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ABSTRACT

In this thesis, generalized mathematical models are
developed for long mission spacecraft flights, which incor-
porate series,; parallel, and standby components.in early,
randdm and wearout failure periods. Mathematical models
are established alsoc which give the system reliability
with various preventive maintenance pracﬁices and for
component reliabilities incorporating wearout. The results
of models are compared for possible application to manned

and unmanned flights.



CHAPTER 1
INTRODUCT ION

Reliability is the quantitative ingredient most
vital to the economic utility of space vehicles. Origi-
nally, reliability was geared to the need of a man/machine
team, knowing that what the machine lacked in reliability,
the man could make up with inflight adjustments and post-
flight repair. With the advent of the Aerospace Age and
unmanned orbital and lunar miséioné, it became necessary
to ha#e»a high reliability designéd and built into the
spacecraft before it was launched. With long mission
manned spacecraft flights becoming a reality in the near
future, the man/machine concept of reliability under
.space conditioné must be investigated. Since_varioué
forms of maintenance and spare parts provisioning can be
adapted to manned long mission flights and not to unmanned
flights, the complexity of the prediction techniques
will be much greater for mahned flighté; For the purpose
of this study, long mission will be defined as a manned
or an unmanned'flight'from three months or 2,190 hours
to two years or 17,520 hours. Thus an earth orbiting

space station or an extended lunar exploratory mission,



as Well aé manned flights to neighboring planets;, would
come under this study.-

This thesis is intended to be a reference for
predicting réliability for long mission spacecraf;
- flights. The math models used hérein will be kept as gen-
eral as possible so that with certain modifications, the
»équations will apply to all electronic, electrical, mech-
anical and fluid networks under a space envirohment° The
techniques used in this thesis.will be developed in theory
on the component, sub-system, énd system level.v |

To this author's knowledge, no studies have been
made on reliability prediction techniques for long mission
manned and unmanned spacecraft flights. Bazovsky (1)* did
a study of long mission reliability prediction techniques
‘for shipboard machinery in which a general equation
incorporating eafly, random, and wearout failure rates was
derived. |

The only spaceéraft flight to date which‘coqld be
classed as a long mission spacecraft flight was the Mariner

R Venus probe which yielded no specific failure rate data

or application factors (2).

* Numbers in parentheses refer to REFERENCES.,
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The Langley Research Center Staff (3) did a study
‘in- which the technological problems of manned rotating
spacecraft were investigated. This study defines-fully
the environmental conditions which must be considered iﬁ'

many of the long mission spacecraft reliability math

models. This thesis does not contain space environment
application factors. All of the equations developéd
herein are for ideal iaboratory conditions. The numerical
values obtained from these eéuations must be modified-by
application factors which allow for differences between
laboratory and’spage environment.

In Silent Satellites Speak (4), the effects of

radiation-on the electronid_equipment of Telstar were
analyzed and some estimates of the actual radiation lev-
els beyohd the Van Allen Belt were made. There is a possi-
bility that long exposures of six months or more to such
high levels of radiation might impair the mental faéili-
ties of an improperly shielded astronaut. Until such time
as the possibility of human brain deteriorétion can be
completely eliminated, a deterioration factor should be
incorporated into all equations relating to manﬁed space=
craft flights. This deterioration factor multiplied by
the human reliabiiity factor would give the complete prob-‘
ability of an asﬁfonaut being able to repair and restore

to operation equipment which has failed. The areas in



which human contributions play major parts have been
defined by Gross (5). McCormick (6) has made a study of
the human motor activities and the speed and accuracy with
which these acti#ities can be accomplished. Wolman and
Okano (7) have derived an equation in which the astronaut®s
abilities to perform manual overrides under various envir-
onmental conditions were evaluated. In (7), the probabil-
ity that an astronaut would be able to perform the proper
overrides at the proper times was evaluated from the
average of five independent estimates of the astronaut’s
_performance, by individuals, professionally qualified to
access man's performance capabilities. 1In the text on page
62, the independent estimates method is used for evaluating
the performance of an astronaut with an overpressurized
space suit.

Madison (8) found that engineering repairmen were
able to achieve the same reliability as military repairmen
using far less parts. This is an indication that the level
of technical training of the astronaut who will be perform-
ing technical overrides should be considered when predict-
ing reliability with preventive maintenance, and should
also be taken into account when applying the equations for
predicting the number of spare parts required for a long

mission flight as described in Chépter 5.



Boechal (9) compared the levels of reliability
needed for manned and unmanned orbital satellites and for
'military satellites and came to the conclusion that manned
and military missions réquire a considerably higher degree
of reliability than do scientific missions. In this
thesis, an attempt will be made to establish feasonable
risk levels for manned and unﬁanned flights.

Eagle (10) came up with a graph plotting, Failures
versus Time, which illustrates the wearouﬁ failure distri-
bution. Eagle also camé up- with an.equation for the
standardized normal wearout distribution which expresses a
mission time in units of the standard deviation and the.
mean of the wearcut distribution. Tﬁis factor can be
found in tables expressing the standard deviation as a
percentage of area under the wearout curve. This area
subtracted from oné gives the wearout reliability as a
percentage. |

"ARINC Research Corp. (11) has drawn a relationship
between system failure rates and parts "removal rates.®
These procedures were based on the premise that the fail-
ure rate of a new system can be predicted from a knowledge
of part "removal-rates®™ in predecessor systems of coépér«
able design and functional complexity. This premise can-
not be tested at this timé in long mission flights unless

the space vehicle can be recovered and the failed part
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pinpointed. As in the case of the Mariner R Venus flight,
many of the failures could only be pinpointed at the
system level and some failures could not be pinpointed
at all.

Pieruschka (12) states that the distribution curve
’of'first wearout failures is nearly normal. Second fail-
ures are distributed according to one-half of the ﬁofmal
distribution curve. The distribution curves of third and
higher order failures look more and more-like a chance
distribution. As a result, higher order wearout failures
occur almost "by chance®™ and the force of‘mortality curve
(failure rate curve) with repair levels off és more and
more components are replaced and'becomes horizontal. 1In
application, if the components}ére repiaced”as they fail,
after the third or fourth replacement, they would begin
failing randomly with failure rate considerably higher
than the initial chance failure rate. Thus, repair actions
would have to be made more often. |

McLaughlin and Voegtlin (13) found that in a study
of radar, communications, and navigational equipment,
there were 498 true failures and 1570 total replacements.
The disparity was due to secondary or cascading failures,
replacement of marginal parts suspected of impending
failures, parts damaged in maintenance, parts removed

unnecessarily in a sequential search for the real trouble,



etc. In a long mission flight, this unnecessary replace-
‘ment rate must be reduced to nearer unity.

Gordy (14) presents a chart which illustrates how
families of failure-rate curves enable designers to pre-
dict failure rates as a function of an environmental stress
(such as temperaiure) for various oﬁerafing stresses (such
as the ratio of operating to rated power).

Pieruschka (15) has an excellent discussion on
the theory of maintenance, (15) also contains a figure
relating the vérious areas of maintenance, and a figure
comparing failure rate with ideal repair maintenance,
These figures are included in Chapter 5.

The Reliability Data Book, Martin (16), contains
figures illustrating the effect on reliability of increas-
ing system redundancy for various combinations of series
and parallel sub-systems. Several of these figures are
included in Chapter 3.

Meyers (17) has written an excellent discussion
giving the ?rbs and cons of sequential and functional
redundancy, which are discussed in Chapter 3, and in a-
paper by Aroian and Meyers (18), the mathematical advan-
tages of éequential redundancy are'presented.

Bazdvsky (19) contains math models for functional
and sequential redundancy used in Chaptef 3 and equations
for predicting the Chi Square Confidence Limits used in

o

- Chapter 5.
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Reliability prediction‘techniques involve the cal-
culation of the reliability of all components involved
in a system or sub-system for a specified time under a
specified load and environment. The contribution of early,
random, and wearout failure rates must be calcu;ated for
each component when they apply and the product of the con-
tributions gives the component reliability. With a know-
ledge of component reliabilities, system reliabilities for
~systems of various configurations and purpose can be
caiculéted for the given mission time. The manipulating
of the system configurations and the methods of sustaining
“a specified reliability by various maintenance practices

constitutes the science of reliability prediction,



CHAPTER 2

MATH MODELS FOR PART RELIABILITY

2.1 Differences between Short and Ionr; Mission Predic-
tion Techniques

In a short mission spacecraft flight, there is an
excellent probability that the length of the mission will
be within the useful life of some of the component parts
in the spacecraft systems. As long as the mission time
is shorter than the useful life of a particular component
part, then the reliability of that part will be based
upon a constant failure rate and the reliability of the

component part within its useful life will be given by

Rc = e ',ct. (2.1)

If the length of the mission does not force any of the
component parts into wearout, then the failure rate of
the component parts not entering wearout is much lower
than the failure rate of the component parts in a system

whose mission time is much longer than the constant
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failure rate time interval on the bathtub éurveo. See
Fig. 1. Since system reliébility is an inverse func-
~ tion of component part failﬁre'rate, it can be concluded
that for identically redundant systéms without replace-
ment, the reliability is lower for long missions than
for short missions.r And, on a posteriori basis, the
reliabiiity for a time interval, t, taken during fhe
useful life of a component part is greater than the re-
liability for the same time interval taken during wearouto

In a manned long mission spacecraft flight, there
are many poSsible ways to gain additional reliability on
a stock piece of equipment that are not availaﬁie té
unmanned long mission flights, Maintenance, preventive
maintenance, spare parts provisioningvand redundancy
(with manual switching) can be uéed to increase system
reliability. But, if the spacecrafts’ weight is a
critical design parameter,-then the added weight of the
astronaut, the weight of his life support equipment, and
1the weight of the spare parts and repair equipment will
reduce the possible weight of the original systems and
their backup or redundant systems which could have been
included in the spacecraft. A great deal of redundant
circuitry could be provided in the equaling of just the
astronaut“s basic equipped weight. To evaluate the

various alternatives fairly, it will be assumed that the
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added weight of the astronaut or astronauts does not pre-
sent a problem and all of the circuitry which is needed
for the various reliability practices can be included.

For an unmanned flight, parts replacement or
preventive maintenance practices cannot be used because
they require an astronaut to make the replacement. Of
course, components can be added or subtracted from a cir-
cuit at intervals electronically, but this form of replace
ment must be considered standby redundancy. Then only
sequential and functional redundancy techniques can be
used to increase the Mean Time Between Failure of a cir-
cuit aboard an unmanned spacecraft. The MTBF for both
a sequential and functionally redundant circuit is given

by (19, pp. 100, 113)

dT (2.2)

where R is the reliability of p components in parallel
for functional circuits, and 1 component with p-1 compon-
ents in standby for a sequential circuit. In Sec. 3.3,
it is shown that for the same number of equal component
parts, sequential redundancy assuming perfect sensing

and switching will give a higher reliability (Rp) than
will functional redundancy. This means that since the
MTBF is a direct function of Rp, the MTBF of the sequen-

tial circuit will be greater than the MTBF for a comparable
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functionally redundant circuit. If the reliability of the
sensing and switching unit decreases, for sequential
redundancy decreases and a point is reached where the

inequality expressed above reverses.

2.2 TIdentification of the Total Failure Rate of Compon-
ents

In predicting reliability from time T = 0 in the
life of a component to a time T + t, the following three
failure rates must be taken into account. See Fig. 1.

1. In the region which extends from T = 0
T + t where T + t # T, the failure rate at any point Tp,
where 0 ~ Tp T, is the summation of the early failure
rate and the chance or random failure rate at Tp. It is
assumed that at Tp = T, debugging has been completed and
early failures are no longer contributing to the total
failure rate. In the debugging process, it is assumed
that perfect repair is practiced, i.e., no new early
failures are introduced into the system when failed com-
ponents are being replaced. To accomplish perfect repair,
the replacement components must be taken from a popula-
tion in which the substandard components have already
been eliminated (19, p. 69).

The probability of a component part surviving
infant mortality from T to T + t where 0K .T*T + t~T*

is given by (19, p. 73)
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Re (T,t) = exp |-)OE(T' ) e*T/E(T'l(l-e~t/E(T'>) (2.3)
where E(T') = mean debugging time in hours
AQ0 = failure rate at zero age in failures per

million hours
T = initial age of component part at the begin-
ning of mission in hours

t = mission time in hours

It should be noted that for a mission from

T to T + t

where

Tl<* T~ T + t
t/E(T') approaches zero faster than T/E(T'). Therefore,
as

(1 - e-t/E(T,))
is approaching one,

E-T/E(T')

is approaching zero, and

approaches zero. And since T becomes large in comparison
to E(T'), the probability of a component part surviving

infant mortality for T to T + t
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where ™ < T T + t becomes
Re (T~T*, t) = exp zZero = i (2.4)

As an example, for a component part which has been de-
bugged until time T where T is 5 times as large as
E(Tf), the reliability that the component will not fail
due to early failures for a mission of 2190 hours begin-

ning at time T is (Assuming E(T') < 100 hours)
Re (T,t = 2190) ar exp [ -2100 e-5(1-e"2190/100)]
2 exp -7 o0 (100) (.00674) (1-) 3
> exp £ - .674 ~0j

Now even with a very large initial failure rate, say

= 100 x 10-6
Re (T,t = 2190) B exp |- .674 x 1074
= exp ~-0.0000674%

Re (T,t » 2190) ~ .9999326

In equation (2.3) if [«-T/E(T') (*-t/E(T,)] ig

defined as H, then RQ = exp E(T* ) H | . See Table
I for values of H for determining Re for various ratios
of T/E(Tf) where t *~ 2190 hours and E(T») < 100 hours.

In actual practice, many component parts receive little or
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TABLE I. Values of H for Determining RE

The Probability of Surviving Early Failures Is Given in
Terms of /A0, E(Te¢), and H in the Equation =

exp [-AOQOE(T« ) H where H = ~T/E(T*) (1_et/E(T'))

In the Table, Values of H Are Given for Different Ratios

of T/E(Tf), Given that t >2190 Hours and E(T') <. 100

Ratio of Ratio of

T/E(T') Value of H T/E (T>) Value of H
0.00 1.00 2.00 0.135335
0.02 0.980199 3.00 0.049787
0.04 0.960789 4.00 0.018316
0.06 0.941765 5.00 0.006733
0.08 0.923116 6.00 0.0024788
0.10 0.904837 7.00 0.0009119
0.20 0.818731 8.00 0.0003355
0.40 0.6703 20 9.00 0.0001234
0.60 0.548812 10.00 0.0000454
0.80 0.449329 15.00 0.0000003058

1.00 0.367879 20.00 0.00000000206
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no debugging, so Rg for ratios of T/E(Tf) ~ 5 is less than

one for long mission spacecraft flights.

2. In the area which extends from between
and in Fig. 1, the failure rate at any point Tp, for
Tp Tg is given by the chance or random failure
rate only. To illustrate the approximate areas of the

bathtub curve, it was assumed on Fig. 1 that the wearout
failure rate does not begin to contribute to the total
failure rate until after T + t ~Tg. In evaluating the
contribution of wearout to the system unreliability in
actual calculations, the integral of the wearout failure
density function is evaluated from T * 0 to T + t. The
probability of a component part surviving the chance
failure from T to T + t where T*-* T-c t # Tg is given

by (20, p. 53)

Rc (T,t) - e~Ac,t) (2.5)

The exponential for the probability of surviving chance
failure from T >0 to T + t *~ T* can be combined with the
exponential for surviving chance failure from time T* to
Tj + t and the resulting exponential e A %~ gives the
probability of surviving chance failure from T * 0 to

T + t. Therefore, the probability of a component part

surviving both infant mortality and chance failure from
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T> 0 to T + t where T< T + t T2 is given by

Re (T,t) x Rc (T,t)

exp % OE(Tle-T/E(T) (l-e_t/E(T1 )] (2.6)

Re is multiplied by Rc because the component part must
survive both early and random failures.

3. In the area which lies beyond time Tg in Fig.
1, the failure rate at any point Tp, where Tp Tg is the
summation of the chance and wearout failure rate at Tp.
The probability of a component part surviving chance and
wearout failure from T to T + t where T2 * T * T + t is

given by

(2.7)
xV T+ %)
R (T)
w
where
R (T + t)
w where T T2
F (T«) dT
w
(2.8)

and Fw (TO is the wearout distribution which is approxi

mated by a normal distribution.



The most general reliability equation for the
probability of a component part surviving early, random,

and wearout failure from a time T to T + t becomes

R (T,t) = Re (T,t) x Rc (T,t) x Rw (T,t) (2,9)

or

R (T,t) = exp

(2 .10)

2»3 Effect of Wearout on Reliability for Extended Space
Flights

In evaluating the effect of wearout on a compon
ent, the approximate wearout distribution and the mathe-
matical properties of that distribution must be known.

If the wearout distribution approximates a normal distribu
tion for a particular component, then the mean of this
distribution as well as the standard deviation must be
known before the effect of wearout can be calculated.

To be able to compare the effect of the wearout
failure rate with the effects of early and random failure
rates for an extended space flight, E(T'), AO# , T,

t, M, and @ must be known for the particular component
part under investigation. As an example, let us say

that for a given component E(T') = 100 hours.



= 10 failures/10” hours, T = 100 hours,>c = 1 fail-

ure/10” hours, t = 2190 hours, and the wearout distribu
tion is normal with a mean (M) = 2400 hours and a stand-
ard deviation (< ) = 100 hours. If in a spacecraft, the

given component was used in 10,000 identical applications,
from T = 100 to T + t = 2290 hours, as will be seen in the
following calculation, 1379 out of the 10,000 original
components will fail on the average between T = 100 and

T + £t = 2290 hours.

As previously stated

R (T = 100, t = 2190) = Re (T = 100, t = 2190)

x Re (T = 100, t = 2190) x RW (T = 100, t = 2190)

where Re = exp f- >0E(T« ) e-T/E(T') (l-e~t/E(T'h

= 0.99632

Rc e-“c(t) = 0.997810
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Then the probability of a component surviving from T = 100
to T = 2290 is R (T = 100, t = 2290) = 0.999632 x 0.997810
x 0.8643 = 0.8621.

The calculation of Re (T = 100, t = 2190) and

Rc (T = 100, t = 2190) are accomplished by straight sub-
stitution into equations 2.3 and 2.1 for the parameters
given. The wearout reliability is the most difficult to
calculate and an explanation of the method follows.

From equation 2.8

Assuming that the wearout failure distribution is
described by a normal distribution, FW (T*) is the curve

of the normal distribution and is described by

1
FW (T>)

[2~ T

where FW (T*) is the ordinate of the curve, rr is a constant
(3.1412), e is a constant (2.718), M is the mean of the
distribution, is the standard deviation of the distri-
bution, and T4 is the lower limit of the integrals shown

above, i.e., either T or T + t.
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The calculation of the wearout reliability in-
volves finding the fraction of area of the normal wearout
distribution lying to the right of T* = T + t = 2290 hours
in Fig. 2 and dividing that by the fraction of area of
the normal distribution lying to the right of T = T =
100 hours. Table II gives the areas under the normal
distribution to the right of any point T1 in terras of the
standard deviation of the distribution. To use Table II,
the distance between T1l and the mean of the normal dis-
tribution M must be expressed in units of the standard
deviation c@* . This standardized distance from Tf to
the mean of the distribution is called Z in Table II and

is equal to

For T1 T = 100 hours Z = -23

and ™ = T + t = 2290 hours Z = -1.1

In Table 1II,

The area to the right of T = 100 hours for which
Z = -23 is equal to 1.00 -

The area to the right of T + t = 2290 hours for

which Z = -1.1 is equal to 0.8643, and

R,(T = 100, t = 2190) = 1.0 = 0.8643 +

S



23

Area undLe” the

RWCT* lo*,t *Z.io)=+~L + 1+ r .

Curve, to't'kc

LM it .,

Areo uncier +Kt CAruc. V» the
r‘tyVxt et T » \oO

A Quer s,

ir>
Tkt = 22.90 “euré& “ervd of DL

T-\00 hoao * cf »»Ha\*

(o) {E 500

tooo 1500 aooo tkdo iffod aeoo
Time (T*i) — " M=2o00

Figure 2. . KjatvtdA O»Bfr'»buf too Gvirve wiy 9 Mean = 24°p Ke’rs

X a Sswovwdkmk CQeubat*@» — |0 Keurs.

(BEcxroaV Fa'Aure rTlouf ;oI



-4.9

\\4 .8

-4*4

.00

.965208
.962067
.958699
,957888
. 956602
.954587
.951460
.978665
.947934
.946833
.945190

.942765

.965446 .965673 .965889 .966094 ,966289 .966475 .966652
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TABLE II. The Probability of No Failures from
Age 0 to Age T* under the Normal Wearout
Distribution Function
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2.3.1 Determining the Number of Components Needed
in the Original Population
To find the number of components that would have
to be debugged from time = 0 to have 10,000 remaining at
T = 100 hours (the beginning of the mission), the follow-

ing equation must be solved.

Original population

10,000 (2.1
EETT*V t=IOT7

10,000

A [- AOE(T.)e-T/E(T,, (1-e-t/E(T'b]

= 10,006.3 or 10,007 components.

2.3.2 Determining the Effect of Early. Chance.
and Wearout Reliabilities on System Reli-
ability for Different Mission Times

In Table III are given the early, chance,and wear

out reliabilities for T = 100 hours, t = 100, 200, 300,
., 3000 hours and the product of early, chance, and
wearout reliabilities for the same time intervals. The
results of Table III are plotted as components surviving

versus mission time in Fig. 3e
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TABLE III
Early, Chance, and Wearout Reliabilities for T = 100 hours,
t = 100, 200, 300, —--- 3000 hours and the Product of Early,

Chance, and Wearout Reliabilities for the Same Time Inter-
vals. RS3(T,t) = Re(T,t) x Rc (T,t) x Rw (T, t)

= 10 failures/10~ hours Ac =1 failure/10”* hours
E(T') = 100 hours M = 2400 hours
T = 100 hours a = 100 hours
t (hours) Re (T, t) Rc (t, t) Rw (T, t) Rss(T't
0 1.000000 1.0000 1.000000 1.0000
100 .999767 .9999 1.000000 .9997
200 .999682 .9998 1.000000 .9995
300 .999650 .9997 1.000000 .9994
400 .999639 .9996 1.000000 .9992
500 .999635 .9995 1.000000 .9991
600 .999632 .99904 1.000000 .9990
700 .999632 .9993 1.000000 .9989
800 .999632 .9992 1.000000 .9988
900 .999632 .9991 1.000000 .9987
1000 .999632 .9990 1.000000 .9986
1100 .999632 .9989 1.000000 .9985
1200 .999632 .9988 1.000000 .9984
1300 .999632 .9987 1.000000 .9983
1400 .999632 .9986 1.000000 .9982
1500 .999632 .9985 1.000000 .9981
1600 .999632 .0084 1.000000 .9980
1700 .999632 .9983 1.000000 .9979
1800 .999632 .9982 1.000000 .9978
1900 .999632 .9981 .999968 .9977
2000 .999632 .9980 .99865 .9976
2100 .999632 .9979 .9772 .9762
2190 .999632 .997810 .8643 .8621
2200 .999632 .9978 .8413 .8391
2300 .999632 .9977 .5000 .4987
2400 .999632 .9976 .1587 .1583
2500 .999632 .9975 .0228 .0227
2600 .999632 .9974 .00135 .0013
2700 .999632 .9973 .00003 .00003
2800 .999632 .9972 .00000 .00000
2900 .999632 .9971 .000000 .00000

3000 .999632 .9970 .000000 .00000
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2.4 Standard Wearout Definition

34

In establishing a standard wearou£ definition, a
clear distinction must be made befween the first;secoﬁd,l
~third, and fourth wearout failure frequency distributions.
The distriﬁution curves for the first, second, and third,
etc. failures for chance failures are identical as can be
seen inAFig; La. The chance failure distribution curves
should be compared with the wearout failure distribution
curves for first, second, third, etc., which can be found
in Fig. 4b. Iﬁ Fig, 4b it can be seen that the distribu-
tion curvelof first wearout failures is neafly nofmal
while the second wearout failures are distributed accord-
‘ing to'onéuhalf of the normal distribution curve. " The
distributions cﬁrves,of,third and subSeqUent failures look
more and more like the exponential curve for chance dis-
tribution as can be seen in Fig; he. The similarity of
those two distribution curves indicates that higher order
wearout failures occur almost "by chance.® (12, p. 10).
As can be seen in the bathtub curve for first order
wearout failures in Fig. 1, the failﬁre rate curve begins
a'marked increase as wearout is eﬁtered. If the worn out
parts are Peplaéed as they'fail9 the failure rate curve
~begins to level off in a mixed zone,'and-then flattens out
for the higher order failures. Jee Fig; Ld. This gives us .

three zones for wearout failures which are repalred. The
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failure rate in zone one is of first order and has a
wearout character., The failure rate in the second zone
- between Tj.and Tp has a mixed wearout énd chance charac-
teristic because of the injection of second and third
ordér distributions, and the failure rate in the third zone

is of the higher order failures and has a chance character.

2.5  Risk Levels for Manned and Unmanned Flights

. In an unmanned flight, thé component part cannot
be replaced before it fails, because in both sequential
and functional redundancy the transfer of load is not
made until after the component part fails. This means that
when a mission time is specified for a compbnent part in
an unmanned flight, that part is required to operatse for '
the full mission time, and the reliability for its opera-
ting the mission time can be calculated using equation.
2,10, Let us say for the component discussed in Section
2.3 a target reliability had been set at 0.995 for an
unmanned flight. The risk level is defined as being equal
o 1 = ﬁarget reliability° And in this example, we will
risk or tolerate 5 component failures per 1000 components
‘operated for 2190 hours each. This is the same as allow-
ing 5 failures per 2.19 x 10% nours of component operation.
As was calgulated in Section 2.3 and shown in Table III,

the component reliability for t = 2190 hours was 0.8621.
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Assuming. for the moment that the parameters for
the component in Section 2.3, i.e., E(T*), M, and 0 p

were fixed, and T was established by the vendor, the mis-
sion time (t) is the only'variablea This means that there
are only three methods of raising the mission reliability

from 0.8621 to the target reliability of 0.995 for an

unmanned flight.

1. The component can be returned to the manufac-
turer with a statement that the reliability must be in-

creased to 0.995.

2. If the component reliability must remain fixed
at 0.8621 then redundancy techniques discussed in Chapter
3 can be used to increase the reliability of having a

functioning component, for a mission t, to 0.995.

3. The third possibility for increasing the com-
ponent reliability would be to shorten the mission time t,

that the component was required to operate. If the mis-

sion time for this component part could be shortened to
2000 hours, it can be seen from the reliability scale in
Fig. 3 -and from the tabulation for t = 2000 in Table III

that the reliability for the new mission time would be

0.9976.
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In a manned spacecraft flight, there are many
avenues available for increasing component part reli-
ability in addition to the uhmanned techniques. As an
example, if we let the component operate for 2000 hours
and then replace it with a new compoﬁent which.is required
to operate from 2000 hours to 2190 hours, then the probabil-

ity of the system operating until t is given by
R(T=100, t=2190) = R(T=100, t=2000) .
x R(T=100, t= 190) = 0.9976 x 0.9996 = 0.9975

The second part dr the replacement part, which was in-
stalled new at T = 100 hours in its_life will be required
to operate only 190 hburs or until the end of the mission.
Then while the overall mission is 2190 hours, the mission
time for the second component is only 190 hours. If i
components will be used during the mission (the original
plus i-l replacements), then in general the probability
of a component (with replacement) lasting from T = 100 to
T + t = 2290 is | |

R(T,t) = R(T,t1) x R(T;tz) x R(T,tB) x‘ coo R(T,t5) (2.14)

i
where t = é ti
' i=1
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R(T=100, t=2190) = R(T=1oo,t1) X R(T=1oo,t2) X R(T=1009t3)

.x o o » x R(T=100,t;)

i
where t = 2190 = P t
1

The component reliability for a particular value of ty can
be found in Table III for the component part parameters
given in Section 2.3. In a normal application, the miséion
times £ty to ty would be equal and the general equation for

i-1 replacements at equal time intervals becomes

i power

R(T,t) = R(T,t, = typical time interval)

1

In Chapters 3 and 4, components with mission reli-
abilities established by equation 2.10 are arranged in
various redundant configurations to raise the component
reliability to a desirable level. In Chaptér 5, compon-
ents with mission reliabilities established by eqﬁation 2.1
are preventively replaced every T, hours to preveht the
components from entering wearout. Replacement before wear-
out assures a high component reliability depeﬁdent only

upon the chance failure rate given by equation 2.1.



CHAPTER 3

MATH MODELS FOR SYSTEM RELIABILITY INCORPORATING
SEQUENTIAL AND FUNCTIONAL REDUNDANCY

Redundancy

In an unmanned space flight, reliability may Bé
increased only through the use Qf'functional or sequen-
tial fedundancy° The degree of reliability improvement
dependé.upon the arrangemenf of the spares. When addi-
tional components are coupled through a switching device,
so that they do not come into play until the original
one faiis,_we have sequential or standby redundancy.
With_functional or full-time redundancy,'all items
operate continubusly with (ideally) each one capable of
carrying the load (17, pp. 43-45). In functional redun-
,dané&, since the items are in parallel, the probability
of all items failing is much léss than the probability

of failure of one item used alone.

}3,2 Functional Redundancy

The calculations for functionally redundant cir-

cuits are not very complex unless various modes of

L1
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component operation must be considered. For an example,
a 24-part functionally redundant resistor circuit would
require 3 * or about 300 billion combinations to evalu-
ate the possible circuit output. The three comes from
the three possible modes of a resistor can be in: normal,
failed open, failed short (17, pp. 43-45).

The system reliability obtained by using functional
redundancy is illustrated by equations 3¢1 to 3¢5
(21, pp. 4-9).

For a system with nKn parallel sub-systems, where
each sub-system has "n" items in series (assuming indepen-
dent failures) the reliability for a mission between T

and T + t is given by:

(Series Sub-system 1)

Rs (T,t) = 1 - £l - R11(T,t) . R12(T,t) ... Rln(T,t)J

(Series Sub-system 2)

1 - R21(T,t) . R22(T,t) ... R2n(T,t)

(Series Sub-system K)

1 - RK1(T,t) . RK2(T,t) ... RKn (T,t)]| (3.1)
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If the failures are independent and the reliability of all
items are equal, the system reliability for "K” parallel
sub-systems where each sub-system has nnn items in series

is given by:
nl K
Rs (T,t) =1 - 1 - (R(T,t)) (3.2)

If the failures are independent, the system reliability
for nKn parallel sub-systems where each sub-system has wn”

items in parallel is given by:
(Parallel Sub-system 1)

Rs (T,t) =1 - L. - R1]L(T,t)7 £f1-R12(T,t)j ... (1-Rln(T,t)
(Parallel Sub-system 2)

11-R21(T,t)J !'(1-R22(T,t) 1-R2n (T,t)

(Parallel Sub-system "K")

1-RK1 (T,t)j 1-RK2 (T.t) (3.3)



It can be seen readily that the preceding system
composed of parallel sub-systems composed of parallel
components is equivalent to a system where all the com-
ponents are in parallel. Then equation 3.3, the system
reliability for "K" parallel sub-systems where each sub-

system has nnM items in parallel, becomes

K

where the reliabilities of all items are equal and the

failures are independent.
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If the wn” parallel sub-systems each of "K” items are now
connected in series (with independent failures), the

system reliability becomes:

Rq (T,t) = 1 - 1-421(T,t) [1-RKi(T,t)]
1 - 1 - R12(T,t) . l_RQQ (T, t) 1-RK2 (T't)
1 - ll—R2n(T.t)J eoe D."RKn (T,t)-

(3.5)

If the reliabilities of all the items in equation 3.5 are

equal, equation 3¢5 becomes:

Rs (T, t) 1. (3.6)

To evaluate Rs (T ,t) in equations 3.1 to 3.6, the reli-
ability % n (T,t) of each of the components in the system
must be calculated using equation 2.10. In the systems
where the components are all equal (equations 3¢2 and 3.6),
only one calculation must be made, using the given com-
ponent parameters. If for a series - system of ,3n par-
allel sub-systems each of *3M items, the component param-
eters from 2.3 were chosen, equation 3*6 becomes (see

Fig. 5(a))
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RS (T=100, t=2190) - /1 - 1 - R(T=100, t=2190)
where R(T=100, t=2190) = .8621
and RS (T=100, t=2190) = f1 - 1 - 0.8621! 3! 3 = 0:9901

0.9901 is considerably higher than the reliability of a
system composed of 3 series sub-systems where each sub-
system has only one component without any other components
in parallel. See Fig. 5(b). The system reliability for 3
components in series with the same component parameters is

equal to

RS (T=100, t=2190) - (0.8621)3 = 0.6407

If the sub-systems in Fig. 5(a) are arranged in parallel

instead of series, the system reliability becomes

Rg (T=100, t=2190) - 1 . 1 - R(T=100, t=2190) 3/ 3

=1- 1[0.1379] 0.9999999a

For the systems with unequal components,
RKn (T=100, t=2190) would have to be calculated for each
component. Since the components are unequal, it should be
noted that while a mission time of 2190 hours may push a
great many of the components into wearout, in the same
system there may also be components which have not entered

wearout at t = 2190 hours. R(T=100, t=2190) for components
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not entering wearout can be calculated using equation
2.6.

The effects on reliability of parallel redundancy
considering X operative elements for various values of
2t are given in Fig. 6. The effects on reliability of
parallel series redundancy considering two complete sys-
tems cut into n equal sub-systems both systems under power
throughout mission (operative redundancy) for wvarious
values of At are given in Fig. 7. In Figs. 6 and 7, it
can be seen that the probability of surviving chance
failures for a given value of At increases with the
number of components in parallel. Fig. 6 is a special
case of equation 3.6 where n=1 and dKw takes on values
from 1 to 5. Fig. 7 is a special case of equation 3.6

where K=2 and n takes on values from 1 to 32.
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3.3 Sequential Redundancy Exponential Case

In sequential or standby redundancy, the MTBF is
determined by the sum of the MTBF of the initial element
and the MTBF'’s of the standby elements. The system reli-
ability obtained by using sequential redundancy where the
items are failing exponentially is illustrated by equations

3.13 to 3.17 (21, pp. 4-9).
The MTBF of a sequentially redundant system of "n”

items with perfect sensing-switching is given by:

Ms = M1 + M2 + ... + M + ... + Mn (3.13)

When the "n” items of equation 3.13 are identical, the

system MTBF becomes:

Ms = nM (3.14)

The reliability of thestandby redundant systemcomposed of
two identical items, one operating and one in standby

(assuming perfect sensing-switching) is given by:

Rs(T,t) = (1 +> t) e~ At (3.15)

and,the reliability of the standbyredundant system com-
posed of n identical items, one operating and n-1 in

standby (assuming perfect sensing-switching) is given by:



52
If the reliability of the sensing and switching device is

equal to Rgw, equation 3.15 becomes:
Rs (T,t) = (1L +A t* ) s’ * (3.17)

For standby redundancy, Mnn identical items, and the reli-

ability of sensing-switching device = Rgw, equation 3.16
becomes:
Rn Tntn
+ Sw
n!
(3.18)

The effects on reliability of parallel redundancy consid
ering X standby elements for wvarious values of A t are
given in Fig. 8. The effects on reliability of parallel
series redundancy considering two complete systems cut
into n equal sub-systems for various values of 71 t are

given in Fig. 9.
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If E(T9) for the component outlined in Section 2.3
is changed to 20 hours and the rest of the parameters are
left unchanged, the ratio of ETTf' = 5 and we can assume
the reliability of surviving earl; failures from T=100 to
T=2290 hours is equal to one.

If we compare the reliability obtained by using
functional and sequential redundancy for the horizontal
portions of the failure rate curve for the given compon-
ent, i.e., from T=100 to T + t = 2100 hours, for two com-
ponent parts, we find that equation 3.2 for n=1 and K=2
will give us a functional system reliability of:

RcfT.t) =1 - (1-R (t)) 2 =1 - (1-e-0-002)
Funct.

- 0.95 60079906734

Fig. 6 shows that for a A t value of 0.002 the system reli-
ability for 2 parallel operative elements is approximately
one which agrees with the results obtained by using equa-
tion 3.2, and equation 3.15 will give us a sequential

system reliability of
Rg(T,t) = (1 + At) e-71t = (1 + 0.002) e* 002

0.97800266466773¢

Fig. 8 shows that for a A t value of 0.002

the system reliability for one standby element is
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approximately one which agrees with equation 3.15.
The sequential reliability for n parts, n-1 of
which are in standby (assuming perfect sensing and

switching) will always be higher than the functional reli-

ability for n operative parts in parallel for n >1. For
n=1, the reliabilities will be equal. Or, in general,
1- (l-e~x)n ~ e”’x (l4x+— +5*. + ... + 1l for n 1
v 21 31 THTTTV
XxX~0
(3.19)
where x = t.

The inequality of equation 3.19 can be proved for
specific ranges of x and n but a rigorous solution to the
general inequality could not be found. Table 4 illustrates
that the inequality does hold for large and small values
of x for n=1, 2, 3 and 4. The input data in Table 4 was
accurate to seventeen places for x =.0001, x = 0.001,

x = .01, and x = .1, and was accurate to five places for

x = 1.



TABLE 4. ANALYSIS OF THE INEQUALITY

1 a | ® x3 xn~3
- -e-xX)n < e 1 + x +
2T + JT + «ee + m y r ' for

values of n =1, 2, 3, and 4 for the range of values

x = 0.0001, 0.001, 0.01, 0.1, and 1

Where the right member is the sequential reliability for
n parts, n-1 of which are in standby (assuming perfect
sensing and switching) and the left member is the func-

tional reliability for n operative parts in parallel.

Number
of Com- Values of
ponents t Functional Sequential
inj Ixj Reliability Reliability
0.0001 0.9740000499983 0.9740000499983
0.0001 0.980000999941 0.98500032998
0.0001 0.9120001499374 0.912830007949
0.0001 0.9160001999782 0.9169094985
1 0.001 0.9 00049983 337 0.9300049983337
2 0.001 0.9740009994700 0.945002998
3 0.001 0.920014987508 0.9980004990
4 0.001 0.9200199783 5165 0 9121839829668
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3.3-1 Sequential Redundancy. Unequal Items.
Exponential Case
Standby redundancy, two unequal items,

perfect sensing-switching
Rg(T,t) = e * -e”) (3.20)

Standby redundancy, three unequal items, perfect sensing-

switching

Rs (T,t) = .42 el"1l% + ~*3

1% t ».ai,

Standby redundancy, four unequal items, perfect sensing-

switching

Rg (T, t) e"llt + er 2t
(*2- h )<4—"1) {\ "h) tti-*2) (*3-22) (~2)

» . 221
(\-"3)(a2~m)"4'B) ("1°")("2"%4)("3" 1)
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Standby redundancy, n unequal items (where one is opera-

ting and n-1 are standing by) perfect sensing-switching.

- A~ 3 4 ...3’1_/\

*2-*1></mB-%) (* )... (*n-*)

+ *1'b/Ad ... 6-/12

AA QNADAkKkkA "A2)

+ + ~1+42 ... *~1-1 “*1+41 ...“ne"Alt

(/@_7ii ) (72-+) U . .. (An-"1)

13.23)

Ui-z*n) (*2-*n* *~ n-1 “ “n)

The calculation of the system reliability for a
sequentially redundant system where there is one opera-
ting component and any number of equal or unequal standby
components for the exponential case is accomplished by
direct substitution of the given components chance fail-

ure rates (3), into equations 3.15 to 3.24.
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In the case where there is more than one operating

component'andrn standby components, the possible success
modes bécome quite involved and the evaluation of the
system reliability for even the exponential case is com-
plex° Dr. Dimitri Kececioglu ﬁas‘devised a method for
calculating the reliability of such a system which is
covered in paragraph 4;1, Such a system which involves

both chance and wearout is discussed in paragraph L.2,

3.3.2 Calculation of Rg, for Manual Switching
in a4 Manned Flight. ’

In sequential redundancy, if the

sensing-switching reliability st~is dependent upon the

astronaut®s ability to locate the failure and make a

manual override, RSW becomes

RS = 1.0x K, x K. xK

W' A B c x K. x K., x K

D E F

where K, , K K K

A* 7B® ¢’
than one, Ky is dependent upon the type of component part

D? KE” and KF are equal to or less

being replaced.

KB is dependent upon the location of the component part

being replaced.
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c is dependent upon the inherent abilitiés of the par-
ticular astronaut beiﬁg considered. "
Kp is dependént upoh the environmental conditions to
which the astronaut ié being subjected at the tihg the
component part replacement must be made.
KE is a factor evaluating the detefioratioh of the astro-
| naut's brain due to prolonged exposure to radiation.
Kp is dependent upon the psychological condition éf the

"astronaut.

KA’ ahd KB,can be determined from time and motion

studies of the particular astronaut in question. ‘Some
work in evaluatiﬁg Ko and Kp was done for Project Mercury
.. 3-Orbit Manned and Unmanned Mission (7, pp. 1=24). 1In
this case study, the ability of an astronaut to perform
certain overrides with a normal, or an overpressﬁrized
space suit, was evaluated by panel members who made inde-

pendent estimates of the astfonaut“s performance. The
average for five estimates for each override was éomputéda
énd then the“probabilitiés of having an overpressurized
or ﬁormally pressurized suit were calculated. These served
as weights to the two averages for each override, and an |
estimated probability for the astronaut®s ability was then
computed. There are many more environmental factors Ky

which can be calculated and weighted in the above manner.
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To date, no studies have been published which
give values for KE versus time for varyiﬁg levels of
radiation. |

One of the values of KF which has been difficult
to evaluate is the reaction of different astronauts to
being alone in cramped quarters for sustained periods of
time. Short duration studies have been made, but no
values for missions betweén 3 months and 2 years are

available to date.

3.4 Comparative Disadvantages

3.4.1 Disadvantages of Functional Redundancy

{17, pp. 43-45)

1. Partial failures are not detectable

2. Failed components may change opera-

ting characteristics

Functionally redundant»circuits'must
be able to tolerate wide swings in circuit values.

3. Survivors must carry an increased load

Load will either stay the same or
increase. If it increases, the remaining elements will

fail prematurely.

L, More heat is generated
» Since all components operate'continuallyg
heat dissapation will increase in proportion to the number

of redundant parts.
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5. Design Is more difficult, more costly.
Because failures change operating char-
acteristics, the design must be versatile enough to permit
these changes without affecting performance.
6. Failures may not be independent.
Since functionally redundant parts
are grouped together with operating parts, they are not
as resistant to environmental failures. If wvibration,
temperature, or humidity causes one element to fail, it
will probably cause the others to fail also. Standbys
in sequential, on the other hand, can be widely separated
to minimize the hazard of environmental failures.
7. Wearout failure is not substantially
improved.
With all the elements operating full
time, the only advantage of functional redundancy is

that the system MTBF is determined by the

Mp = * +2~ + eee +n* when n is the number of func-
tionally redundant components.
8. The degree of redundancy is not easily

changed after design.

If additional redundancy is needed, a
functional design will demand extensive design effort.
In sequential designs, additional redundancy can be inserted
or removed to adjust the tradeoff between weight and reli-

ability.
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9. Life tests are more difficult to make

and interpret,

Because component failures do not
cause circuit failures, it is difficult to determine the
lifetime of individual parts. This is not the case with
séﬁuential failures where part failures show up whenever
a new element goes into action.

10. Power supply must be larger.

Controlling effect in satellite where
power supply size is limited by the present state of tech-
nological development, not by size, weight, or cost..

11. Reliabilitvy analysis is difficult.

Calculations can be difficult since it
is necessary to analyze all possible modes of féilure°

12. There is no protection against

degradation failures.

The design must anticipate the effect

of parts that do not actually fail, but have performance
degraded to the point where it impairs circuit operation.
There will be wide swings in the effective value of each |
multiple cbmponent‘° Sequentially operated circuits, by
contrast; provide backup protection for both degradation

and random failures.
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3.4.2 Disadvantages of Sequential Redundancy
(17, pp. 43-45)

.1l. Failure detection and switchingvdevices

are required.

Two jobs.of switching devices aré'to
senée a failure in the operating component and to switch
in its replacement. One method is to provide a circuit
that compares performanée of.identically operating com-
ponents and automatically switches in a substitute for
those that do not measure up. Another way is to monit&rg'
performance'inaividually, manually turning on a new
element whenever an operating element fails. -Either way,
the switching device must have aﬁ inherently high reli-
ability to prevent degradatioh of the system®s over all
reliability. | |

. 2. Shelf life reduces anticipated

reliability.

If performance of an inactive element
degrades with time, there may berlittle édvantage to
redundancy of any"kind° The effectiveness of replacement
may be partially lost even before it is switched into the
circuit. This is in addition tolenvironmental effects
such as radiation which would.destroy both active and

inactive elements.
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3. Downtime during switchover can be

gignificant.

With manual switching; it may take some
time to discover a failure, switch in a replacement, and
make the necessary édjustments° If it is important that
the equipment remain on continubﬁsly choose functionalh
redundancy.

L., Stored data mayv be loéta

If the system contains a volatile
memory, a failure in power supply, for example, could
destroy the stored information. Functional redundancy
is preferred under these conditiomns. If sequential
redundancy 1s used, there must be an internal or external

means of restoring the stored information.



CHAPTER 4
WEAROUT REDUNDANCY TECHNIQUES

L.1 Kececioglu's Probabilistic Method for Calculating the

Reliability of a Sequentially Redundant System

To illustrate this method, the reliability of the
system shown in Fig. 10 and déscribed below will be cal-
culated for a mission time t;

There are two functioning units and two standby
‘units. Two out of two functioning units are required for
system success. In the sensing and switching device for
#I, standby unit, the acquiescent mode of thé sensing
device is Lg,, the cyclic mode_of the switching device is
hsc,'and the inadvertently opening mode for the switching
device 1is 4gq-

5ggqs Sge» and 530 will be the corresponding modes
for the sensing and switching device for #5 standby unit.,

Using the probabilistic language, 13 successful
modes of function are found. The first six of these
modes are wriften out in long form below and corresponded
to the first six combinations in Table 5. 1In Table 5, the
units and success modes and time domains of function of
each unit in Fig. 10 for all of the 13 successful combina-
tions of function are listed (22).
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Figure 10. '5t'cmdb”? Sysl'em : Urlits Z and 3 are

sfunct»c>ntv\g widU Units 4 and §' m standky.
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1. #2 succeeds for t and #3 succeeds for t.

2. #2 succeeds for t and #3 fails @ t* and 4sa succeeds
to and 4SC works and #4 succeeds from to t and
436 succeeds from t1 to t.

3. #2 succeeds for t and #3 fails @ t* and 4ga succeeds
to tj and 1lgc succeeds and #4 succeeds from t* to tg
and 4so fails at t2, and 5sa succeeds to t2 and 5SC
succeeds and #5 succeeds from t2 to t and 5go succeeds
from t2 to t.

4. #2 succeeds for t and #3 fails @ t* and 4ga succeeds
to t* and 4gc succeeds and #4 fails @ t2 and 4go
succeeds from t* to t2 and 5ga succeeds to t2 and 5SC
succeeds and #5 succeeds from t2 to t and 5g0 succeeds
from t2 to t.

5. #2 succeeds for t and #3 fails @ t* and 4ga succeeds
to tj and 4gc fails at t* and 5sa succeeds to t* and
58C succeeds and #5 succeeds from t* to t and 5go
succeeds from t* to t.

6. #2 succeeds for t and #3 fails @ tj and 4sa fails
@ t~ and 5ga succeeds to t* and 5gc succeeds and #5

succeeds from t* to t and 5go succeeds from t* to t.
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Then the reliability for the system is of the reliabilities

of combinations 1 through 13 in Table 5 and is equal to

tr t
Rg = R2 (t)R3 (t) + R2 (t)i /£3 (t1l) x R*ga (tx)

XVc ore x x Rdso(t-tl) dtl)

+ JMt) x x \'sc (1 0OyOle)

x \ (V tl) x fd4so(t2-tl) x R5sa(t2)

x R*gc (1l cycle) x (t-t2) x R*go (t-t2) dt* dt~

ft2=t /tl=t2
+R2(t)/ / £f3 (tx) x R*ga(tx) x R4dsc(l cycle)

t*0 ' tl="°

x R%*sc (1l cycle)



X R5(t-t2) X R5go(t-t2) dtl dt2

t=t Zt =t
= 1 2

+ R2 (t) £3 (tl) x R43a (tl) x

th=o £§.=0
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(1-\sc) (1 cycle)

x R t x R 1l cycle) x R (t-t
(1) 550( Yy ) 5( 2)

5sa

X R5so(t-t2) dtl dt2

+ R (t)

x R (1 cycle) x R5 (t—t2) Xx R

5sc 5so

1 =
/ A 1=t2

+ R3(8) X Rdsa (tl)

t2=0 y tl=o

t-t ) dt
( 5 )

i atj



x \sc (1 cycle)

X R5sc (1l cycle)

x \'sc (1 cycle)

R 1 le
® '5$C( cycle)

x (1-R ) (1 cycle)
4dsc
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x fd4sa(tl) x Rb5sa (tX)
t, =o

x R 1l cycle) x R_ (t-t x R t-t dt dt
S5sc ( Y ) 5 ( 1) 5so ( 1) 1 21]

2 - ' t1ve

R, 1 cycle R, (t-t R t-t R t
® 4sc( ¥ ) x '4( 1)x 4so ( 1 ) x 5sa (2)

x R 1l cycle) x R (t-t x R t-t dt dt 1
SSC( y ) 5( 2) ( 2) 1 2J

pso

f2(t2) x (t1) x

x R, 1 cycle) x R (t-t x R t-t x R t
4sc( ¥ ) 4( 1) 4so( 1) 55a(2)

x R5sc*l cycle) x R5*t"t2* x R5so*t"™t2* dtl

(4.1)
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4.2 Evaluation of a General Equation for a Sequentially
Redundant System Entering Wearout
To evaluate the reliability of the system shown in
Fig. 10 and given by equation 4.1, inputs for the differ-
ent values of f and R must be found. The fls under the

integral signs in equation 4.1 are density functions.

Where f(t) = ~and R(t) = R x — —-——--
dt 0 R (T)
w

The Rfs found in equation 4.1 stand for the actual compon-
ent reliabilities which can be evaluated by equation 2.10.
The development of the failure density functions which
appear in equation 4.1 is extremely complex for the combin
ation of chance and wearout failures, and beyond the scope
of this thesis. Equation 4.1 can be used as it is, how-
ever, when components used during their useful life only

are considered. In that case, f(t) = RAe *



CHAPTER 5

MATH MODELS FOR SYSTEM RELIABILITY
WITH PREVENTIVE MAINTENANCE

5.1 Areas of Maintenance

The failure rate curve with ideal repair mainten-
ance is a significant dividing line between the two basic
areas of maintenance: the area of preventive maintenance
and the area of repair maintenance. See Fig. 11. 1In
Chapter 4, it was shown that with ideal repair, the failure
rate curve for the wearout distribution became purely
exponential after a state of mixed wearout was reached.
Ideal repair maintenance is defined as the replacing of a
worn out failed part with a new part with no damage and no
error during the repair operation, and preventive mainten-
ance is the replacing of components prior to the time when
malfunction might occur.

At the bottom of the failure rate curve in Fig. 11,
a constant failure rate -line has been added to cover the
- failures due to chance. The chance failure rate cannot be
decreased by any form of maintenance but can be increased
by mishandling and damaging of equipment during maintené

ance (15, pp. 1l4l-142).
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As time increases without limit, the failure rate
with ideal maintenance approaches the reciprocal of the
mean value of the basic wearout function. After each
device has been replaced several times, the devices fail
in wearout according to chance, and the mean time between
‘failure must equal the mean of the basic wearout function
of the devices. See Fig. 12. In Fig. 12, a normal fail-
ure function with a mean M = 3 and a standard deviation

= 1 is used as the basic wearout density function, and
the damped oscillations of the failure rate with ideal
repair maintenance should be noted.

In actual conditions, ideal repair is rarely
encountered. Defective components must be replaced under
unfavorable ciréumstances whie¢h diminish the life expec-
tancy of the new component and cause new failures. In
this case, the wearout distribution mean of the spare com-
ponent is smaller than the original component wearout mean.
And, since the failure rate for repair maintenance, as time
goes to infinity, is equal to the reciprocal of the mean of
the basic failure distribution, it can be concluded as the
mean of the wearout distribution for a replaced component
is shortened, the failure rate becomes greater than with
ideal repair maintenance. In Fig. 12, the failure rate
~with repaif maintenance is computed by dividing the failure
'rate with ideal repair maintenance by a factor of effi-

L

ciency.
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5.2 Preventive Maintenance Methods
5.2.1 Type 1

In type 1 preventive maintenance, the compon-
ent is preventively replaced always after it has been in
operation for TQ hours and is correctively replaced when
it fails. Thus, if a component failed at some time less
than TO, it would be replaced and the next preventive
replacement would be made TO hours after the corrective
replacement. This type of preventive maintenance is use-
ful when individual preventive replacements time logs can
be kept for each component and when it is necessary to
minimize the number of spare parts that will be needed for
a mission time t. If the reliability for a component is
R(TO) for the replacement period TO, then the mean time to
failure of a part subject to type 1 preventive mainten-

ance every TQ hours is: (1, p. 17)

(5.1)

and the reciprocal of is the constant long-term stabil-
ized average failure rate of a part subject to type 1 pre-

ventive maintenance every TQ hours:

(5.2)
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The denominator of equation 5.2 is the mean time between
both preventive and corrective replacements. Therefore,
the total replacement rate r is the sum of the preventive
and corrective replacements, and since the rate of cor-

rective replacements equals the failure rate *Ay (TO)#

r = ~ = Q(TO) + R(TO) (5.3)
o]
ﬁR(t) dt dR‘.) dt R(t)dt

Over a long mission t, the average number of preventive

replacements is

EpN(t) = * R(To) (5.4)

/ T° R(t) dt

and the average number of corrective replacements (number

of failures) is

E (t) - t Q(To) (5,5)

rt
y0 0 R(t) dt

and the total number of spares required for a mission time

t becomes

EN (t) = EpN(t) + EcN(t) - t (1, p. 18). (5.6)

Rt) dt



| Bl
The.number of spares to be carried on a long mission space-
craft flight can be calculated for any fequired percent
confidence by applying X2 confidence limits to equation

5.6. See Section 5.3 for,X2 evaluation.

5.2.2  Type 2

In type 2 preventive maintenance, the preven-
tive replacements are made strictly every T, operating
hoﬁrs'regardless of whether or not the component has
failed and been correctively replaced in the period since
its last preventive replacement. In general, the type 2
replacement policy is used when maintenance schedules are -
based on machine operating time rather than on parts time.
It is obvious that if there were 10,000 of the same type
of component being used on a spacecraft that it would be
next to ihpossible for an astronaut to log and keep track
of individual type 1 preventive maintenance schedules for .
each componentok As more and more components failed before
the preventive maintenance schedule time T,, and were
replaced and allowed to operate T, hours on their own
schedule, the time between maintenance operations would

approach To if the mission time t>€>To.

10,000

If there is only one of a component used in a
spacecraft, say a radar tube, type 2 preventive mainten~

ance would not increase the reliability.(if an exponential



failure rate is assumed for the period TQ) and would
increase the number of spare components that would have to
be taken on a mission. Thus, since replacements that are
not needed are made, the availability of the radar tube
would be less (assuming that the repair time V 0).

With type 2 preventive maintenance, the preventive

maintenance rate is:

and the corrective replacement rate, which equals the

stabilized long term average failure rate is given by the

range:

(5.8)

Using the upper 1limit for ) the calculation for
spares supplies and optimization of the preventive main-

tenance period TQ can again be made:

(5.9)

See Section 5.3 for an example of type 2 preventive main-

tenance.
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5.3 Spare Parts Provisioning Philosophy for Manned Flights
For the component outlined in Section 2.3, let us

assume that the estimated failure rate |\ f
A 10 hours

was taken from the following data: 10,000 components were
tested for 1000 hours and 10 failures occurred yielding an
estimated failure rate of 1 failure/10” hours for the com-
ponent. All of the components were fully debugged and the
1000 hours of test time did not push any of the components
into wearout. From this data, the number of spares to be
carried on a mission, during which no new spare supplies
are obtainable, can be calculated for any required per-
cent confidence that sufficient spares will be available
to restore equipment operation in case of parts failures.
Using a 90% confidence 1level for a one-sided X wupper
limit, the upper limit for the chance failure rate is

given by the following equations :

(5.10)
where T = —
r = number of failures * random failure
* total logged test time rate
2r+2 = degrees of freedom Q9 = estimated random

failure rate
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t2
c ° A, 2r+2 < 30.8 = 1.54 failures

2 Tx 2 x 10~ 106 hours

It is now known that for the random failure rate
data generated for the component in Section 2.3, 90% of
the time >\9 will be less than 1.54 failures per 10& hours.
From Table III, considering the exponential case only, a
value of TO of 2000 hours was chosen as the replacement
time of the component. This corresponds to a desired
reliability of 0.9980.

Using equations 5.6 and 5.9, the number of spares
needed for each component used aboard the spacecraft can
be calculated with 90% confidence for type 1 and type 2
preventive maintenance respectively. This is done in the

next two sections.

5.3.1 Spare Parts Provisioning for Type 1 Preventive
Maintenance

Using equation 5.6,

EN (17, 520) 12,120 17,520 |
£2000 - % t /02000

Em (17,520) = -2Zj.220 = 8.76 spares needed for a 17,520

N 2000

hour flight.
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Thus, if there were 10 of the components being
operated continuously in the space vehicle with type 1
maintenance every TO = 2000 hours, there should be 88
spares with 90% confidence that a spare will always be
available.

It should be remembered that type 1 preventive
maintenance requires the least number of spares for the
same level of confidence of the two types of preventive

maintenance covered in this thesis.

5.3.2 Spare Parts Provisioning for Type 2 Preventive

Maintenance
Using equation 5.9 and the confidence 1limit
for from Section 5.3, the number of spare parts per

application can be calculated for a 17,520 mission using

type 2 preventive maintenance with 90% confidence.

EN(t) = t

L
"Jo fO o #&*

from Section 5.3-1 for TO = 2000 hours and % ~ = 1.54

failures/10* hours; £2° R(t) dt = 2000
yo

Q(Tn) = 1 -e C o = 0.00308
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>.and
S : vf=-l7,520 17,520 (0.00308)
- By(17,520) 2000 2000
'EN(17,520) = 8,760 + 0.027
EN(17,520) = 8°787'spares needed for a 17,520 hour flight.

‘Thusg if there were 10 of the components being
operated continuously in ﬁhé_space vehicle with type 2
mainteﬁanée every T, = 2000 hours, there should be 88
spares with 90% confidencé thét a spare will aiways be

"available.



CHAPTER 6

COMPARISON OF SYSTEM RELIABILITY FOR MANNED

AND UNMANNED FLIGHTS

6.1 Without Wearout

For a component in an unmanned spacecraft to oper-
ate entirely in the chance or constant failure rate area
of the bathtub curve, the mission time t must be equal to
the mean of the normal wearout distribution minus 4 to 6
standard deviations of the wearout distribution. The
number of standard deviations that the mission time must
lie to the left of the wearout mean is determined by the
risk, or probability of failure which can be tolerated
from wearout. In a manned flight, preventive maintenance
can be used at TO = M - 4 to 6(r to prevent the component
from entering wearout. For a component with a set wear-
out mean and standard deviation, preventive maintenance
in a manned flight is the only method of extending the
possible mission time while maintaining a high reli-
ability and prohibiting the component from entering wear-

out.

90
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The component reliability and the slight contri-
bution to the over-all failure rate by wearout in fhe -l
tovééo'range can be calculated using equation 2.10.

The probability of a component operating for a
gi#en mission time t in the exponentidl life of the com-
ponent can be increased by applying the sequential and
functlonal redundancy techniques covered in Chapter 3.

In a manned flight using preventive maintenance_to extend
the mission time from T, to t, the probability of the

component operating until the replacement timé.To can be
increased by using redundancy. This method is described

in Section 6.L4.

’6 2 With Wearout

'In a manned flight with wearout, all of the tech-
niques covered in this thesis for increasing the reli-
ability over a given mission time or for extending the
maximum mission time possible for a given reliability
can bé used iﬁ"aﬁ§ aésdrted combinations. Allowing wear-
“out, the components may be replaced as they fail, giving
a constant wearout failure rate after the third or
fourth wearout replacement.

In an unmanned flight, all of the redundancy tech-
niques covered in Chapter'3 may be used for increasing
component reliability and increasing missidn time. It

was found that if the sensing and switching reliability
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for a sequentially redundant circuit can be considered
perfect, the sequentially redundant circuit with one opera
ting component and n-1 standby components will have a
higher reliability than a functionally redundant circuit

of n components for values of z\t between 0.0001 and 1.0.

6.3 With Preventive Maintenance

A preventive maintenance policy is Jjustified when
the component exhibits an increasing failure rate (23,

p- 188). If the component has been operating with a con-
stant failure rate, or during the chance failure period of
its life, then an increase in failure rate indicates that
the component is beginning to enter wearout. When a com-
ponent enters wearout, the failure rate increases quite
rapidly, and naturally the probability of survival of the
component decreases. Replacing a component that has an
operating age X with a new one returns the failure rate

to the initial value at time zero.

If a component which has been operating in its
useful life (chance failure rate) and will continue to
operate in its useful life for the duration of the mission
is replaced by a new identical component, the failure rate
remains the same and nothing is gained. Thus, preventive
maintenance should be used only when it is known that a
component will enter wearout before the end of a mission.

A preventive maintenance policy is effective when the
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component exhibits an increasing failure rate with time
and when the replacement time of components which have
not failed is less than the replacement time of failed
components. Since it is desirable to minimize the down-
time of a component, availability may be enhanced by sub-
stituting preventive maintenance time for corrective

maintenance time.

6.4 With Redundancy

If with preventive maintenance the component reli-
ability is too low, i.e., the chance failure rate is too
high, the component reliability may be increased by using
redundancy with inspections at time intervals T1 and the
replacement of all redundant components at prevenﬁive
maintenance time Ty where Ty <T,. The preventive replace-
ment at time T, insures that the redundant components are
not entering wearout, i.e., are behaving exponentially,
and the inspections insure full redundancy and a maximum
mean time between failure for the system. It can be seen
from Fig. 13 that if the system is inspected at intervals
of time Ty, and all of the failed redundant components are
replaced, the‘failufe rate for the component returns to
zero and begins retracing the average failure rate curve
for a system maintained every Ty hours. If the system
is inspected at small intervals of timé Ty, the maximum

failure rate is kept very low and the average failure rate



F\Cjuf"c 13.

94

AC*)

Tr\A\arAaneous "failure. rdV*»

A IT0) = Awefag t -fo.\lr<. RA\KL vuUBA
Sy A Kn<d->VoiaGxA sv”ry Tt> Kours

TUve/Ti)* 11514)
J bRu) at
z3 Ac.vAT.)
21, 31, a1, *
— t,T
Fa*'lure, of" sfe#n w'ifVx

Ins]Pecticrvs of ~W ar\@ preceAfivijO malnfenuACG,
ot' tTme, TO .



for an inspection time )) is given by:

avg

The application
system does not
keep the system

intervals to

( * - R(T)

HT1 R(t) dt

of redundancy to an already maintained
significantly add to time required to
operating unless inspections are made at

assure that the system has full redun-

dancy. Frequent inspections of the preventively maintained

redundant system give the maximum MTBF possible, thus

insuring a maximum reliability between inspections times



CHAPTER 7
SUMMARY AND CONCLUSIONS

Considering the three failure areas on the fail-
ure rate versus time curve, a relationship for obtaining
the component reliability from any time T to T + t was
developed. Equations were then developed to determine
the reliability of systems with sequentially redundant
components and of systems with functionally redundant
components in terms of the component reliabilities eétab—
lished by equation 2.10. It was found that when the |
sensing and switching reliability is close to unity, a
sequentially redundant system will give higher reli-
abilities than a functionally redundant system for a given
mission time and an eqﬁivalent number of identical com-
ponents. The probabilistic method for calculating the
reliability of sequentially redundant circuits was found
to be an excellent méthod for handling all time dependent
standby systems.

Preventive maintenance applied to redundant cir-
cuits in manned spacecraft flights was found to be an

extremely useful tool in reducing the system failure rate.

. 96
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