, needs éertain modifications. The* relay must operate when
desired but should not when not required, This discriminative
requirement 1is called selectivity of the relay and must be present
for reliable operation, The selective and non-selective features |
of protective relays have been analysed thoroughly in Chapter-4,

A general study of component configuratidn has been studied with

the help of the computer (IBM 1620) and optimum values of



probability of fallure and probability of non-selective action
have been found out for different configurations. One can select
from the charts of Chapter~4, the optimum values of these two

varients as per requirements during the design stage.

The critical review has been carried out for component
failure analysis in Electriéal and Electronie circuits in Chapter-6.
The mods of these fallures of dlfferent electronic components have
also been discussed, The author performed some experiments bn
carbon composition résistors and found results consistant with the

theory as per detail given in Chapter-5.

Chapter.ﬁ discusses the causes of common fallures in convente~
ional and unconventional relays with particular emphasis on reasons
of change in relay contact resistance, Certain precautions needed

to ensure a reliasble operation of relays have been described,

In the 1a§t Chapter the author has given different technlques
for the evaluation of reliability of a system. Technijues for
reliability evaluation of complex systems such as non~series
parallel etc., have been studied through the Bayesian theorem.
out of tolerance failures can be analysed effectively by the Monte-
Carlo method. The method of approach and related flow chart havé

been given for the use of the Monte~Carlo method,

In short the effort has been to present the modified reliabi-
lity approach for the failure analysis of protective schemes using

conventional and unconventional (static) relay ecircuits.

—————
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CONCEPTS OF RELIABILITY THEO&!.
1.1, Definition of Reliabilitys

In its general form "Reliability is a probability of
success", A widely accepted definition reads "Reliability is
the probability of a device performing its purpose adaquately
for the period of time desired under the operating conditions
encountered in practice"., More specifically reliability expresses
the number of chance of an equipment po operate without failure
for a given length of time in an environemtn for which it is
desiwed.
1.2, Mathemaﬁical Caneptsgl’z)

1f Mo numbér of components (same type) are repeatedly tested
and out of which Mt the number of component fail and Mg number of

components which survive then,
M° = Ms +Mf ' XX . sen ' (lvl)

from equation (1.1) 1t 1s clear that if mamber of surivival
components ¢~ inecreases then the number of fatlures decreases
exactly by the same amoﬁnt, Ms increases. So reliébility'of

components surviving at any time t 1s defined as-

MS Ms ‘ ' ‘
R(t)-'-'-' ﬁ"" = W | see (102)

o
and similarly,

F(t)e—-—‘l- r‘f‘»r | i (1.3)

R(t) + F(t) = 1. (which 1s evident also)

M - M - '
R(t) = "'g'ﬁ;n_f—_ .gl.. Mr ce e (104)
(v] 0 ’

differentiating (1.4),



M
& a- g

[+
- -%; _g.,c- M, ee (1.5)

as Mo 1s constant-

1 R

from (1.5),

gg Mp = =M '%‘E R(t) (1.6)

£

which 1s the rate at which compénent fails;

therefore, ‘
4 . d_
Jt Ve ® - 5T Y
d1viding (1.6) by M,

d - d
il VR iy b0

The left hand side is defined as the probahility of failure per

survival component and will be called the failure rate A.

R(t)

4
ol

. 4
A= ﬂ%)- . Sz R(D)
or
A.dtz -

Integrating

t , R )
/{A.dt R - /{ g%f%; B - loge R(t) + Constant'
(0] o)

but when t = 0 R(t) = 1

~‘/' Adt
R(t) = e 4



| t
= exp (= Adt) .. (1.7)
o]
'Be-_-%- or A=

WherQ’
B 1s the time between two consecutive failures.

In the above derivation no assumptions have been made about
the faillure rate Ay and therefore A may be a constant, any variable,
a differential or a integral function of time t. Therefore
equation (1.7) can be represented as reliability i"imction in most
general way. The equation (1:7) can be applied to all possible
kinds of failure distribution funetions.

‘From equation (1.5) 1t 4s clear that -grﬂ(t) represents
the slope of R(t) at any point t, This slope is alvays negative
right from ¢t = 0 to vhen t = infinity. ini equation (1.5) %5 Mo
vhich represents the frequency at which fallures take place at |
ariy time t provided f'one of the components is replaced, If g;;-ur
is plotted against ¢, the time distribution of the failures of
all the original MO components is obtalned. 1If —A‘— W
is plotted against time, then failure frequency curve per component
1s obtained. It is thus a unit frequency curve, called the féilure
density curve £(t) or generally denoted by f.

or '
£ = _iz, g't' M cee (1.8)

F(t) = (from equation 1.3)

°=1.4=

or
. 4
TEW) = e e
substituting this in equation (1.8)
£(t) = §g F(L)

or
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F(t) = f’f(t) dt . e (1.9)

equation (1.9) shows that the probabillty of failure at any time
t 1is the area under the failure density curve taken from ¢20 to t.

CR(t) = 1-F(t)
As the area under the density curve is always unity
&

t.e. [E(8).dt =1,

J[f(t)dt + jff(t) at =
or
RCE) = ]'r(t)dt. s ver (1.10)
1.3, Properties of Conditional faillure rate A: |

The failure rate A, which has been defined earlier in \

general, is a function of time t, i.e.

A=h(t) e oes (1.11)

The conditional fallure rate of a life or fallure distribut-
lon plays an important role in reliability analysis. The correct
knowledge of this failure rate h(t) uniquely determines the failure
denéity funct%oﬂ;‘failure function and reliability function or
some other related function. | f B |

H(t) =_/” h{(t) at e ces (1.12)
o |

or t
H(t) = [ h(x) dx
o

and the failure.density function can be defined as-

f(t) = h(t).e“H(t) » DQ‘. ) " (1013)
The failure digtribution is- 4y - ‘
F(t) = ft f(t) dt = 1" e LN (1014)
o

and the reliability funetion R(t)= o~B(E) ., (1.15)
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STATISTICAL DISTRIBUTIONS

To analyse any statistlcal data avallable, the knowledge
of different d@istribution function is essential. All events
behave according to éome law or the other although being random
in nature, It is possible that a ﬁarticular distribution function
may not exactly represent the history of events, but it may still

be done with some tolerance on the closeness,

2.1, Classification of various distributionss
2.1.1. Conditional distributlon functionss:

If the probability of fa;lure of a eompohént in time °
interval t to (t + dt), provided it has survived to time t is
independent of t, This means that component does not age or
wearout but fails due to some severe adverse s%dden conditions
for example; sudden over voltages, short circuit or severe shock,

This corrosponds to

h(t) = A (constant Tailure rate)
hence=

£ .
H(t) = f h(t) dt
= At

or REt) = oAt ., | (2.1)
equation (2,1) is called an Exponential Distribution.

If the probahility of failure in the time interval t to
(t+dt) is not constant (as assumed above) but varies linearly with
time~

1.0ey h(t) =

H(t) = ft at dt

= 4 at?
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R(t) = exp (=} a.t%) ... (2.2)

Now considering a moré general case i.e. probability of

faidure in time interval ¢ td (t+dt) 1is given by~

h(t) = gtb"l

a

a 70
H(t)= %fttb“l at = ﬁ.b b>O0
Py £t 20
‘R(t)= e"tb/a s | . (g.é)
e B ot (244)

equation (2,3) is known as Weibull Distribution.

If the probability of failure in ¢t to (t+dt) is taken as
ab.ebt i.es 1t varies exponentially,

h(t) = ab.eP® a>0
R(t) = expl=a(e”” « 1)} £20

see (2.5)
equation (2.5) is known as BExtreme Value Distribution.

The modified extreme value function can be derived if-

t
h(t) = g= b0
- : t>0 -
229 R(6) = oxp K- =g (6% = L)Y N X

which is known as Modified Extreme Value Function,

The fundamental difference between the Weibull and Exponential
distribution is that an exponential law admits only one perameter
model while the Weibull's modelca) consists of a class of two
paranieter models of statistical reliability function. In Welbull's
distribution ' ,

R(t) = e'tb/a .o ves (2.7)
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where a and b are the empirically derived parameters. From
equation (2,7), 1t is clear that the two parameter(4) model

permits greater flexibillty in curve fitting. As a specific

example if b = 1 the Weibull distribution turns out to be an Expon-
ential distribution and if b = 2 the general form of Gaussian error
curve is obtained as a speciai case. A better fit to empiricélédata
¢an be obtalned with two parameter model than with a single parae-
meter model, However, if a better fit i1s the sole eriterion of
acceptability, the two parameter models can be used and further
improvements can be made by adding third and even a fourth para—

meter alsos T : e
for;Wéibull'Distribution~
Wb, X D
= h-tb“l 0~¥7/8 ana F(8) = 1-e t™/a

- Then except for the degenerate Exponential law case (b=1)
failure rate is not constant with time, This checks out with
immediate idea about failure mechanism, particularly'wearout
"phenomenan If this function is to be fitted to the wearout end
of an empiricalvﬁistribution then b must be greater than one,
wvhereupon F(t) becomes initially very large and later tends to
zero as time increases to infinity, which is in direct contradict-

ion with any known and reasonable aging process,

If the Weibull distribution 1s justified then some additional

provision analogous to the protocols are adopted,

end
Typically the wearout/of the failure rate curve is of more

interest and hence b must be greater than one. The burn-in period
is then defined irrelevant by the éssumption that relay contacts
are sufficiently aged before the test begin to reduce burn~in type
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failure,

-

To £it the entire range of the classi¢al fallure rate curve
by assuming that observed failure rate really aggregate of the
failures due to different causes'and subjected to different

laws, This argument(s) provides a failure density function of
the forms | |
‘”l - b b "l - bz .
£(t) = aatbl ot Va by t 27 gt . (2.8)

where bl‘z‘l amd by > 1
and a3§ 'hs, al and ag all are greater than one.

An other type of the failure distribution can be derived
from the bionomial theory of distribution which is the probabi=-

11ty of exactly n occurance out of m trials is given by,

m. m.n @i R
m, a - .n _ ' . M=-nn N
%P T TTETEemy P 9 v (29

in which p represents the‘probability of non ocecurance of events
(failﬁre) end q «(1-p), the probability of occurance. It is

- assumed that p thereby q also remalns constant throughout. an
independent trial,

In case of reasonably good equipment the failures wiil ‘
be small in number and the probability of failure will be small.
As q approéhces to zero and m approaches to'infinity in such a
way that the product mq=k i.,e. the expected or average number of

fallures remains finite,

From the definition of m, g =-%§ and p=(1- §~0¢ Now
substituting these in equation (2.,9) and substituting the limits
as m approaches to infinity and simplifying the equation (2.9).

The equation (2.9) can be rewritten as-
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Lin (m)] k _\n m=-n
m——*l(n)‘(m~n)' ( ) (l‘ “") I
n _ .
or M gF. "™y =(;f§-:- e™® (Appendix-1) vee (2.10)
n o '
or Pgm’n) = TEYTe-k LR RN 280 (2511)-

k = average number of failures during time interval t

which can be replaced by (A.t), 1f A is the average fallure rate.

N n _=A.t :
Pat) = —(ade oo e (212)

The equation (2,12) 1s known as Poisson's density function,

Then,

It is interesting to note that Poisson process directly
leads to another wellsknown distribution known as Gemma distribute-
ion. If instead of obtalning the probabllity of n failures upto
a time t, it is desired that the probability of fallure at a
specified time should be exactliy n, one can deduoé'fhe Gammé
distribution. For the Polsson distribution the random variable
i1s the mumber of fallures while for the Gamma distribution the
time i3 a random variable. Thus Gamma distributicn(s) can be
obtained by differentiating the Polsson distribution and is of
the form,

AD
(s+A)"

Pn(s) = in Laplace transform

The inverse of this expression 1s,

tn“l “A;t‘
SURECR

or £(t) = AR £RL At G (2,13)
= -—T“““YT © PR P ‘o

equation (2.13) is known as Gamma failure density function.



17

T VL.
fma ¢ e e s (2.14)

L]

R(t) =
L\ .

) r Al n"‘l - p

P(t) =-J _%iﬁ'jt.ﬁ—i've A.t dt ese see (2-‘15)

4]

Besides, the distributlons described above there exists
an important distribution known as Normal or Gaussian distribution.
Failure density function_g(t) is defined as~

UL .
£t) s =A=e F . L cee  (2.86)

u 750
.‘-.ozvé—o
Io < t £
vhere v z‘mean ﬁearout 1life '
u = standard deviation of the life time'fioﬁ'the'
mean 1life v. | -

-y &ep? |
O R(E)= i 1 Iat '(é‘l’?)
Rt) Z[u‘[é—ﬂ—_-e o’l oo weo -
2
| S =1 ‘ghg X B -
F(t) =2 f u.\/ﬁ e dt. , ees (2018)
4]

ST
u = 2:(§:v).
The value of N in the expression of u is the number of events over
which Zi'(t*v)a 1s made. The plots for density function, reliabi-
1lity function and failure function for different cases are given
in Figs.(2.1%0 2.5).
2+1.2, Unconditional Distribution Functionss:

In the previous analysls it 1s assumed that fallure rate
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does not depend upon the past history of the operating conditions
i.6. only conditional probability, of fallure has been considered.
But the above idea has been further extended(7?vin the following

manner.

If an item is made up of 1 independent components. In the
course of time one component after another fails, and there is a
critical number of failures d, such that entire system fails
when 4 of its comppnents have falled., Thus number 4 depends in

general on the items under the assumptions.

(1) The conditional fallure rate depends upon the elapse of
time t and instantaneous damage at time t in the following
manner.,

h{t) = w(t). d(t)
where w(t) is the deterioration function,
and d(t) is instantaneous damage at time t.

(11) If at time t an item has sustained damage and ] of 1ts
components have failed, at that time, then each of the

remaining (i~J) components, is exposed to damage by

a(t
Ers B

From the first assumption, which clearly states that
conditional failure rate can be divided into two parts, wearout
and severe shock, overloads, over voltage or short circuit which

may cause damage at any time.
Taking the case where-
_ '%’E w(t) =0 and d(t) =C

the emponential distribution is deriveds
If gg-w(t) =g
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w(t) = a.t + G vhere G = Constant of integration
Also when t = 0 w(t) = O

therefore G = 0

hence wit) = a.t.
and d(t) =C
Then h(t) = a.t.d.

t
H(t) = a.t.C dt.
J

= m.g_..f_
o a,C t2 |
and R(t)= equl - ""!"'"2"""" l *e e see (2019)
f(t) = adc t GXP‘o!" 'a".%"_t' I e e (2020)

Taking another general form~

%‘g w(t) = a and d(t)=b et

wit) = a,t
Then h(t) = a.t b e?® |
and therefore H(t) = a_ebt (t - —%)* 1

‘The second assumption states that irreversible and cumulat-
ive damage occur in the item in the course of time, as. the
components fail one by one, remaining components are exposed to
an inecreased share of total danlxa.g.e, However the deterlaration~of
component will remain unchanged, regardless how magy of the
components have failed, Assuming that critical mumber of failed
components is d, then the density function f£(d,t) is given by—
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_t - t
t@@,0)= iyt 12 [w(taw as 07 exp.f-2 g’w(t).d(t)dt;
ees (2.21)
As a special case when component does not deteriorate
Jw(t)=Al and that the damage is assumed to be constant than

above equation can be written as-

d .d-1 ' ,
£(a,6) = Ao omhE ‘es e (2.22)

which is density function of Gamma distribution,

2,2, Application of Different Distribution Functionss

‘The exponential distribution hés constant fallure rate
and this property limits its use in many of the rellablility models.
Since fallure rate ls constant 1t imparts an impression that a
component at any time during the l1life span T was new and placed in
operation just then; The probabllity of fallure of a component at
any time t after it is put to use is saﬁe»as for the remaining life
(T~t) such as electric fuses ste, This does not very much simulate
the actual condltions encountered in practice{ However in many
cases, this model may be used effectively with reasonéble tolerance,
The Welbull and Gamma functions with parameter 'a'_greater than
one have increasing fallure rate as time inecreases, The modified
extreme value and Nbrmal distributions also have an 1nereasing
rates. These items under close eontrol of both the manufacturing
process and the condition of test, a Normal theory of failure
. seems to be consistant with the data, However many 1ife length
distribution occuring in practical applications are not Normal
because they are markedly skewed where the normal distribution is

symmetrical.
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The Gamma distributionte) is extremely useful in fatigue
and wearout studies, Wbibﬁll family of distributions have increas~
ing failure rate for 'a is greater than'one, but in this case
failure rate is unbounded. This type of distribution is also useful
to describe fatique fallures, vacuum tube fallure and ball bearing

fallures ete,

2.2.1, Life Distributions
Failure rate vs, time curve if plotted from empirieal
data on actual system, resembles the theoretical curve cloéely
enough to make a consideration of the later worthwhile from a
practical stanﬂpoinﬁ.. .
A theoretical failure rate vs., time curve i1s shown in
Fig.2.6s. This curve can be divided into three distinet regions

viz. early failure, chance or random failure and wearout fallure

Z0one.

2.2.1.1. Region of Early Failures

In this region the failure rate is initially very high
but shows a tendency to decrease shappely with time., These
fallures are due to defects in manufacturing and poor quality
control techniques or during,the assembly of an equipment, a poor
connection may go through unnoticed. These failures can be eliminat-

ed by 'debugging! or fburn-int processes(s),

The debugging process consists of operating an equipment for
a number of hours under coﬁditions'of actual field use. The
weak or substaﬁdard component fails in the early hours of the
cperation. - These failed components are replaced by good components

and only then the equipment 1s released for service., The burn-in
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process corisists of operating at lot of components under actual
working conditions for a number of hours and then using only
those components which survivey for the assembly of the equipment.
Generally early failure follows an exponential law of failure

distribution with reasonable tolerance.

2.2.1.,2+ Region of Chance or Random Failure:

These failures can not be eliminated either from good
debugging techniques or even the best maintenance practices,
These fallures are caused by sudden stress azcumulation beyond
the designed strength of the component. The chance fallures
occur at random intervals irregularly and unknowingly. It 1s
difficult to predlet chance failures, however they obey certain
rules uf collective bohaviour so that the frequency of thelr
occurance during sufficietmly long period 1s approximately

constant,

2+2.1.34 Region of Wear~out Fallurez
- In general the fallure increases slowly as the item
reaches the end of its useful 1ife, These fallures occur vhen
the equipment is either not properly maintalned or not at all

(9)

maintained. In most of the cases wear-out fallures can be
prevented by periodic inspection and replacing the equipment or
component before wear-out tekes place. This region obeys closely

Normal failure distribution law.
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NON-MAINTAINED AND MATNTAINED SYSTEMS

In general maintenance policies can be formulated into two
categories viz,.

Non-malntained and Maintalned systems.,

3.1« Non-maintained Systemss

The non-maintained systems are those systems where the
maintenance action is not at all taken during the useful 1life of
an equipment., While describing the reliability of a given systenm

i1t 4s necessary to specify:

(1) The equipment failure process.
(11) The system configuration which describes how the
equipment or the component is connected and the mode

of their operation,

(111) The state in which the syste-m is to be defined as
having falled.

| The simplest hypothesis, from mathematlcal point of view,
is to assume that equipment falls in accordance with negative
exponential distribution., This assumption helps to use Markor=

(10,11)

process vhich gives simple homogeneous linear differential

equations with constant coefficients, .

There 1s plenty of experimental and operational information
avaeilable to justify the use of exponential failure law, ~Cahrat(12)
is one of the earliest investigators to show the statistical

(13'14), who

nature and further studies have been done by others
cléarly indicatas that exponential distribution adequately tallies
with the statistically determined failure distribution. Although

certain components within an equipment may not exibit the
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exponentlal fallure pattern,‘the equipment will generally behave
so, provided the components are replaced as and when they fail,
so that their ages become mixed after some time. This phenomenon 1is

demonstrated in reference (15).

Many types of fallure distribution functions have been deseribe
ed in Chapter 2, but infact the failure pattern of complex electronic
circuits is much more complicated, to be thoroughly described by a
simple statistical faillure model., This does not mean however that
no reasonable statement can be made about equipment fallure distribute-
ilon but the correet approach 1s to select proper failure distribution

function which will be very close to any standard distribution.

For non»maintainad,systems, the reliability function R(t)
gives the prébability.that.an;quipment will not fail in the given
ihterval of operating &ime (O,t). From this other funetions can
also be derivad very easily. For nonemaintained systems the follow-
ing configurations have been considered as shown in Fig.(3.1),
which are=
(1)‘Series, (11)vPara11el Standby (411) Parallel redundant
(1v) State Dependancy (v) Redundant with imperfect switching.

3l.1. Reliability-Models for Series Configurations
In the derivation of reliabiiity function R(t) for series

configuration thé following important assumptions will be mades

(1) The system will be completély inoperative when any one of
the x equipnments or components will fail, . |

(11) The probability of fallure of each equipment is independent
of the remaining (x~l) equipments, | ‘

(114) The probability that any one equipment will fail in the time
interval t, (t+dt) is A,dt, provided it has survived upto
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time t.
(iv) Cumulative probabdlity of failure of & equipments in
series will be xA. |

The transition matrix is prepared as followss

0 1
0 f 1-xa 07}

P = X X
11 ’

i o ;_l

for initial conditions, when ¢ = 0 all equipments are operative.
f.es ' PE) =0 if £t #£0
=14f ¢t =0

The above transition matrix gives,

Po(t+dt) = P (t) I 1-x4 atl + 0(at) ... {3.1) - -
: P_(t+ dt) = P_(t)
F @ 3 PI(t) = -xA P (L)
or Pa(t) = wxp Po(t) »ee see ' (3.2)

4

The solution of equation (3.2)will be of the form=

Po(t) = e“xAt i ' [N ) (XX} (3.3)
or R(t) = P (t) = ¢ F*A¥
11 p = o"AY

The rellabllity of serlies configuration can easily be written
ag« , o
R(t) = P¥ , ces oo (3.4)
3¢142s Rellebility Models for Parallel Standby Configurations
In this type of configuration only one equipment
is ‘operating but when 1t falls a standby equipment is switched
on to the line and the falled eguipment is taken off the line.
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The process continues until all (x-1) equipmehts have failed,
The following assumptions are mades
(1) The system will fail when all the x equipments have
falled.,

(1i) The failure probability of each equipment is indepen-

dent of the remeining (x-1) equipments,
(111) Switehing is perfect,

(iv) Thé‘equzpmept can only fail while in the operéting
positions wi££ conditional probability‘A;dt. Thus
off line equipment can not fail until switched on
to the line. B |

The transition matrix is formed as belows

0 1 2 3 cees X
Q g‘?§fA) .g.' 0 0 e o‘“g
1} 0o @ a 0 i 0
Pp= 2 i' 0 0 (1=A) - A ... O }
i | i
x {“- 0 0 0 0 ... 1._i

Por simplicity only three equipment redundant system is
considered, -

The transisition matrix gives the following equations.

P, (t+dt) = Po(t) I 1-4 dtI+Py(t) A at +0(dt) |

Po(tsat) = Py(8) 1 1-A athePy(t) A& a6 + 0L (3 )

Po(tedt) = Po(t) Y1-AdtY +P4(t) A dt.+0(dt) §
Reliabllity functimR(t) = P, (t) + Py(t) + Po(t) ... (3.6)

The following Linear differential equations are obtained from
the set of equations(3,5)
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i

PL(Y) = -A P (t)

it

PY(t) = =A P,(t) - AP (%)

sse (3.7)

L YNt 2t Sl youl,

PY(t) = =A Py(t) =A Py(t)

The solution of set of equations (3.7) is as followss

P (t) = e ~At ; |
pL(8) = T‘ﬁ o | g eor (3.8)
Py(t) = f;ﬂ oAt :
Hence R(t) = Po(ﬁ) + Plft) + Pg(t)v |
2 o"ht( 14 428 & gtf ) (@9

The reliability function for x redundant standby systems
can be generalised by 1nduction nethod from equation (3.9)~

w=x-l

aty"
R(t), = ..At ‘ ZE) 3 'i( Cees (3.10)
v= ; ,

Fig.{3.2) shows a plot of two parallel standby redundant confige
uration reliability function as compared ﬁith reliability function
for a single equipment system.

3+1.2.1s Reliability Model of Parallel Standby with off line
Equipment failures

In the foregoing analysis it was assumed that the off
line equipment does not fail but if it is assumed that off-line
equiphent also has some probability of failure ﬁfdt, but switching

is still perfects The other assumptions are the same.

The transition matrix 1s formed only for two redundant

systems for simpliecity.
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0 h X 2

0 {’i—(Ao+Af) (A, *Ap) 0 ‘¥
1 ; 0 1-A, A, §

] i
2 {ﬁ 0 0 1 _i

The following linear equatlions are formed from the above

matrix,

P,(t+dt) = P, (t) Il (A +Af)dtl + 0(dt) I
.5 (3011)

P, (t+dt) = pl(t) 1 otAp)atl +Py (t)I1-A, dt!*o(dt)l '
The set of equations (3.1l) gives the following differential

equations.
P(t) = = (A, +Ap) P () ; L
i v I *aN L2 ‘(3.12)
P{(t) = (A *A.)P,(t) = AP, (t) |
but __ »
R(t) = P (%) + Py(%)
The solutlion of equations is-
Po(t) = exp X=(A + Ap)t] ﬂ , § .
A _+A At T OAL+A (Aot & i (3.13)
Pl(t) = ‘““QE“;“““Q Ao * —mgxwtu»e* Ao Af) I
o ° ,
therefore- A
R(t)= o~ (Ao*Ap)® 4. ﬁ”;ﬁg“e Aot . 2oty o~ (RotA)t
| Ao
° | eee  (3.14)

3.1,3. Reliability Models of Parallel Redundant System{16»17+18X

In this type of configuration all the x equipments
are sharing the total load equally (operating simultaneously).
The reliability function is derived with the following

assumptions,
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(1) The system will be inoperative when all the x components

or equipments have failed,

(i1) The probability of failure of each equipment is independe
ent of remaining (x~1) equipments,

(111) Each equipment is having same failure rate,

(1v) The probability of fallure in the time interval t,(t+dt)
1s Adt, provided it is operative at time t. The transite

ion matrix is formed as below:

0 1 2 - 3 x
0 {]:xh xA 0 | O 4o . 4] —.g
¥ v : o X
1 %0 l“" (X*l)ﬂ. ' (X“l)A 0 Bevsy 0 g
P= 2 o 0 1-(x-2)A (x-2)Ai. O )
1 4 IO L - » L | %
x gé 0 0 0 °o_1

For simplieity, three parallel redundant systems have been
considered, and generalised reliability function for x equipment

has been formulated.
The following equations are formed from the above matrixe
Po(tHt) = P (%)J1-3A3t]+ O(dt)

Py (X+dt) = P_(%).3adt+P(t)¥1-2Adti+0(dt) .. (3.15)

‘)‘(aﬂm

Pz(t+dt) = P, (t)2Adt + Pz(t)ll-k dtj+o(at)
The set of equations (3,15) give the following linear differential

equations,

4
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PI(E) = -3A P_(t) I
, |

PI(t) = BAP,(t) = 24P,(%) % ‘e vee (3.16)

PL(t) = 24P, (t) = AP,(t) |

The solution of set of equations (3,16) is -

P () = o738t 1
| X
Po(t) = 307A% . go~2AL 4 AT
But «
R(t) = P, (%) + Pl(t) + Pz(t)
= 39'At - 3g72At , BAt .ss (3,18)

For two parallel system-

R(t} =0e~AY . o"2AY

I P = At

Then R(t) for general x parallel system will be given by-
R(t) 1‘(1”P)x an e (3;19)

If sach equipment has different failure rate, then~

R(t) = 1"’(1"Pl) (1"p2) esas 0(1“P ) "o (3320)

Fig. (3 3) compares the reliability funetions for both stand-by
and parallel redundancy of a two equipment system against normale-
ised time.

3.14. Reliability function for State Dependency Models:
In the previous models it was assumed that the
probability of fallure during the time interval t, (t+dt) is

constant, which in general is not true. For example two
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equipments are operating in parallel and sharing an equal amount
of load. If one of the equipments has failled then the entiie'load
1s transferred on to the other eqﬁipment. This will definitely
increase the probability of fallure, assuming that it was operat-
ing with failure rate A, If the above fact 1s kept in view then
i1t 1s necessary to devélop such models in which failﬁre rate
changes with the state of the system, Assuming that transition
probabilities are linearly related'With the state of the systen,
fee,, o | | | : IR

A, = A(x+1)  (Linear Matkov-process)
or Adt = Alx+l) at e ees (2.20)

The transition matrix is formed as followss

.....

o . 1 2 3

« x
0; 1""A A 0 0 ese 0!
a g 0 1=2A 2A 0 400 O g :
p= 2 g 0 0 1-3A BA eee O {
I |
i | I
x J_0 0 o 0 1

To simplify, three parallel state dependency models have been
;;Asideréd‘ ‘ _ |
The following linear equétions are formed'from the above
matrix for the case under considesation, | R
P (t #dt) = P (t) Yl-adt]+ O(dt) ; 4
Py(t+dt) = Py(t) Adt + P,(t)I1-2Adtf+0(dt) % (3.22)
X

Po(t+dt) = P,(t) 2adt +Py(t) Jl-3adti+9(dt)
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The above set of equations (3.22) gives the following differential

equations.
PL(t) = =A P (%)

Pi(t) = Apo(t) -2Ap1(t) LN} . se s (3.23)

P P e SAC JC Jual

PL(t) = 24P, ()~ 3AP,(t)

The solution for equations (3.23) will be-

= a~At | X
Po(t) = e ;
Pl(t) - e—At - e-ZAt | ) % ‘v e (3.24)
PL(t) = 0Bt - g Bt | ,-BAL ]

But R(t) = P (t) + P (%) + Py(t)
= 3e‘At bt 39‘2At 4' 0“35.1; oo -010-0 (3.24)

Fig.(3.4) 1llustrates this phenomena for x=1, 2,3 equipment
systems.
3+1.6. Reliabillty Models of Imperfect Switchings

. In the previous analysis of standby redundant systems
1t was assumed that switching 1s perfect i.e., switbh can not fall,
Bt swltch can also sometimes fall and has a fallure rate of As,
If this is a redundant standby system with equipments X and Y with
a switch S, It i1s assumed that X is on to 1line and has failure
rate A and Y is ofif to line vhich can not fail, However switech S
can fail at any time. The acceptable stages are as follawsz

(1) Only X or Y fails (X) - ¥SY or Xs¥

(11) Only S fails (5) - XSY

(111) XYY and S are operating = XsY,
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The transisition matrix has been formed as belows:

0 1 .2 _3 _4_ _5_

XSY XSy X8y X8y XsY¥ XS¢Y
o%f{ﬂwﬁ)aaa. 0 0 o~¥
| I | _ , L , ¥

1 x5Y § 0 1. 5 8 0 o {
| S i

= lASA i
2 XsY % 0 0 1-(Ara)Ag A 0 !
P=3%Y | o o 0 1 0 o |
I |

4%t | oo- o 0 0 1 o |
. | ) - I

5 %Y | o o o 0 0 1 |
| -

The transition matrix gives the following linear equations,

Po(t+dt) =P () K1-(A+A,)dtl +0(at) I
Py(t+dt) = P (£)A At P (t)[1-Adt) +0(dt) % (3.25)
Py(tedt) = P(EVALL + Po(t) 1=(hyen)at T +0(at) |

The above set of equations gives the following differential

equations,
P;(t? = «(A+A,) P ()

Pi(t) = Aspo(t) -' Apl(t) ves ere (3026)

20 ¢ 3¢ el Dl e Jug

PA(L) = AP (t) '=(A; +A) Py(t)

The solution of these differential squations (3.26) is
po(t) - G.(A+A8)t »

Po(t) = At o~ (A+h )t
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t
R(t) = P (t) + Py(t) + Py(t)

= o7At 4 pp om (MM eve e (3427)

This can be seen that if As = 0 1l.,e. switching 1s perfect then

equation (3.27) becomes=
R(t) = o™A% (14at)

This function for reliability is same as Reliability function
for two parallel redundant standby system, ‘

3¢l.6e COmparision of Parallel Standby and Parallel Redundant
Systemss

Examination of Reliability models in nonﬁmaintained
systems for standby redundant and parallel redundant reveals
that reliability of standby redundant system is g‘zv?eater than
parsllel redundant system for the same number of equipments as is
observed from Mg.{3,3). If the same is considered for imperfect
switching conditions, equating the reliability functions of two
- equipment parallel reduhdant and two equipment(standby'with
imperfect switching.

2 e"‘At "2At t * As'b a (A"‘A )t

which gives~

A, oAt o .
-K-s- S - log ("1"5%"' )/A‘b »eu »en s (3028) -

If the above ratio holds good both system will have the sams
reliability. But if AS/A 1s less than right hand side of
equation (3,28), the standby system with imperfect switching
will be preferred.

3+.2. Reliability Models for Maintained Systems:

In the case of non-malntained systems it wgs assumed
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that failure distribution function can be represented by negative
exponential distribution i.e.

F(t) = 1-o™At

80 that the probability of conditional fallure in time interval
ty(t+dt) 1s Adt.

Similarly in case of ﬁaintained systems the same type of
assumptions hold good., It is assumed that most of the %ailures
can be repalred in a short timej while %he items that fail

infrequently take a long time for repair. Therefore the equipment
repair distribution is exponentially distributed as G(t)=lse~TFt,
and in the same way it can be shown that probability of complete
ing a repair in time interval t,(t+dt) is rdt, provided it was

not cempieted at time ¢,

Invcase of maintained systems one has to develop forward
and backward differentlal equations which describe the transit-
ions, back and forth from state to state. But in the case of
non-maintained systems only forward differentials equations were
required because the state can not reset back once it haspassed.
In maintalned systems when an equipméntvfails it is immediately
detected, the repair isc started and time to fallure and time to
repair each 1is independently exponentlally distributed.

In the case of non-maintained systems one is primarily
concerned with two figures of merit, the first 1s reliability
function and the second 1s mean time to failure. But for
maintained system there are two more additional figures of merits
which are usually of interest. The proportion of time in which
the system will be in acceptable state is some times ieferred as

to system availability. Another figure of merit is reoccurance
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time. The length of time for an equipment to return to an
acceptable state from a railéd state 1s sometinmes referred as
mean single doﬁnatime. Considering ths single aquipment operate
ing contimuously, 3f a record 1s kept as to when the equipment
is operating or down for a period of time it is possible to
describe 1ts availlability as a random vatiable defined by a
distribution function B(A). o

——— TINME

i

The avallability 1s simply the average value of the function
over all possible intervals,

3.2.1. Single Equipment Systems

‘In the case of non-malntalned systems the Markov process
was used to define the reliasbllity function, but for malntalined
systenms one will be more concerned with the Avallability funetion.

3.2+2, Availabllity Punctions ‘ _
The method of oxpressing the probability is same as in
the case of nonwmaintained systems, except that in maintained
system transition 1s possible in forward and backward instead of
forward direction due to possibility of system to be repaired.
Shigle equipment will have two Statesy State zero the system is
operating, State one vhen system ig falled and under repair,

The transition matrix can be formed as followss
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1 { r o 1-2'_1
Thé above matrix gives the following equations=

Poltdt) = Bolt) (1-Mt) *Py()ruab v0@) | o )

P, (t+dt) = P () .A dt+P, (L) (1-r.at)+0(dt) [

The term 0{dt) in both the equations represents the probability
of two events faking place in %,(t+dt) which is negligidle.

The set of equations (3.29) gives the following differential

equations~

PI(t) = «AP (%) + rP.(%
& o) * 718 ver ee (3,30)

PI(t) = ARy (8) - 1Py(t)

At t = 0 the system was operative with the initial conditions,
Po(t) =1 P1(0) = 0, but taking into consideration the case when
repalr just started the system is down i.e. |
P,(0) =0 Pl(O)_ = 1 { o
Taking Laplace Transform of equation (3.30) and simplifying-
Po{s)g _—_-§-—t-£._.
3(S +A + r) | |
Avallability function 1s designated by A(t), which is the inverse
of P,(s)=
’ ’j.

A = [ 1Pge)1=p (t)= =£ + ;;%_ - (r*A)E

(o) %
g (3.31)

A A -(r+a)t
and 1-A(t) = P;(t) = o33 S e
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If the system was initially falled-
i.e.

P,(0) =0 P, (4)

1
eee (3.32)

r A -{r+A)t
A{t) = Po(t)= FTEtT T ®

G Sent Dedt SOnE 2 pan

and
, A «(r+A)t
1-&¢ t)= Pl(t) = '-I',%x + A

If ¢ becomes large, the equation (3.31) and equation (3.32)
become the same, This indicates that after thevsystem has been
operating for some time, its behaviour becomes indepéndent of

starting point,

~ As described earller that avallabllity funetion 1s an average
value of the function over all intervals =~

i.e,

P
A(t) =-%fA(t)dt
[+ .

In this case for instance-

- -(r+A)2
M) = T"A)'Z N_A) o e oeo (3,33)

when t — <

A(K;) = _;§K " ane see ' aee (3034)

This condition is sometimes referred as steady state availability.

3.2.3. Steady-State Behaviours:
For all cases, where it is possible to go from one state

to another over a long period of time, then-

Py = %im P, (t) always exists.
This means that steady state solutlon can be found by setting the
derivative, PA(t) = O, Then system of differential equations
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X

reduces to an ordinary algebriac equationsts solve as 2 P =1
w=0

The equation (3.30) turns out to bhe-

0 = «A Po(t) + 1 Pl(t)
- 0=4 Po(t) = rPy(t)
and Po(t) + pl(t) = 1,

(4) = e A

This gives~ Po(t) L 553" and Pltt) = x

With the above results it 1s clear that many complex
problems can be solved in the steady=state, Now considering the
problem, where the equipment is subjected to two types of repalr,
vhen the equipment falls for the first time a partial repair is
performed which restores the system to operation, however it |
increases the probability of failure. After it has féiléd}second \
time through repair is performed which brings the equipment to
good as new condition, If Alvis.the failure rate when equipment
has been through a complete repalr and Ay when 1t is between
through and partial repair (A2:>Al). Similarly Ty is the repair
rate for partial repair and r, the repair rate for a complete
repair (r2‘< rl). This gives four states in which the system
remains at any time t, -
(1) (state =~ 0)« The system is operating after a complete

repalr has been performed.

(11) (State « 1)~ The system has failed and a partlal repair
i3 being performed. '

(411) (State « 2)~ The system+ is operating after the completion
of partial repair,
(iv) (State = 3)= The system is failed and a complete repair is

being performed so that i1t can agaln come to state zero.
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Thus only state zero and two are acceptable.

The transition matrix is formed as belows:

1 2

"0 3
0 {""1-Al A o' 0 "'%‘
1§ 0 1l ry 0 %
P= 2 i. 0 0 1-A, 3
3§ 0 o am{

The matrlix gives tﬁg following equzions;

Po(tHit) = P (t) (1-A,dt) # 1, P4(E) + O(dt) ]
P, (t+dt) = Po(?)~41d? f Py (t) (1%:1 dt) +0(dt) g A
Po(t+dt) = Py(t) rydt + Py(t) (1-a,dt) +0(dt) § ree ees (3.36)
Pa(t+dt) = Py(t) Asdt +'93(t) (L-r dt)+ Oldt) %

The set of equations (3.35) gives the following differential

equationse

PY(E) = -Ay Po(t) + T,Py(t)

fi

P2(t) 51 P, (t) *_riPl(t) '
) LE . Sow [ X (3.36)

PA(L) = £qPy(t) = T Py (t)

Dend 2wt e 2 33 Yl Sl Yl et

P4(L) = AP, (L] = roBa(t)
Equating these equations (3.36) equal to zero and simplifying
keeping 1n view thate

Po(t) +P1(t) + Po(t) +P4(t) =1
But the acceptable states are Po(t) and Pa(t)-

Hence _
A(=<) =P,(t) + Py(t)
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2A,r Ty

AyAgTy + AgTiTo + AA;Ty + TiTphy
It Ay = Ay = A

andrl=r2=r

“r*
T +A

=

then A(w)=

This 18 the same as equation (3:34)e

3+2+4. Rellabllity Functionss:

In the previous sections steady-state or long term
behaviour of the system has been considereds The steady~state
solution of differential equation gilves an idea about the
vproportioh of the time the systenm remains in the falled and repair
state, from which 1t is easy to determine the system availability.
In many cases one may be interested in examining the time
_dependent behaviour of the fallure and repair process in order to
make some statement about the probability that &ystem will not
reach to falled state within the time (0,t), This 4s the
reliability function,

In order to find an expression for rellability function of
maintalned system one can employ the same transition matrix as above
with the exceptlon that it is so defined that transiticn can not be
made out ot state x, the state of system failure,

Consldering the most simple case of two equipment standby
redundant system with one repair man transition matrix can be

formed as followss

0 1 2
) %‘71 -A A o*{

P= 1 i r 1~(r+4) A %
I 0 1}
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This matrix gives=
Po(t+dt) = Py (t) (1=Adt)+P, (t).rdt +0(dt)
PL(tHIL) = Po(t) A2t + Py(t) Nl-(rehdathOla)] ... (3.37)

P (£+a8) = P1(£).43t + Py(£)dt + 0(at) i

The set of equations (3.37) gives the following differential

equations,
PI(t) = =A P (t) + TP, (t) !
Pi(t) = A Po(t)"' (A"T)pl(t) g .oo: soan seeo (3-38)
X

Py(t) = AP, (%)
initial condlitlons are= | | |

Po(0) =1, Py(0) =0, Py(0) =0
and R(t) = P (t) + P,(t)

Solving the set of equations (3.38) by Laplace Transform

=A(A+r+8)

P.(s) =
0'? 2 +(2A +1)+ A2 N

~(4 *f+§)
(s=34) (3-85)

P (s) = A oyl oA

<§1'82) S84 SR

-(9A +r ﬁ/rz 4Ar

where Sl = " § y
‘ -(2a+r) « /o2 + 4Ar
92 = - :
| 2 | |
E(aer)esgk 67518 & X(A4r)-s le 02"
Py(t) B —

81752

A esit _ <Sgt
P (t) = ~T§I;§;7 (71" - °2%)

R(t) = P,(t) + P, (t)
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s.t _ -3,t
s.zel sle 2

817%

LR 2 aee (3039)

The difference Between the reliability funetions for malntained
and none-maintained systems 1s shown in fig.(3.5).

3.25. anaMarkov Process?
In the previous analysis it is assumeé that failure
distribution is exponential but if it is assumed thate

F(t) = 1ea~At o At oAt

and repair distribution G(t) = 1- ¢ 7%

From fallure distribution it is elear that it goes through
exponential phases each of average length 1/A.

Therefore one has to d’bsignate three states instead of
two where the equipment goes through one exponential distribution,
The repalr process is commenced vhen the system reaches state 2,

since state 0, and 1 are opefating states.

'mafrlx
The transistion will be of the formﬁ

o1 2
0 {"ha‘ oA 0'“;
P= 3 go 1-A A %
sl o 1-r_§_

Steady-state avallability function A(~) = Po(ﬁ) +1P1(t)
forming the differential equations from the matrix and solving
by Laplaoe Transforn, |

ovr

A - S | LN W ses .
(f/) v (3.40)

on the otherhand if-
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G(t) = 1 Tt . pg o7TY

and F(t) =.1 ~e~ A%

Then transisition matrix will bee

0 1
0 {“‘1-». 0
p= 1 %r 1er
S | ‘
s § o r

System is only avallable 1n zeTo state.

56

After solving the differential equations formed, from

the above matrix,

i

which gives~

AC) = Po(=) = g

“a *» (3 n41.) .



HA

T

R-4



58

SELECTIVE AND NON~-SELECTIVE OPERATION OF RELAYS

Every protectivé relay must meet two main'requirementsgzo)
(1) It should not operate when 1t is not required to do so.
This discriminative requirement is known as selectivity

of the relay;
(#1) It must operate when 1t is required.

. To meet the first requirement there arise two different
cases of disturbance of selectivity. Faults may take piace on
the particular .component which may give rise to some operative
signal, which disturbs the selectiviiy i.e. the signal is present
when unnecessary., Another cause of disturbance of selectivity
1s3 no signal is emitted, wheh necessary. A good relay must
distinguish these two cases. It is simply wrong to add up all
the instances of the disturbance independent of the particular
class of fault because, |

(1) Back-up arrangements which raise the reliability in
respect of selectivity, increase the probability of

fallure or vice~versa,

(11) with a disturbance of seiectivity‘cf one or the other
class, the probability of non-gelective action is not
the same as the probability of fallure, and their

economic consequences differ as well,

It 1s assumed thatfault on any edmpenent may lead to
unvanted signal and disturbs the selectivity, ' Thus the selectivity
-can be lnereased by duplicating the component by using the same
type of components, and arranged in such a way that output signal
only appears when all the components arranged as above are

operative, If the probability of appearing 6f the undesired



signal in the output of one of the element 1s denoted by q
(q< 1) the probability of false operation in Fig.{4.1l.1,) 1s

q! = q°' because q™ < q hence selectivity is increased.

However if the element fails, this inereases the probability
of fallure., Denoting the probability of fallure of one element
by 39 the probability of the output signal of the same element
appearing 1s py = 1-qy, the probability of the output signal
through m, elements 1s plé', while the probability of failure
1s qf = 1 «p,™ | | |

or qf =11~ ()™ X
since 11 - {1~ ql)m‘ 1> Q4 the probability of failure 1is
inereased. '

If the elements are duplicated in parallel as in Fig.(4.1.2.)
then probability of signal output is qi = qlé'
since ql?“‘ qzthence probability of failure decreases, but the
probability of non selective action is given by~

q' = 1 « (L-q)
since q' q, the probability of non selective action is increased.

Keeping in view the above statement, some compromise has to
be made by arranging some series-parallel elements in such a way
that probability of non selective action is decreased as well as
probability of failure ls slso decreased,

The circuit as shown in Flg.(4.1.3.), has been analysed as

- a general case, (the circult (4.1.4) is converse of 1t), in which

there are m, elements in series with n, elements in parallel,
Algebric equations have been framed for different values of m,

and n,.
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4,1, Analysis for Relay Selectlivitys

Case 1 forng=‘-2; m, ’:2’ 3’ 4’ 5’ 6

The following inequalities should be satisfied,

1 - (1-q2)2 or q-2qz}+‘q4 >0 see (4,1)
1 - (1-q )2 < q or q-2'q3 + q6 >0 “es (4.2)
1-(-gH2cq or azt+Bro L. (4.3)
1- 9% < q or tq~2q5 + q1°>, 0 e (4.4)
1- 022 4 or qe2g® + g5 0 (2,5)

Case 23 ‘
vhen n, = 3, - My = 2,3’455,6

The following inequaliti®s should be satisfied,

1~ (Z!.--c;,g)3 £ q - or q-3q2 + 3q4« - q6>, 0 sue (4,8)
R (lwq‘s)a z 49 - or q-3q3 + 3q6 - 'q9>/ O ses . (4.7
1= (l“q4)3 < 14 Oi' - q"’aqé + 3q8 - qlz?, Osee (4.8)
1= (l~q5')' Z q " or q-3q + 3q1°~q15 Ceos {4.9)
]l - (l-q ) or q-3q + 3q12 ql8 Osve {4+10)
Case 3 |
whenn, =4 ,m =2, 3, 4, 5, 6. ,

The following inequalitles should be satisfled, ,

l -~ (1~q2)4 < q or q~4q2+6q_4~7 4q6~s—q8 (4,11)
1 - (1-q 34 < or q~4q34-6q6- 4q qw> 0 (4,12)
1= (1aghH? 2 q  or q-agtes®e 40%%4q%,0  (4.13)
1- (g% 2 q  or qeaqB+6q2%~4q204q20 50 (4.12)
l-~- (1-q6)4 < q or q-4q +6q12-4q18 q24>/ 0 (4.15)
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Case 41
when n, 2 65, m, = 23 3, 4, 5, 6
The following inequalities should be satisfied.

1 - (1-g2)% 2 q or g-5¢%+10q% ~ 10¢%+ 5¢5-q1% > o (4.16)
1 - (1-®)%< q or q-5¢°+104° ~ 10¢°%+ 5q%%-q¥%> 0 (4417)
1 - (1-gH0 or q-5q4+10q8 - 10922+5¢16-4%> 0 (4.18)
1 - (1-q5)5 ¢q or g-5a +10q 0. 10q19+54%9-¢%55 0 (4.19)
L= (1495 < q or q-505+10q2% 10q%845q%-30, 0 (4.20)
Case 53 |

vhen ny = 6  m, = 2, 3, 4, 5, 6.
The following 1nequalities should be satis:lfed.
1 - (l-qz) <q or a-6q +a5q4-20q6+15q8-6q1° 2y (4.21)
1 - (2~ )54 q or g- 6q +15¢° -20q° 9415q12-6q10+¢18 > 0 (4.22)
1 - (1«- )64 q or q-Gq -rlﬁqa-EOqlz-blsqle 6q20 q24 0 ’ (4.23)
1- (1—q5) < q or a-6g +15q1°-20q15+15q2°-6q25 30, (4.24)
1- (1-q6) < q or q-6q +15q12~20q18+15q aq3°+q36>,  (4.25)
Sipce .

q>0

and (q~1) < O
1.8, 0 < q <1
From the above 25 inequalities the optimum acceptable value of

q is found out and tabulated ag shown belows
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Table 4.1
I "nimy ' gy ' A3 ' Qo 925 o6
Case 1 |} =2
Gga ' 0,618 ' 0.8 ' 0,92 .95 0.96
3 . .
Case 2 Sl ' 932 .’ 33 ' qgﬁ _q35 Q3¢
ii q§ '0.388 '0,68 ' 0.81 ' 0,86 0.905
q o B |
Case 3 M ' dep ' 943 ' dag a5 Qe
" 1'q vo29 ro.8 v 07251 0,808 0,855
- q " ‘ . "
Case 4 ¥ i ‘_ sz ' 353 354 55 U6
I'q 1022 10,52 ' 0.6 ' 0.755 0.81
case 5 It ' %2 ' %3 ' a4 dgs5 g6
}_ 4 ' 0,18 ' 0,46 ' 0.62°¢ 0.72 0.78

4.,1.1. Gain in Selectivitys

The gain Ye = £(q) in selectivity is obtalned as the ratio of

the probabilities Of non selective action of one element to the

probabilities of non-selective action of the circuit of Flg.(4.,1.3)

for different values of n, and m, .

Case 132

f(ﬁr n’, = 2, m' = 2’ 3, 4, 5," 6." .

;Yc.(z,z) = 2&3 - i - - % q3.
mmm=%L1=w%?
M-y‘mﬂ
Ye(2,4) = '.-E?_Ei“ = -—3-3-'—-’—-
2q7=q"  2g9°~q
To(28) = - = =gl
2q°-q 2q*~q

Yo(2,6) = —5—gp = —4T

*ee

o s

LA N

" see (4 026)

[ X X ] (4.27)
*e (4028)
sen (4.29)

see (4.30)

AN



Case - 23

for n,

Ye (3 ,2) =

i

Ye(343)
26(374? =
Ye(3,5) =
Ye(3,6), =

Case = 3¢

for n,

Ye(4,2) =

s

Ye (4,3) =
Ye (4;4) =

Ye(445) =

1

Ye (4,6) =

33, m'=2,3,4’5’6

q 1
"‘T‘T“ = - Cene
3q --i’»q'**q6 3@“3q5+ qs
3q§~aqg«~q9 302305 + 0
3q -8q§*q 3¢°<3q" + q T
3*3qm*q15 3q4 3@ + ¢4 "
Q 1

MgM ena
3¢0-3q 24P 3 11

q =3q

q =3q7" +q

3'4, m, = 2’ i3’ ‘4’ 5, 6

aq’ -6qz+4q o

4q5-6qE § 12

a
4&1—:6(18 +4q12 ..qlﬁ

- q
4q3~6q16+4q$ 20 ©

g-GqIEMqig E;

4q«6q +4q ~q

aeh

4q°-6q°+4q

T .
4q «6q ¥4q

~q

t

4q4-6% 324 2

g-ﬁaﬂﬂqﬁ 23

LR N

be s

L AN

L3 A4

[ X R4

e

aew

*e D

ahe

L X N

e

(4.31)
(4.32)
(4f33) |
(4.34)

(4.35)

{4.36)
(4.37)
(4,38)
(4.39)

(4.40)
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Case = 412
for n, » 5, m, = 2y 3y 43 5, 6.

q

Ye(5,2) = —g—; ve (4.41)
P P-10041005-500+q°  5q- 1055'1102%-5? . Q0

q
Ye(5,3) = ees (4,42)
’ g;§~10q 4-1()cgﬁ---Sc;mmr5 5q alﬁig§10§§¢5 ii
Y6 (6544) = = e {4,43)
’ 5q ~10q§4-10q1.§ 5qm+q2° 5q5-10q +10q ﬁ :3+qi§ *

q | - )
Ye (5, 5) = ' _— (4.44)
| 5q5- quE 10qr 55 257 5q ~10q +10q LI L

q «56q7 " +q
(5 ki . 1 (4.45)
Ye(5,6) = - PR gy
Cage = 58
for n, 56,' my =2’ 3’ 4, 5, Os
Y (6.2) - LI —t
¢ =
? ~§-15q4+20qg 15q§+6q1° b 6q~15q5+20qg-15q +6q§-qﬁ
YY) (4.46)
Ye(s.é)a - T""" _— coeomten
" ;;5?15qé+20q +15§T§;6q 18" 6q T8¢ "~
a0 (404?)
, q
Yo (644)= : , !-....
™ 6q4~15q8+20q12~15q1‘5+6q3° x 6q uls?i»zo:; -15qu@qi§ 23
cee (4448)
Yb(G 5) =
64516420 +goqi'5 P 6q2=15¢9+20q -1sqm

see (4.49)
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q

Yc (6 6 )= W m
GFZISq +20;ﬁ ~J.5q 6q5~15 qj—i20i=ﬂ- 5q +6q 5

L X (4.&0)

The function Ye=f(q) for different cases are’plotte‘d' 'ivn Fiés.
(4.2 to 4,6), The computer programme for the plotting of the
curve §Ye=f(q)l for the case n,=6, m, = 2 a,x,s and 6, has been

given in Appendix 2,

From the curves it is elear that galin appears (Yc_- 1)y 1f the
different values of q are less than that the values shown in
table (4.,1) for different configurations andincreases as q decreases,

i.e. increasing the reliability of the element.

4,2, Analysis of Re}ay Failure:
- Case = 13
vhen n, = 2, m, = 2, 3, 4, 5, 6

The following ihequalities must be satisfled:

i1~ (1—q1)212 < ql or (2q1 - ql) =1y €0 ‘e «se (&.51)

| i (1-q1)3] < 4qy or (3q, - 3ql +ql) ~qls0 | e (8.52)

i1 (1 42 ' < vos (4 5
- -ql) 1€ < ql or (4q1-6q1 +4q ql) - ql\o sos (4.53)
~{1~q4 < qq or (5q1-10q1+10q1 5q1+q1) -ql\o see (5.54)

11-(2-0,)61% 2 q; or (64,-1502+2005-1505+605~0,%)%~q; <O ..o (5.55)

Case =« 2%
~ when n, = 3, m, = 2, 3, 4, 5, 6,

The following inequalities must be satisfied.



ll-(l-ql)zlslcq1 or

ll‘(i‘ql)ala

(2qy-a9) %, <0

sde

2 , 3,9
<%orw%£%*h)w%éo soe

112(1-0)%1% 2qy or (49,-6a2+4q3=qD)? =g, <0 ...

ll-(l»ql)siaz.ql or
o 1. \6y3
J1-(1=q4) "1 < q4 or

Case = 33

+ for ny, = 4,

(Sqlf10q1+10ql -Sq ql) *ql'" 0

3

(6q1*15q§f20q1-15q%+6q§-qg)3-qlﬁéo

m, 32' 3’ 4, 5’ 66

The following 1nequalities must be satisifed.

Il*(1~q1)214 < ql or

(qufql)

- ql 40 s o

§1~(1-q1)31 <qy or (34,-302 qll)‘*-q1 <0 ...

llv(l-q1)4l <q1 or

§1-(1-q;) 5144 q, or

il-(l-q1)6144 qq or

Case = 43

“‘11“6‘11 +4q§-q§‘_)4 3y <0 ...

(6q1-15

2

q§+20

3

qlfqul 5

,,3

n,=5,, m1=2, 3, 4, 5, Gi

q§+q§)4~qlé 0

q§+6ql"ql) "4y <0

The following inequalities must be satisfied,

¥1-(1-q,) %8

11-(1-31) 15, < @y or (3q,-3q

2

<y or (231=a1)%-qy <0

1+q1)5-qlso e

(4.56)

72

(4:57) -

(4.,55)
(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64).

{4.65)

(4.66)

(4.67)
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ll—(l-q1)415 <qy or (4q1-6q§+4qg --qg‘_)s-ql €0 e (4.68)
F1-(1-0,)51° 2ay or (69,-10q5+10q3-503 +3)%-q, <O (4.69)

K1-(1q7)%1%2 q; or (6q,-15a5+20q3-1503+645-05)5-q, <0 (4.70)

Case = 51
for Ny, = 6, m| = ?’3’4’5 66 )

The inequalities glven below mast be satisfied.

!1"(1"‘ql)21 4 ql or (qu“ql)a - ql <0 " eee wew (4.71)
3,6 9 ‘ - .

ll*-(l-ql) < ql or (3q1-3q1 + ql) - ql £ 0 “re (4072)

!1—(1~q1)416<:q1 or (4ql*6q§ +4q1 ~q1)6 q,< 0 - (4.73)

' !l-#(l-ql)slez gy or (Sql-'loq% *10::1?_ ~5q§ ,+q?_)6- 0, <0 (4.74)

-151..'.(1—q1)6l6< qq or (6q1*15q§~1- 20q§-_-15q§ +6q?_*q36_)6—q140 .{4.75)

From.the above 25 inequalities the optimum acceptable value is
caleulated and tabulated as shown belows

_ ( Table 4,2 ' , .
= i v S—
Case-l !‘11 ' u)tQH ) :qlgg) 14y 1(24) * q! (25) ' nggg)
" ¥ qg.. 404382, 0,36 , 0,08 , 0.06 , 0,04
Casexg ]‘11 “f“‘"qlgaz) 193¢33) +93(34) )+ J1zs)  + Ti(36)
a ' 0,612 ' 0,320 * 0,19 ' 0,14 ' 0.008

casers JLTmTG1(ap) 101(a) +A1(a) + Ti(a)  + Gy(46)
» ' 0,71 ' 0,42 ¢ 0,275 0,192 ' 0,145

til%n,m,)q g 2) 199¢53) +93(54) *qlfgssg vqa.gsé;
Case=4 "'W 5‘@ NTY n - - .

Casens Iql(“'“')q;geaz ”qlg63) ’q1§642 11(65)  1%1(66)
i 9 10,82 '0.54 ' 0,38 0,282 ' 0,22




7%

4.2.,1. Analysis of Reduction in probability of failurei

The reduction in probability of failure Yo(n,, m,)=f(ql)
1s defined as the ratio of probability of fallure of one element
to the probability of failure of the scheme under considaration
for different values of m,and n,,.

Case - 13 for n, = 2, My = 243949546

q .
Y°(2’2) =3 "’"_i""'é"’z. = l SR . » 8o . (4.76)
(qu “"'ql)‘* | ‘ ql(qul) - '
Y0(2,3) = ———bipim p= ke o 0 [ (4477
" g, i o . (4.78)
- ; q , , . . . ° i
Yo(2,5 )3 — (4.79)
. ' Ql’loéglloQ1’5quql)2» q1(5-10q1%10q1'5;§;q1;§
, q 1
Ya(2,6)= o ——‘-E
(6q1~15;§ 25§§-15q§ GQE;qliﬁ q1(6¢15q1f20q§ 15@?}6q1vql)
C aeé (4;80)
Case - 23

when ny = 3, My = 2,3’4,5|‘ 6

‘ qy R - ' .
Yo(3,2)= —es B em—— ive - (4.81)
(qu" i)a . qi(z#ql)a .
Yo(3 é); O . : ' | (¢ hsz)
RERPURSRIS > S N | ' oo NEe
! (Sql-aqifql) §:(3~3qlfq§;§ '
Yo(3,4) ---—T-g' : (4‘83)
0(3,4) = = .
4'q1-6q1+4q1-q1 )ﬁ ql(4"GQI *4Q§ qg)-s
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. q ' 1 _
YO(3’5)= ' 23:*‘ A 3 ‘5 §+ 2.3 (4'84)

(5q4=10q3 10q1 5q1+q1) 1(5-10:114-10 1+4y)
0(3,6)= 55 -3
(6q1-15q1+20q1-15q1+6q1 ql) q?_(6~15q1+20q1 15q1+6q§-q
LB N J (4 '85)
Case~33 |
wvhen n, =4 - m; = 2,3,4,5,6.:
Yo(4,2)= ] 2 — e 1 (4.86)
%y . ) *e e L]
Bql-qi)",‘ | qg(z—ql) - e -
Yo(4,3)= — S b (4.87)
T (3qy- ?ft +q1)4 a2 (3-3q; + ¢2)2 .
Yo(4,4)= -———w—-g-———-;— L = (4.88)
(40, 6024405 = 02) ?4-6% e ~a)? |
q
Yo(4,5)= 3’
(50, = 10q2#10q3 =505 +q3)*
= - L ees (4.89)
3(6-100, + 1062 - 5 + ¢b* |
| q )
Yo(4,6)=s — g I —q
(65{1’“15‘11 "'?oql 15‘11 q‘l “‘ql)
= ' } i PN (4.:90)
q‘ics-zsql 20q1~15q1 +sq1 qla
Cage -~ 412

When ny = 5, m, = 2,3,4,5,6,

a . C
Y0(5y2) = ———bpp 8 ek 5 (4.91)

(2Q1 - ql) q‘l (2'q1




Y0(5,3) = - 35 T k N
(3q1-3q§ +qy y° q§(3~3q1 + qz)

q

Y0(5,4) = lnf -

(4q1-6ql+4q1 -ql)r q?_(4-6ql +4q1 ql)5
Y0(5,5) = 4 " ’
Yo(5, = 3 55

(5¢;-10q7 + 10q3-5q7 +q3)°

a N | .
4, ﬁ 5 see
q1(5-10q1 + 10ql 5q1>+q1 )

A . .
Yo(5,6) = s l-é

(69,~15q7 + zoql~15q§ + qu, qg)s

= A o8 e By
q§(6-15q1 +20q;é.:15q1 +6q1~ql )

Case - 53 , '
vhen n, = 6, my = 2,3,4,5,6._

| . .4 . 1
Y°(6’2) = - -_EtT = ees
(24, 05 ) B

2q; ~q q (2 - ap®

9 — |
Yo(6,3) = > E— 1
" (aa3a 9° o8 (3-3a, +0C

| . N
Yo(6,4) = ————plgmrp =

(441’6q1*4q1"ql) ‘ q1(4-6q1+4q§ - q?.)s,

ql _
Yo0(645) = —
Q (5q1~10q?. +10;§- 5q1 4-q1 )6

. |
* S g

q;(5-10q; +10q7 =597 + q7)

N

(4.92)

(4.93)

(4.94)

(4.96)

| (.4 +86)

(4.97)

(4.98)

(4.99)
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q
Y0(6,6) = e =
(69, -15q +20q1 -15q5 +6ql -ql)

| S m—— (44100)
= = 'y 8
43(6-150y+200] -16a +6a - ap)°

The function Yo=f(q,) for different cases has been
plotted in Figs.(4.7 to 4.11), From the curves it is clear
that éain appears (Yb'>131f~ql-is less than the values indicat-
ed in Table (4.2) for that particular scheme, and increases with
decreasing values of 4, thus increasing the reliability of the
element, Here the probabilities q & qq are regarded as referring
not a particular speeimen, but as requirements which must be
satisfied by any'specimen. %hus the ac%uai5probability qé~of
each Specimen must satisfy the condition,

0 < qa<q“' |
with an understanding of the probability q, even 1f q 0.5 it
is 1mpessib1e to replace the element by the opposite element

as assumed in reference (21)cwﬂv—ﬁw mz and ™23

~

The computer programming for the plotting of Yb“f(ql)
for the case n, = 6 and m, = 293444546 has been given in

Appendix 3.

The chart glven below provides a complete i1dea about
the probability of non-selective actlion and probabllity of
fallure of relay circuits, with different configurations.,
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m, (Series elements)

R
%o "1 2 0% “ % %
* * * » L - L

.382 612 W71 78 .82
2 Y Gt (Eem” o9 (22)” (as)”
— .16 R 242 A8 54
" Y en” e ee)t (52T (a8
4 ozt Gen™  (mes”  (ee)* (emy ™t
w05 Lel4T 92 246 .98
o e ee) ¥ (mom)*T (755) *T (1)
e ae08 085 L 145 .19 .22
" e (905" (ess) T (Bn* ()"

The values entered with 1n'brackets denoted the probable
11ty of non-selectivity, and those without are probability of
fallure, It is evident, if the prébabiliﬁy of failure 15. |
decreased, the probability of non-selectivity increases. dne
has to get a compromise betveen these two, to have a relay scheme
with minimum probability of fallure and alsc the probabllity of
non=selective action, If the components in relay assembly are
properly debugged and reasonably rellable, then the criterion
of selection for a particular configuration mainly depends on
probability of non-selectivity., TFrom the chart it is also
evident that one ﬁill be tempted to use configurations as (3,4),
(345) and (3,6) for almost equal velues of probability of none
selective action and probability of fallure.

4.,3. Working Conditions of Protective Relayss
Relay protection works under different conditions,

because 1f a fault occur on a relay protection device which can
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lead to fallure of the protection, this still does not mean
that failure has taken place. For fallure to occur it is
necessary that conditions must be produced before rectification
or replacement of the damaged element, in which the particular
device would have to operate, i.e. the element of the electrical

system being protected by the device must be damaged.

Thus the probability of failure is basically dependent on
the coincidence of two events, failure on the protectiankdevice
and fault on the element of the system being protected,
hence,

qQp =4 4 e - (4.101)

vhere qi is the probability of’such a fault on thelielay
device which can produce a missing operation, and qi is the
probabllity of fault on the protected element for which the

particular relay device must operate,

From this it is clear that faults are possible on the
relay proteection which may cause non-selectlve operation 1is
also possible with a fault on the output'device which are
usually very reliable, Non selective operation on relay
protective gear is much probable under conditions when some .
of the main organs on which the action of the relay depends,
‘must operate and selectivity depends only on some of them., In
 this case a fault on this element may lend to a non-selective

action of the device as a whole.

Experiences have shoqn‘zz) that moét of the non~selective
actions of the relay protective gear take place at the time of

short circuit outside the action zone of the protection, Now
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assuming q5 as the probability of faults of protectiva devices
 which can cause slow non-selective action and a3 qé....qﬁ, are
the probabilities of these which can cause non~selective action
under some external conditions or other. While the probability
of these external conditlons are denoted by qfy qfee.dpse. The
total probability of non-selective action is

Qpones™ 1-(1-08) (1-a4 a) (1-qf qf)e...(i-q}, qf,) (4.102)

for small values of qiy q....q},

Qpones = 95 * 93 45 * 9f Q4 +++q}9p or €4,103)
nt , .
= ':Zlﬁ,qél qgl vhere qf = 1 . (4.104)
' alﬁg ’

If Af ic assumed that qé = 0 and-qf = qa -s»--q3-= q"

then | n‘
Qones = ¢" 2 a' =a'q" ans (4.105)
' a,=3 81 «
n |
where q!' = !
| %
1 .

This indicates that probabilitylof non-selective action
and failure of protection not only depends on the probability
of faults on the corresponding element, but also on external
conditions, The values of q, and q,. ., . are determined from
statistical data.

The probability of non-selective action or of failure
during the interwal of time T is=
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= leg 2non-gst

Unon-s(t) cos (4.1086)
where &, . . 1s the rate of the non-selectlve action.

If a,,n.g 18 Vvery very small, then equation (4,106) can

be expanded and neglecting the higher powersw

Unonss = 2non-s*® oo e (4.107)

The value of q,.. .o can be defined approximately as the ratio
of the number of protective operation which acts non-selective

during time t, to the total number of protective operation,
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FAILURES IN CONVENTIONAL AND UNCONVENTIONAL RELAYS:

The fallure or defectiveness 1s caused by sudden or random

failures'or by deterioration of the characteristic of the ecompo-
nents used in the relay circuits, such és slackening of springs,
inereasing contaét resiétances etes The fallure of relay is
defined as elither ‘total breakdown or an unsatisfactory operation
beyond -the permissible limits, These may be due to dirtyﬁcontacts,
open circults in fine wire coils (Qucn), wrong setting or incorrect
adjustment, In the case of total breakdown the damaged or failed
part is compietely replaced by a new part of the same character-
1stic,'§ﬁile unsatisfactéry operation means a fine adjustment is
requ;féd\such as (greater senstivity, tensioning of springs,
reductiéﬁ of contact resistance ete.)s It has been espimated‘za’
24’25)that line contacts have about half the resistance of square
flat cantaats.of the samé length, The cylindriqal contacts at
right angle provide the most reliable arrangemegt of relay contact
without eoncentrating the current at an aetual point which would

tend to burn and erode away.

Silver 1s the most widely used metal for relay contacts
since 1t has the lowest resistance, copper circuits are not used
in relays because the resistance of elean, new copper contact is
eleven times that of silver ones and oxidation raises the resist-
ance Of copper contacts several hundred thousanﬁ times. The
resistance of the contacts 1s partly that of the contacts themselves,
which depend upon their material and dimensions, partly of the
actual contacting surface as explained above. For clean dry
sllver contacts R = -Z&*, whers R is resistance in ohms Y is

the contact pressure in Grams. For silver ¢=0,8 and X depends
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upon contact shape and dimensions,

The resistance of a ciean contact has also(zs) been

expressed as Q/2x whore ¢ 1s the resistivity of the metal and

x is the radius of the contact area, x =1l.11 Y.z/E where

Y= contact pressure in Grams, z‘ﬂradius of two cylindrleal rods

in contact at right angle (in ems.) and E 15 the elastic modulas

of the metal used,

A special problem exlsts in relays with poor ventilation
eSpecially in sealed units, High resistance polimers can appear
on the contacts due to organic emanations from coil insulation,
spec;ally where traces of iron or copper are rubbed into the

)

surface during manufacture(ze. Contacts eontaining palladium are
the most affected and gold plated the least,

In general the fallures in the relay can be divided lnto two

main categoriess gradual fallure and sudden failures.

541e Gradual Fallures:

The gradual failures depend upon the duration of operation
beceuse the variation with time of the relay parameter to éome
extent, depends upon the aging of the elements which may be due
to physico-chemiecal change of structure, The most affected parts
are damaged due to large number of operations of breaking
excessive currents for which 1t is not designed., Due to the
pitting of the contacts the contact resistance is inereased, So
the graduai failures are associated with slow random variatlon of
one or several characterlsties of~the elements, These changes in
characteristics may be determined by envirormental factors, the
nature of their work ete+ Usually in the first instance most

rapidly changing parameter of the relay should be considered which



is sald to be deelsive, This parameter may be regarded as random
variable which can have any value with some tolerance (previously’
specified). Hence the probability of fault free operation of a
relay during time t is given by~

P(t) = P(R, < ) e e (542)

R perms
vhere Rt'perms is the permissible limit of the most rapidly
changing parameter.

Bacause the varying.parameters are monotonically increas-
ing and decreasing function of time t. The parameter R, varles
during time t under the action of a number of factors (climatic,
mechanical ete,), In many cases it can be assumed that these
factors are independent of each other., Aeccording to Ljaounov's
theoren the distribution law of R, at any time t is almost normal,
This fact has also been confirmed by N.M. Zul and F.A. Kultev(Z?)
through experiments on double auto reclose cirecuit, It has also
been established, for instance, that even if packing of the best
quality is used 10% of the packed apparatus 1s damaged(aa).

5.2, Sudden Falluress

These types of fallure arise due to sudden changes in the
vatues of one or several parameters of the relay cirecuit, examples
are burnout of valves, breakdown of capacitors, shortecircult in
reactor windings etc. The failures may be dependent or independent
of each other, but for simplicity it 1s assumed that these are
independent of each other, In this type of failure the parameter
value passes abruptly beyond the permissible 1limits, tending to
zero or infinity., These fallures are random in nature and follow
the exponential type behaviour. Hence under these conditions the
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reliability R(t) is given by the expression-
Ry(tyy tp) = exp = IA (t) at ¥ e (5:2)
where A(t) i1s the fallure rate during the time interval tl and t2.

As has been seen, gradual fallures in relay systems behave
lf{ke normal distribution, where as sudden failures behave as
exponential distribution, If it 1s'assﬁmea that these two types
of failures are indébendent of each other the probabilitiy of
duccessful operation is glven bjw

R{t) = Rf(t)a Re(ti’ tg) sns e (543)

where Rf(t) is the reliability function of normal distribut-
ion (for graduai failures).

5434 General Considerationss

The relay performance may be affected due to friction
developéd in the béarings because most protect@ve relay bearings
ran dry. The most common type of beafing for precision relays such
as in the induction type is a plvot and jJewel bearings, For speeial
apgl;cation, requiring high sensitivity and low frietion a single
ball bearing(zg) running between two cup shaped sspphire jJewels has
been useds The moving coll type relays are most effected by mechaniw
cal vibrations than an induetion cup type because the distanoe'
travelled by the cup type relay is too small. The static relays
are least effected. Most of the eolls which are made of fine wires
are llable to subsequent fgilnre‘on open circult, usually near one
of the leads but some times‘at the kink or crossed turns, due to
fine wires having been eaten through by corrosion. Fallures from

this eause are much more common when colls are connected to the

positive end of the d.c. circuit, because the coll became the
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electrode to which the acid lons are attracted. There 1s a statis-
tical evidence that colls wound with 0,006 in. wire are no less
liable to fallure than those wound with 0.002 in, wire, although
they may take somewhat longef time to fall,

544+ Precauntions for Maximim Rellabilitys

The relay should be designed for high contact pressure
under all operating éonditioﬁag If nécessary, it should be
sugmented as the contacts are aﬁproéching aid alﬁdét c1osed.
This 1s done’in‘certéin mpdérn relays(so), for instance, by a
notch in the induction‘discf' | ' - |

The relai caée should be made dust proof and provided
~ with a filter breather to equalise the pressure inside and

outside the case withnut allowing the dust to get ine,

Fine wiie relay colls and trip coils should have well
braced junction between the coll wire and the outside lead so
‘that}stréss on the latter will not cause an open circuit, Acid
fluxes or acid providing insulation should be.avaided, Mechanical
removal of enamel from the wire should be avolded. In general.
a.é; coils should use wire not less than 0,056mm, dla.and d.c. coill
not less than 0,1 mm dia, Coils should not be connected directly
to the pd§iﬁive‘side of d.c. supply unless all these precautions

have been taken,

Maintenance testing should bé done without disturbing the
switeh boafd wiﬁing; and inffeqnently except by the conditions of
severe hnmiéiiyg new untriéd-camponénts etee Infreqient mainten-
ance eliminates the risk of rélay fallure due to improper adjust-
ment by an unexpert personnel, which is one of the commonest

causes,
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Adequate maintenance can often anticipate fallures due
to a.c. wiring faults, ineluding multicore cables and current
transformers. Fallure to trip due to loss of a.c, potential
can be prevented by an overvoltage slarm relay connected across

secondary potentlial fuses.

Where devices are used which are too recent for comprehen=
sive reliabllity stetistlcs to be available, they should be |
connected so that their fallure or deterioration does not cause
undesirable tripping or failu&e to:trié._For instance, trénsiét-
ors,should be protected not only agalnst ﬁoltage surges but also
preferably should be protected so that tﬁe selectivitonf the
relay does not depend upon the drift in the transistor character-

¥

isties.
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ANALYSIS OF COMPONENT FAILURE IN ELECTRONIC AND
ELECTRICAL CIRCUITSS

The fallures in electronic and electrical components ean
cost time, effort, and even life. Most of the reliability
programmes concentrate upon fallure prevention. Reliability
prineiples have established certain concepts of faillure rate
acceleration. These may be due to increasing stress of temperat-
ure, voltage or'power. However, all failures do not have similar
effects, few of them are catastrophic, while others have negiligib
effects. But to have smooth operation, the failures should be
minimised. Environmental conditlons also play an important role
while considering the component fallures under actual working
- conditions. The evaluation of extremely low failure rate in
Laboratory is practically impossible ﬁithin‘reasonable-length of
Wtime and with limited number of components. The reduction of
time to failure can be cbtained by artifielal methods like accel-
erated'test on capacitors, which some times present many problems
'in actual 1ife testing. The text also gives: an 1dea about the

remedies to different types of failure. .

6.1s Fallure Classification:
In general the fallures of electronic and electrical
components may be classified into four major groups, vizj Catast-

rophle, Intermittent, Out of tolerance and Mal-ad justment.

6.1.1, ‘Catastrophic failure(al) takes place when either a part
-1s completely damaged or shows a gross change in its character=-
istics examples that may be quoted arej shorted vacuum tubes,
open or short-circuited resistors and capacitors, a leaky valve,
a stuck relay or a broken switch. This type of failure some=-
times can be minimized during the design of a component, but some

catastronhie failuras are randam 4n notura. Mhue +he Aacatonan
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can not be expected to eliminate all such fallures,

6.1.2. Intermittent fallures are also unpredictable, and the
designer can do very little to reduce them, Thils type of fallure
is periodic in nature and takes place within the plece part itself,
hence this must be corrected during the deslgn of a component

itself rather than in the design of an equipment or a system,

6.1.3. Out of tolerance failure results from aegiadatibn,
deterioration, drift and wear-out. The examples are the drifting

' of resistance and capacitor's values, wearing out of relay contacts
bearing ete., and solenoid valves ete. These changes may take place
due to time, temperature, humidity or altitude. When'tﬁe;gradual
changes are considered collectively thé characteristic of the
components, reaches a point where these are not acceptable, that

1s to say there is a gross change in the parameter itself which
inturn changes the performances beyond permissible limits and the

component is said to have falled.

Some times random selection of a component out of a
manufactured lot may lead to unacceptable parameter value or it
- 1s also possible that the component had proper value at the time
. of assembly just nearer to the tolerance value and there happens
a major drift in the parameter as it is put into operation and
thus leads to faillure of the circult, fabricated.

As an example several lots of resistances and capacitors
in lower and higher ranges were tested and their values measured
quite accurately, comhensurate with their values and what the

author has observed is‘reported belows

In the lower range a large number of resistance having
face values as 68 ohms, carbon composition with 10% tolerance

were tested and 1t was observed that only 7% of the lot had value
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‘exactly as 68 ohms and about 11% had lower than that andthe
remaining 82% had values higher than 68 6hms. It may be noted
that the minimum value of resistance measured was 63 ohms and
maximum as 76 ohms whereas according to the tolerance specified
the lower and higher limits should be 61.2 ohms and 74.8 ohms. A
curve showing the parameter value and the probability of incidence
of the value equal or less than that is shown in fig.(6.1) for
the resistance value of 68 ohms, -and for other components in

figs.(6.2 to 6:4).

Similarly, 1n'highef raﬁge side“tha resistance chdsen was
3.3 Kohms, Also capactcrs of 280 pf and +04 micro-farad, (paper
insulated) were tested and the results observed for all these

components are listed in table 1,

Table 1
"Value accor- 'Observed  'Probability Probability Probabi
Component ding to toler- values of occurance of values 1lity of
- ance, | of exactly occurance values
' the nominal greater ocecuran
value. than less thi
nominal the nomi
. . _ - nal »
Min. Max, Min. Max. | o values.
Resistanc 61.2 74.8 63 76 7% 82% 11%
68 ohms - oo SR . o
Resistance 2,97 3.63 3.0 3.45 18% = . 37% - 45%
3.3K ohms ' ' : :
Paper - - 230 350 0.0% 10098 0.0%
Capacitor '
200 PF T IR : . ‘
Paper - - ,,036 ,0435 18% . 6% = 26%
Capacitor '
+04Miero-

farad

6.1¢4s Maladjustment failures are generally due to human errors.
These fallures take place by improper adjustment of the equipment

or component as well as the abuse of adjusting device due to lack
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of understanding of the adjustments and the capabilities of the
component. The examples are increasing and decreasing the sensiti-
vity of a relay through hair springs. These failures'are difficult
to évaluate and to'avoid, but their effects must be considered duri:
assessment of the reliability of an equipment or component.

6.2 Envtponmental‘COnsiderationscsz’as):

While describing the nature of component failurés; it is
very necessary to take into conslderation the ‘environmental
effects which play an importént role in describing the hehaviour
of components under actual working conditions. These can broadly
be classified under the following headingsj Shock & Viﬁration,

Heat Transfer, Corrosion & Biological growth and Chemical action.

6.2.1¢ Shock and Vibrations

These are prbbab1§ the moét controversial areas in the
environmental testing of electronic and electrical cémponénts
1ike electronic tubes, relays and other parts. One should simulate
the actual environmental stresses that the item will encounter in
the actual field ﬁse. 'The characteristic of any part under the
above test shoul& be stable during the test ﬁeriod. The most

frequent failures due to vibration ares

(1) Flexing of electrical leads which support resistors and
capacltors, .

(2) Damaging the vacuum tubes, electric bulbs etc.

It 1s advisable that‘the equipment should be mounted on
shock resistant material llke synthetic rubber to reduce the
effect of vibration. Specilal instruments which can provide menitor-
ed shock & vibration are used to detect the ﬁresence of foreign
particles in transistors and diodes, The same can be used to

determine thelr structural rigldity.
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6.2.2., Heat Transfers

Poor heat transfer is a major problem in electrical and
electronic circuits. The heat generated may be due to IR losses,
hysteresis losses or eddy current losses. This results in physical
damages or help in accelerating the chemical reaction rates. The
semi-conductor devices are much sensitive to temperature and most

effected.

E

The common methods of heat transfer in electrical & electroni
equipments are (i) free convection (11) forced air cooling (1ii)

conduction (iv) radlation and (v) vaporisation cooling.

Convection being slow even when sufficient air space 1is
provided, the_technique is only applicable when dissipation is
less than 0.25 watts per square ihch under normal stmospheric
conditions, Forced cooling is used when the diséiptation is upto
2.0 watts per square inch. Radiation 1s the most effective method
of heat transfer. Vaporisation cooling 1s used when dissipation
is more than 7 watts per square inch. The conventional way of
vaporisation cooling is through refrigeration. The chart, given
in Appendix~4, gives an idea about the temperature precautions,

which should be taken into consideration in designing an equipment.

6.2:3+ Corrosion and Biological growths

Because, the enviromment contains many deteriorators like
oxygen, Carbon dioxide, dust, chemlicals etc., Numerlous types of
parts like vacuum tubes, batterles and capaclitors are susceptible
to chenlical action and biological growth. To cope up with this
difficulty, the specification of the component should withstand
the specified levels of temperature, humidity, fungus, rain, dust

ete,
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6.2+4. Chemical Action:

The material of electronic components can undergo change,
in a number of ways. Some of them are chemical interaction with
other materials and modification in the materlal itself (recrystiliis
ation, phase change of changes induced by irradiation). To avoid

this, corrosion resistant materials should be used as far as possible

6.3« Fallure Analysis:
| To have a complete. idea about the mode of failure of
electronic and electrical components, an analysis of different

types of components is.given belows

6.,3.1, Resistors |
6.3.1.1. Carbon Compositions

A survey of the existing literature indicates that the frequeni
types of fallures in carﬁon composition resistors are due to resiste

ance drift(sé)

s a decrease or an increase in resistance. The former
may occur due to change in moisture contents, and the latter due to
carbonisation which causes curing of'binders end the third type
resulting from curing and céracking of the resistance element, The
cracks will normally occur at the hottest point or at the centre of
the resistance element. Also excessive external hett such as manual
soldering operation or excessive temperature cycling will cause |
failure in the vicinity of lead termination where the mismatch of
thermal coeffieient 4s the greatest. Experimental results obtained
in the Laboratory on the pattern of failure of these resistances are
in agreement with the above analysis., Figs,.(6.5) and (6.6) show
the nature of fallure of some of the resistors put under test, Figs.
are quite explalinatory and stands as evidence for the mode of failures
discussed above,

6e3ele2s Metal Films ‘
In metal film resistances, the drift characteristic is
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very much important if the long term reliability of the part is
taken into consideratlon. Generally, there are four obvlious
reasons of failures of these metal film resistors. One may be
scratched film which ofcourse does not cause an immedliate failure
but may cause a premature failure. Another is due to eracklng of
the substrate where the fracture finslly interrupts the film
continuity and the other two are due to 1lifting of the metal film
from the substrate. |

" 6,3,1,3, Wire Wounds

Very low resistance units may fail due to short cirecuit-
ing of the turns, Twisting or pulling of the leads may ereate an
open circuit due to poor holding power of the leads. The fallures
may also be due to uneven distribution of winding, compound and
other lrregularities.

63 2 ‘Capacitors :
6+3.2.1, Paper and Mayler Dielectric Capacitorss

Basically, a capacitor.consists of two metal film
folls separated_by‘a dielectrié material, A largé mumber of
capacltors get damaged éue to external causes such as the plerc-
ing of a few layefs of the foll whiéh résults in short-circuitQ
The other two of failures are due to severe vibration in which the
capacltor may lose its leads resulting in an open circuit., But
some of the faults may be due to the deformation of internal
sleeves if it is not inserted carefully. The life of capaéitors
under consideration varies inversely to some power (b) of the

(35)

applied voltage which mathematically can be represented as

follows:



105

L v |
(.—.-L-i...) - ‘ -—.v?:-—)p ses EX (6.1)

where Ll and L, being ﬁhe mean 1ifé of‘mayler capaclitor
under test corresponding to the applied D.C. voltages Vl and Vz.
The best exponent for the inverse power rule ranges from 2 to 7(362
but different investigaténs;Suggest different values for the
exponent 'p! haweVer, several authorities have shown that a factor

(37,

of 4 to 6 for most of the capacitor applications 38) is reason-

able in practical ranges of voltage and temperature,

The effect of temperature on the life of capacitors can also

be established by the following relationship,

2 1 ,
10g10( “'""LI ) = C (-%;_k - ""t' ok ) ‘ se s (6.2)

where C 1s any constant.

The above equation relates the mean l1life ratlo to a difference of
the above inverse of the temperature in degrees on Kelvin scale.
From test results for a particular group the value of constant C

can be determined.

6.3.2.2, Tantalum: | _
The most frequent type of fallure mode in tantalum foil

capacitors 1s the shorted units, which may result due to the |

application of reverse blasj generally such units will displgy a

colour corresponding to specified test voltages,

6+3+2.3¢ Solid Tantalum:

| The failure mode is very high leakage or nearly shorted
units. The most probable cause of these fallures may be the
trapped impurities, some of the units may be found fractured which
might be resulted from shock damage.

6.3.3. Semiconduetorss
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6.3.3. Semlconducborss

| The most frequent failures in semiconductor devices are
due to thermal, electrical and mechanical abuses. It is needless
to mention the tremendous difference between passive and semi-
conductor dlements, A new 500 volt paper capacltor may withstand
10,000 volts momentarily without fallure, a power resistor may be
able to take a power overload pulse of 100000 or more times the
normal power rating for a micro-seconds while a diode or trﬁnsistor
however has no such oﬁernload or over voltage cppablility. The semi-~
conductor devices may fall or show a change in operating character=

istic in so many ways, few of them are described as belows?

643.3.1. Electrical Abuse:

Thennai consliderations are of utmost importance in the
reliability of sémi-conductors devices., These points may be where
electrical stresses or the current density is the highest or a
point where the thermal resistivity is the highest., A power

transistor(sg)

cannot dissipate heat Into its surroundings because

of its small area. Heat radiations from the transistor case 1s
inadequate because of the Stefan's law., The major effects of time
and temperature on the transistor are to reduce the value of

current gain and to inerease the value of collector cut-off current.
The effect of higher temperatures; is also to hasten the aging proces
Zenor dlodes may fail due to 10039 soldered balls within the device.
This ﬁay be éue to over load conditions which create enough
temperature to melt the eutictic and whisker pressure which will
force the material out in ball shaped particle. The effect of

(40)

temperature on the fallure of transistor 1s shown in Fig.(6.7).

6.3.3.2, Mechanical Defectss:
Some packages are inherently more susceptible to

mechanical damace then others. The imnronerlv wetted arvstal.



J00

/10

~

D Ed/LLLE DER /000 Hrs.
o
T

001 |-

000}

0-000/

¢-0000/ L 1 |
400 300 200 /00 15

TEmpERL TURE

f16.8- 8 TOINSISTOR £Fq/2088 B47E Vs.

TEMLELY T 0s



oW

becomes more a mechanical problem in the extreme cases, Cracked
crystals are another form of mechanical defects, The failure in
the transistor may be of two types§ an open éircuit due to loss of
internal solder connection to collector base or emitter and a
short between collector and emitter. The open circult may be
caused due to poor construction. _Other types of meghanical defects
may be responsible for some of the alloyed~ through shorted
devices, for example mettallc deposits bripging_the'gléss feed
through on the inside of transistor casepliihe most common
fallure of Zenor diodes, seems to be a rqunding of the breakdown
knee of sufficient severety to finally affect the opefating

region,

6.3.3.3s Burface Conditionss A |

Most of thé failures 1ﬁ,sem1-condﬁctors are the change
in surface conditipns._ The changes are due to the efreét of
time and temperature because the effect of hiéher temperature 1s
%o hasten the aging process, Thermal conditibns may give
reproducible and reversible cyclical changes or‘irreversible or

permanent changes.

The surface conditlons during the test or use can also
result in the component becoming ln-operative due to the varlat-

ion of the true characteristic beyond permissible limits,.

- The purpose of failure analysis is to emphasize the
importance of an accurate failure analysis in any test programme,
Accurate fallure analysis 1is truely the cornerstone of the
corrective action that will be taken to improve the reliability

and performance of clectronic and electrical equipments.






RELIABILITY EVALUATION

Techniques useful in the analysls and prediction of equipment
'reliaﬁility have devélopedlrapidly during the recent past, Concurrer
tly with this development, emphagsis has been piaced on the accunue
lation of fallure rate data on parts and the measurement of relia-
bility of existing equipﬁents in order to provide numerical signil-
ficance to the various mathematical expressions used in deseribing
the reliability. These efforts are being accelerated by an increeas-
ing recognition of thé value of épplying an analysis and prediction
thchniques during the design phases itself.

The techniques avallable currently can be c¢lassified depend=
ing(él) on application as followss |

(1) Predietion of circuit or module reliability when part
reliability, system configuration and internal and external stresses

are glven (as will be discussed in section 7.1l.).

(11) Prediction of system or equipment reliability when
module reliability, equipment dlagram and operational requirements
are avallable (as will be discussed in section 7.2).

(111) Advanced mathematical or statistical techniques which
supplement the preceeding methods under certain preseribed condit-
ions (as will be discussed in section 7.3).

7.1 Prediction of Module Reliabilitys

Basic technique of obtaining the module reliability is,
the summing of the failure rates of the constituent parts.
Appropriate formulas are apolied to account for the series and
parallel configuration of the parts whieh»compose the module, It
has been determined that there are several ways in which the

component can fall, viz. (1) frequently repeated fallures (i1)
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randomly occuring failures (111) degradation fallures of various
parts, The methods of rectifying the first and third type of
fallures are explained 1ln Chapter 2 in detail, but the methods
to reduce the random failures are not known. The mathematical
mcdel giving the fallure rate of the module as the summation of
the failure rates of the constituent parts has received wide
acceptance, The reliability of the module, in turn, is computed
from R(t) = e~A%, unero A 1s the fallure rate of the modle .

The use of this formula,will justify the ecceptance of certain

basic assumptions,

(1) All theparts are operatiﬁg independently, i.e.
the probability of one part is independent of remaining parts.

(11) The successful functioning of each and every part is

required forthe successful operation of the module,
(111) Pailure rates of various parts are known.

(1v) The parts experience constant failure rate during the

period of operation,

In situations where the'reliability of large numbers of
modules are to be predicted, sampling procedure is used to
advantage., The use of such technique does not affect the basic
techniques used in predietion, but rathef leads to the stipulate
ion that a detalled prediction of reliability will be made for
only the selected sample modules where, merely a quick analysis
if any at all, of the estimated reliability will be made for

the other modules.

7.2+ Prediction of Equipment Reliabilitys (
The old technique for the numerical prediction of equipment
reliability is based on the application of product rule and simple
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redundancy consideration as explained in detail, while dbnsider—
ing the reliability models of noﬁrmaintainad systenms, Tﬁis
technique is valid and extremely useful where the modules comprise
ing an equipment, opérate'in a simple serles, parallel or redund-
ant configuration with respect to reliability. One of the more
mathematical treatment of reliability analysis techniques(42)
discusses the product rule and shows that actually it can be

applied with reasonabie validity to a variety of situations.

7.2,1. Use of Switching Circuit Analogy:

>,Since~the swltch is a two state device, elther open or
close, it is evident that a switching cireuit can be considered
an analogue of any group of interccnnected elements where the
' operation of such element is described as either a success of
fallure, Three important steps are necessary to uselswitching

c¢ireuit analogy as the rellability prediction technique-

(1) Preparation of cireuit diagrem vhere each component
1srrepresented by a switch, the open position being analogous to

failure and closed position analogous to sucecess.

 (41) Derivation of formula (Transfer function) for transe
mission through the circuit showing all combination of switch

closures which can lend to success.

~ {111) Interpretation of formula for successful transmission

in terms of probability of suceess,

Extension of this -technique to complex multi-element

series parallel networks have been discussed in reference€4é).

73+ Advanced Mathematical and Statistical Techniquess
Besides the techniques discussed 1n the earlierx chapteré

end above, theme exist some techndques to obtain means for
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obtaining valid prediction of reliability., These new techniques
are derived from the application of advanced methematical and
statistical procedures based on, Boolean Algebra, Baye's theorem,
Monte Carlo methods and various distribution theories such as
Exponentialy Gamma, Weibull, Normal, Extreme value and Polssion

etCQ

The reliabllity models for statistical have been explained
in detail in Chapter 2, Other matiematical techniques will be
' discussed in brief, |

7+3s1s Application of Boolean Algebras
Boolean Algebra(44’ 45) expressions can be used to deseribe
how element operating state must combine simultaneously to make

the output of the signal avallable.

1U 2 denotes all states where elements 1 and 2 are operat-
' lhg in parallel and 1M2 correSpohds to the elements operating in
series, The follaviing posulates are used.

XUX =1

XNX =0

XUX =X

Xnx = X~

The following configuration are analyséd with the help of
Boolean Algebra, |

7e3s1s1le¢ Series Systemss

If the reliability of each sub-system 1s Ryy Ry and Rz
(the probabllity of the signal to be present at output terminsl
~of each subsystem). Then the reliability of the complete system

will be given as=~
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Rsysten FE: NBy N Ry
= BxiR

if the reliability of all the subsystems are equal =

’

= R°
then=- Rsystem R

if R = o~At

' «3AL ' 4
Rypsten = €00 e e (D)

7.3.1,2+ Parallel Systemss
The total probability of the signal to be present at
the output terminals ise

Pgysten™ P (X NENBUPCENTADUPEZNT AT U P(XN T N2)

= PIX N (l‘-‘f) N (le)! U Pl YA (1«'1) N (1—Z)l uP Iz n(1-X)N

(1-?:)1 UP(XNY N Z).

on solvinge

Ps;ystem P(X)+P(Y)+P(Z) P(’X) .P(Y)—P(Y).P(Z)-P(X).P(Z)-!-
P(X) P(Y)P(2)
if P(X) = P(Y) =P(Z) =P = e""‘t.
2 . 3
Psystem aP - &P + P o
RSYStemgse-At - 33 -2At L B-aAt . eee see (702)

731430 Multistage Systems

The appliication of Boolean Algebra is very helpful
when analysing the multistage systems for demonstration taking
a simple example of the circuit in fig.('?.é).

The total probabillity of ‘the signal to be present at the
output is given by the equation=
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Pgyston® PXNZATFNWUPENZA T aWUPEANWAT N

P(XAWNTAZ) UP(XOYNZ W)
S4mplifyling= |

P P(X) .P(2)+ P(Y) .P(z)* P(X)P(W)+ P(Y)P(W) = P(X)P(Y)P(Z)~

t'ym:em

P(X)P(Y) P(W)= P(X) P(2) P(W) -P(Y) P(Z) P(W)+
P(X)4P(Y) P (2)%P (W),
ir, -
PO = (P(Y) = P(Z) = P(W) = P = oA
then, |
Poysten™ 4P
4 o~2A%

OF Ryvetom™ « g e 3At 4 -dAL vou (%.3)
7,3;2. Bayes! Theorem as Applied to Relisbility Evaluafiont-

As all the systems ean not be reﬁucéﬁ to either series
or parallel or any combination of serlies parallel arrangement,
there exist systems which are under the class of non=series
parallel systems, To find the rellability function of such

systems, the Baye's(l’ 46) thaerem may be very useful. :

Considering the schematic reliebility block diagram in
Fig.(7.4).

Two equal paths X-X! and Y-Y' operate in parallel, so that
‘at -least -one of them is good and the output is assured, If X and
Y are not reliable a third similar unit 2 is introdnéed so that
it can provide the output signal through X' and Y'. Therefore the
following possible operations are possibles x;x1, ¥-¥?, Z~X' and |
2-Y', Now the problem is to find out the relisbiliiy of this

arrangemente

If the element are connected as shown in Fig,.(7.5) the
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reliability evaluations becomes very easy.

To findout the reliability model of eircuit shown in
Fig.(7.4), the Bayes! theorem can be used which states, If
X is an event which depends on one or two mutually exclusive
events Y, and Y’ of which one must necessarily occur, then
the probability of occurance of X is given by

P(X) =P(X,given Yi)P(Y1)+P(X, given Yj).P(Ya) o

| ses (7.4)
or 1t can be stated as, the probability of system failure
equals thé'probability of system fallure that a specific
component in the system is good, times the probability that
the cémponent is goody plus the probabiiity of system fallure
given that said component is bad, times the probability that

the component is bad or

P = P(System f ailure bf component Z is good).

system failure
' P(Z is good) + P(System failure if component

| Z 13 bad). P(Z 1s bad) .re (7.5)
Z 1s a component or unit upon which the system reliability
" depends,
it,

'F, = probability of system failure
= Probability of that the component Z is good
Probability of that the componeht 2 is bad.

From equation (7.5), .
Fg = F (if Z 1s good) R, + F, (if Z 1s bad)F, .ee  (7.6)
and R, = 1 = F,

The equation (7.6) is most,powerfnl tqol to solve the arrange=-
ment as shown in Fig.(7.4).
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If Z is good the system can fall only if both X' and ¥Y' fail,
and because X' and Y' are in parallel the system unreliability
if Z 1s good amounts to -

| Fg( 1f 2 1s good) = (1= Ry,) (1- Ry,)

1f Z 1s bad the system can fail only if both X-X'! and Y-Y!
fall, and the system unreliabllity, if Z is bad amounts to-

P (1f 7 15 bad) = (1- Ry Ryy) (1= Ry Ry
Then the unreliability of the whole system is- ..
Py = (R ioR) B+ (o R ARy,

if components X, Y and Z are similar and having failure rate
A, and oomponents X' and Y' are also similar with failure
rate A,y then- |

F, = (1-s~42Y) (1-0742%) "ML 4y1.~ (ALtA2)Hy2(y zA1t)

and RS = 1"(109“A2t)2 G“Alt + 11‘9-(A1+A2)tx2(1-8.A1t).
s (7.7)

7.3.3+ Monte=Carlo Techniques(47’48’49)s-

The application of statistlcal methods to the
design and analysis of reliable circuits has been possible
recently with the advent of high speed computers, Monte«Carlo
method for reliability analysis mainly concerns the drift
caused by out of tolerance. The problem of estimating how
deviation from nominal component values make deviation in the
performance of a circuit and can be best analysed by using
Monte-Carlo techniques. The method has simplieity and infact
closeness to reality by direct simulation, The method can
provide information as regards the behaviour of a ecircuit

under different simulated conditions,
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Invariably, Monte=Carlo techniques constitute the
process of working with a model of a system, imposing specific
‘inputs and using some random process to select values of conmpo=
nent parameters, combining them according to some rule to
obtain the system output, This process 1s repeated for several
runs and samples of output are obtained, from which the
reliability information or data may be deduced. Thus Montee
Carlo technique consists of the following steps.

(1) A suitable random groéess 1s selected.

’(ii) Encugh component information 1s obtained so that
the component response distribution is estimated
with reasonable aécuracy. This shows how to
welgh the various probabilities of occurance of
parameter values,

(111) A formula is obtained for the output of the system
as a function of systemm input and component

parameters,’

C(dv) Several runs are made and output is evaluated

taking the random parametric values.

Mainly, two processes are involved in the simulation
techniques viz. random component simulation and performance

simulation.

7+3+3,1s Random Component éimnlation:

This involves a derivation and plotting of the
parameter value in terms of the cumulétive probabllity of
incidence of that particular value or less than that parametric
value, These Yx=p(z)] have been plotted in Figs.(6.1),(6.2),
'(6.3) and (6.4) for resistors and capacitors of different
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nominal values as given in Chapter 6. This information 1s
needed to simulate the component value for Monte-Carlo analysis,
Next the relationship of that parametric value and cumulative
probability or random number between O and 1, is given some
mathematic formula by fitting a curve which élosely follows

the pattern. |

These curve fitting methods for different mathematical
relatioﬁs, have been shown on a comparative basis in Tables 1
and 2. _

TABLE 1l- Curve Fitting for 68 ohms resistors

Pt L2t B 4t 5 6 7,8 1,01 1,0

- :
Actual - | ‘ - -

value 'z g5 6168.2160.0169.35169.6'69,9170.6' 71.572,8176.0
68chms (Oth) B

with 104 ' ' [ ' ' 'Y ' 1

tolera%Ce ‘ : : :
(]
R=636e tghms)65.0'66.0'67.8'68.4 170,0171.0%72,0! 73.8'74.2'76.0

| R '64.3765.6166,9168.21169,5'70,8'72,1! 73.4174,7176,0
R=63+13p {ohms) '

R=63+9p+ 'R 164,0'65,0166,2'67.4 168,8'70.2171.8! 7304'7501‘76-0
5p2 {ohms) - S
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TABLE 2~ Curve Fitting for 3.3K ohm resistor:

''p 0,1 '0,21' 0,340,506 "' 0,7 0.8 10,9 *1,0

?
. Actual !

values R 13,10 '3,175'3.,2 13,22'3,25 '3,29 '3.32 13,345'3,39 3.4
3 . 3Kohms (KOth )

with ig%e ' ' v * 'y ' T 1 1 '

tolerang = . . e S—

R=39J5p(Kbhms)3.092'3.12 '3.18 93.20i3_25,13.3 13.32 3,38 '3,40'3,.4!

R-3+.45p(Kohms)3.045'3.090*3.135’3-18‘3.225'3 27013,315'3.36 '3405C.4!
TR

R=3+, 659.txohms)3.'s3 13,12 '3, 1?353.22'3.26 13,3 '3.33313,36 13.382'3.4!
.25p "

7e3e342¢ Performance Simulationz

Simulation of performance 1s made by means of a computer
programme for= o _

y = r(xl so0eX ) : veo | aoe (7.8)
giving the dependance of the performance parameter y on cirecuit
component values xl....xn. Usually the performance funetion f can
be found from the mesh and model equations for the cirecuit. If y
s assoclated with the transient behaviour of the circult, such as
vpropogatian delay the function f is likely to be extremely complex,
This however is theoretically no hinderance to the application of

‘the method, so long as ¢ éan'be’evalﬁéted'by the computer.

| A flow chart of Monte-Carlo method for rellability analysis

is shown in Pig.(7.6). IFbr each component x, we have as input a
set of pairs of coordinate points on x; = py(2),
1(2y x“)c =Llyeeessemy i=1,..,.n § \

If several components have the seme distribution,

only distinet distribution may be approximated,
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CONCLUSIONS |

Rellability is based on probability and statisties, As in
any statistical and probability caleulations, amsumptions have to
be made, time and again, about the distribution of various kinds
of fallures which affect reliability. It should be realised that
the realiability equations approach reality only to the extent
that the actual distributions approach the assumed models, When-
ever a dlstribution is assumed 1t always remains just a model,
whether 1t is exponential, normal, Weibull, Gamma, Extreme value
or Polsson distribution ete. Distributions of actual samples never
fit exactly., Therefore while evaluating ectual available statis-
tical data one caﬁ never be sure that the calculated value
represents thé true population. However they can be regarded as
good estimated and pridictions, as long as'they are not disproved.
When a component exhlbits a certain probability of survival or
fatlure rate under certaln environmental and operating stress
conditions, the parameters change immedlately even with the slight-
est changes In stress conditions. Changes 1n environmental are
quite often, drastie in the operation of one and the same system.
Therefore the important factor in reliability prediction is about
the laws governing the changes of failure rate with temperature,
voltage, current and many other stresses, Correct failure rate
can only be obtained by testing the component or equipment at
several stress levels and then fitting the curves with the derived
and avallable model,

Three types of failures have been generally recognised as
having time characteristies viz, initlasl failure chance failure,
and wearout fallurej each has assoclated with 1t a period of
operation of the device. The initial type of failure occuring

at time zero or shortly there after, the chance failure occuring
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during useful life of the device and finally the wearout failure
after the useful life., Exponential distribution has been found
‘more appropriate for change fallbure, Gamma distribution is
extremely useful if fatigue and wearout studies, Weibull family
of distributions are useful to describe the fatigue failure,
vacuum tube failure and ball bearing fallures ete, With reference
to relay problems it has been seen that most affected parts of a
conventional relay are the relay contacts, whiéh are damaged due
to large uumber of operations or breaking of excessive currents
for which 1t 1s not designed; the distribution law for rellability
analysls 1s alhost normal, and the othéritypeg,of failures which

are dus to sudden siresses behave as exponential law,

In general the fallures of electrical and electronic
components fall under four major groups viz., Catastrophie, Inter-
mittent out éf tolerance and maladjustment, Catastrophic failure
occurs when there 1s a gross change in characteristic, they can
however be eliminated during the design of the component itself,
Intermittent failures are wapredicéable, so a designer can do very
1ittle to rsduce them., Oul of tolerance failures result from
degradation, drifting and wearout, Drifting of resistor or
capacitor values, wearout of relay contacts and weafout of ball
bearings are the example of this type of fallure., Maladjustment
failures are due to human error snd the effect of this might lead
to error in relay sensitivity. The author has conducted some experiw
ments on carbon resistances} their mode of failure is consistent
with the investigations made gi§§:§gggnces. In some cases the para=-
meter drift phenomenon of certaln components such as resistors,

€apacltors ete. does not affect the realiblility of the equipment for
this drift necessarily reduces the strongth of the component involved
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but it does affect the performénce of the electronic equipment,
causing a gradual degradation of the performance., When components
are not reliable enough, derating techniques must be used i.e., -
operating the component at half or even less of. their rated f

values of voltage, wattage, temperature etc.

Instances where even extreme derating does not help and the
component fallure rate is too high redundancy techniques must be
used in the form of parallel or standby components.f It has been
found that the reliability of standby redundant system is higher
than the reliability of parallel redundant system. Maintenance
action canngive the higher reliabllity. Detalls have been explain-
ed in Chapter-3, | -

Every protective relay scheme must meet two main requirement
that it should not operate when not desired, This action is called
the selectivity and the second requirement is, that it should
operate when desired, Fault on any particular élement may lead to
non-selective operation, Redundancy in general increases the
rellability undoubtedly but at the same time decreases the selectl-
vity. Back up arrangements can increase the selectivity butb
decreases ths reliability. It is thus dlfficult to have both of
them higher., A compromise is usually recommended, depending on
the requirement of the relay cirecuit., To study the selective
‘and non-selective behafiour of a relay scheme a most general
configuration mf m, components in séries and n, in parallel have )
been considered,‘fcr different configurations érising from
m, =2, 3, 4, 5, 6 and n, = 2, 3, 4, 5, 6, The different
inequalities have been éerived to find the optimum values of
probabilitiréf fallure and probability of non-selectivity for
the respecfive configurations. The plots for gain in selectivity
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and reduction in probability of failure havevbeen obtained with
the help of digital computer (IBM 1620). As &s obvious from the
charts of Chapter 4 the-author recommends the comprosing config-
urations as n, = 3 and m, = 4,5 and 6 respectively for all

practical purposes. However, one has to make a choice depending
upon other factors also, such as cost, availability and reliabi-

1ity requirements.,

Before the reliability evaluation of a system can be done the
information about the components behaviour and as.to how they
are connected in the circuit must be obtained, Usually the
arrangement of the components may be elther serles, parallel,
series-parallel or non-series-parallel, The reliability evaluat-
ion of series, parallel and series-parallel cbnfiguration can
effectively be done with the help of Boolgan Algebra Techniques,
specially in czse of multistage systems, The non-series parallel
systems can be analysed through Bayé's theorem., Monte—Cario
method for predicting, the performance of the system is the best
technique available when the components aré subject to drift in
thelr characteristies and their parameter values, This method
can also take into aceount different environmental effects

through proper simulation,
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APPENDIX 1
Lm m) ! PRy x? oK
m -~ n : m-n) } - 1 °

as,
Q1= -
an’d | - C u-ls-—
p= (15
The problem 1s to £ind

m)} '_&. X _ymen
k{fd.l ) ¢ (m=n ") ( ( 1~ o ) | X

or

«tn 1 et P B e

or | xR k.M y (m)? X ee (1.1)
= Li ‘ 1= X 2 =] *
Gl REC e - BB

Now solving~ |
K2 kym
Lim ¥ —pos—(1- ) X
m =~ (n)¥, m
n-
Lim N

kn L:!.m - ‘.m - ). 2 - m-il- M2 3

" 4545 eeoneglecting higher powers .i

iin;imilk*ﬁ-r -5 - B - B

i 2 S
= Tayr Mkt g3y, - qay teeeeod

L
= e
Now taking Lim l (m) ! l sey (1.2)

m—v (m-n)} n® (1. -5 )8

From sterling's approximation-
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()t = /Zm o e

Putting this value in Equation (1.2)

Lim 7w ot B | | )

m“*"’l /2% (m-n) (o) B g~ =)0 (7 _ ____)n 1
= - -By¥

vow /o = @m0t = n¥ (1. By

and (men)® 2 = o (=11) (1~ _Tr;__)m«-h

which gives-

Linm m_~m _&_ ‘
m_.g 1}
QPW§WQ&Wn%wﬁ1x>‘
5 Lim | B ; : ) N ‘ ‘ :
R AR ok
- Idm . :
i ' . ~L I ..e (1L3)

B - B - BE ot - Ko
as m —~ (1~ 238 = "% ( as before )
and méaq (1;_...3. 38 oo g |

m— (1.; ._!%....)i' =1

m— - (1#. L0 -

Therefore equation (1,3) is equal to =

1 =1
ot o~1

or finally-
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1 n TL!

m-—
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APPENDIX 2

C  JUGAL KISHORE PLCTTING OF GAIN IN SELECTIVITY CASE 5
DIMENSIONX(110),Y(110),2(110) ,W(110) ,V(110)
DIMENSIONA(110),B(110),0(110),D(110),R(110)
Q=.01
DO1I=1,105
Q2=Q*Q
Q3=Q*Q2
Q4=Q*%Q3
Q5=Q*Q4
Q7=Q2*Q5
Q8=Q*Q7
QO=Q2*Q7
QL1=Q2%Q9
Q14=Q3*q1l
Q1l5=Q*Ql4
QL7=Q3*Q14
Q19=Q2+Q17
Q23=Q4*Q19
Q24=Q*Q23 | : !
Q29=Q5*Q24
Q38=Q24+*Q11 S - :
X(1)=6.+Q-15,*Q3+20, *(}5-15.*Q7+6, *Q9=Q11
Y(I)=6.%Q2~15,*§5+20 ,*Q8~15,*Q11+6,*Q14-Q17
Z(1)=6+*Q3=15,%Q7+20 ,*Q11=15,*Q1L5+6,*Q19-Q23
W(I)=6.*Q4~15,%*Q9+20,*Q14~15,*QLO+6 . *Q24~Q29
V(I)=6,%Q5~15,%Q1L1+20 ., *Q17~15, Q2346 , *Q20~Q35
A(D)=1,/X(D)

B(I)=1./Y¥(1)
C(I)=1./2(I)
D(I)=1./W(1)
R(I)=1./Vv(I)
IF(Q-1. )2,3 93
2 Q=Q+.01
Gorol
3 Q=Q+.08
1 CONTINUE
PUNCH100 {A(1),B(I),C(I),D(I),R(I),I=1,105)

100 FORMAT (5E14.4)

STOP

A
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_APPENDIX 3

C  JUCAL KISHORE PLOTTING OF REDUCTION IN PROBAB.OF FAUL.CASE 5
DIMENSIONX(110),¥(110),2(110),W(110),v(110)
Dnginsmm(uo) ,B(llo) ,c (110) ,D(110) ,R( 110)
Q...

D01I=1,105
Q2=Q*Q
Q3=Q*Q2
Q4=Q*Q3
Q56=Q*Q4
F=20°Q
F2=pF»F
F3=F*F2
FA=F*F3
F5=F*F4
B6=F*F5 .
G=3,83,*Q+Q2
G2=G*G
G3=G*G2
GA=G*G3
G5=G*G4 _
G6=0*G5
H=4.-6;*Q+4;*Q2—Q3
H2=H*H
H3=H*H2
H4=H*H3
H6=H*H4 .
H6=H*HS ‘
P=5,a.o.*q+10.*qa~5.*93+q4
P2=p*p
P3=pP*p2
P4=pP*p3
PS=pP*p4 ‘ ,
P6=pep5
S=6, -15.*@*20. *Q2-15 , %Q3+6 , *Q4~Q5

 82=8%8
S3=8+32
S4=8*83
85=5%34
86=8*35
X(I)=Q5*F6
Y(I)2Q5*G6
Z(I)=Q5+*Hg
W(I)=Q5*P6
V(I)=Q5+*36
A(I)=1./x<1)
B(I)=1./%(1)
C({I)=1./2(1)
D(I)=1./wW(I)
R(I)=1./v (1)
IF(Q-1.)2,3,3

2 Q=Q+.01

GOTO1

Q=Q+.05 ,

CONTINUE

PUNCH100, (A(I),B(I),¢(1),D(I),R(I),I=1,105)

100 FORMAT(5E14 4)

STOP
END

- W



APPENDIX-~
Thumb rules as regards precautions to prevent over heating.
Capacitors:

(1) Mount away from the hot parts.
(11) Use of radiation shields if required,

Electron tubess

(1) Use heat shields designed to aild heat radiation.

{11) Meamure bulb temperature.

Resistors:
(1) Use short leads if they go to cooler parts,
(i1) Power Resistors should be mounted vertically,

(111) Prevent power resistors from radiating to temperature
sensitive parts like diodes, transistors etc.

Semiconductor Devices:
(1) Minimise thermsl resistance to chesis,

(11) Locate away from heat sensitive parts,

Transformerss
(1) Minimise thermal contact resiétance to chesis,

(11) Provide heat radiating fins where possible,

/3!
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