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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

Issue
An operational Space Transportation System (STS)
creates opportunities for activities in space that pre-
viously were not possible. The space shuttle, the primary

launch system of the STS, serves to implement many aspects

of the Military Space Doctrine, AFM 1-6. Specifically, it
will provide a means of meeting the sustenance regquirements
established in AFM 1-6 which state that

An integral responsibility to deploying a space force

is maintaining it and ensuring that it has an enduring 1
capability. Thus, the Air Force must develop a logis- i
tical capability to sustain forces that are based on

the space medium. This logistics system should be i
developed and deployed concurrently with an opera-

tional capability. (U.S. Dept. of the Air Force, 1982,

p. 4-10) {

Maintaining systems within the space force would, by
definition, include

All actions necessary for retaining materials in or

restoring it to a serviceable condition. Maintenance

includes servicing, repair, modification, modernization,

overhaul, inspection, condition determination, corro-

sion control, and initial provisioning to support

items. {McCann, 1981, p. 407)

Maintenance may be classified into two categories:

corrective and preventive maintenance. Corrective main-

tenance consists of all unscheduled maintenance actions

—— S PO VST




performed as a result of a component failure (or suspected
failure) so as to restore the component to a specified opera-
tional condition (Blanchard, 1981, p. 19). Preventive
maintenance, the second category, is composed of

Equipment maintenance actions performed on a periodic
basis, according to a specific set of instructions and
a predetermined time schedule. The objective is to
protect equipment capability and investment by
removing the causes of failure and making adjustments
to compensate for normal wear before failure occurs.
(McCann, 1981, p. 536)

Problem

Given the capability to revisit and repair operational
space systems, any decision related to space maintenance
ought to begin by determining the appropriate maintenance
category, corrective or preventive.

To address this issue, several other issues require
resolution. First of all, do space system components
exhibit failure patterns attributable to random failure?

If random failure occurs (i.e., each like component, regard-
less of age has an equal probability of failure) then pre-
ventive maintenance would not improve component reliability.
Here, we define reliability, R(t), in the usual sense, as
the probability that an item will perform adequately over

a2 given time interval ([0, t]. Reliability is a function

of some time, t, and is calculated as 1 - F(t), where

F(t), the failure distribution, gives the probability of

item failure occurring in the interval [0, t] (Hillier &




Lieberman, 1980, pp. 594,605-606). Should a component
exhibit a random failure pattern, the only maintenance pro-
gram that would make intuitive sense would be a corrective
maintenance scheme because a newly repaired or replaced
item would have the same probability of failure as an old
item.

If the failure pattern demonstrated wearout (that is
as a component accrued more operating time its reliability
decreased) then preventive maintenance may be in order.
Maintenance planners would then be interested in deter-
mining an interval, or schedule, to accompany the preven-
tive maintenance program. They would seek to determine an
"optimum" maintenance interval; that is to say an interval
which results in an optimal value of some management objec-
tive. Examples of some objectives include minimizing main-
tenance costs or maximizing item availability.

Maintenance planners need techniques that are straight-
forward and that provide accurate answers. Unfortunately,
some of the current maintainability theory is difficult to
implement. Often, typical maintenance models rely on spe-
cific knowledge of a failure distribution, which must be
estimated from available data. There often is uncertainty
as to the appropriate failure distribution which generates a
like uncertainty regarding the model's accuracy. Moreover,

these models often require users to have extensive knowledge




in the concepts and use of statistical techniques and opti-
mization methodologies (Talbott, 1983).

Solutions exist to these questions and problems. For
example, Barlow and Proschan (1965) develop several mathe-
matical procedures to find optimum maintenance policies and
intervals for a simple system. Barlow and Campo (1975)
discuss a graphical method that displays operational
failure data in a "Total-Time-on-Test" plot. This plot in
essence is a transformation of the data's underlying
failure distribution, F(t). This Total-Time-on-Test tech-
nique, (TTT), provides at a glance some insight into the
appropriate maintenance scheme selection. Bergman (1977)
incorporates maintenance cost into the TTT concept. With
this addition, estimates of an optimum maintenance inter-
val can be determined for Barlow and Proschan's Age
Replacement Model. A description of these methods fol-
lows. We then apply Bergman's methodology to maintenance

strategies for space systems.

Scope

Preventive maintenance may be appropriate for space
satellites in that they are complex systems (i.e., com-
posed of many subsystems and components) that might have
components which exhibit wearout and failure due to opera-
tion. For example, the second generation Defense Satel-

lite Communications System (DSCS-II) satellite has several




components which may exhibit wearout failures (versus

random failures) while on orbit. These components include
Traveling Wave Tube Assemblies (TWTAs), thrusters, bat-
teries, and Despin Mechanical Assemblies (DMAs) (Byler,
1983). The modes of failure of these components on orbit
are believed to be as follows:

l. TWTAs--separation of cathode coating from cathode
causing defocus of the communications signal being ampli-
fied;

2. batteries--failure of the battery to recharge
adequately given continual cycles of use and recharge;

3. thrusters--breakdown of the catalyst bed in which
the fuel used in the thrusters is decomposed; and

4. DMAs--continuous operation of associated bear-
ings and rotors causing wear (Byler, 1983).

We want to use graphical techniques rather than
analytical techniques in resolving the questions concerning
maintenance policy and interval determination because of
three factors. First, graphical techniques can be used
with scant data, as would be the case with high reliability
components, such as those used in space systems, and yet
that provide a technically accurate (albeit gross) estimate
of an optimum maintenance interval. 1In estimating the
optimum interval, the issue of the appropriate maintenance
category (i.e., corrective or preventive) would also be

addressed by these graphical techniques. Their simplicity

5
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and intuitive appeal would be a second factor. Some non-
graphical techniques require knowledge of the failure
distribution, which in most instances will require a
goodness-of-fit test to several typical distributions.
The graphical approaches used in this study do not impose
such a requirement in that they use only empirical ccm-
ponent life data and cost estimates for preventive and cor-
rective maintenance. No complex computations or statisti-
cal manipulations are needed with these graphical methods
so as to greatly facilitate the maintenance planning. The
third factor promoting the use of these graphical methods
centers on their flexibility in evaluating potential
future maintenance programs. Cost parameter uncertainty
associated with new activities can be easily examined
using graphical procedures which allow for simple sensi-

tivity analysis.

Specific Problem Statements

The research seeks to answer two questions related to
preventive maintenance of space systems:

1. Is preventive maintenance an appropriate category
of maintenance for space systems?

2. If so, can an optimal interval be d=termined for

scheduling maintenance?




Background and Literature Review

The concepts of complex structures and of reliability
theory form the basis of optimum maintenance policies and
maintenance interval determination. Here, we review these
concepts as they apply to space systems. Specifically,

models developed by Barlow and Proschan (1965) used in

determining optimum maintenance policies are discussed.

The graphical procedures introduced by Barlow and Campo
(1975), and Bergman (1977) are then examined, with the
intent of providing a working knowledge of how these pro-
cedures may be used in maintenance policy de£ermination and

in resolution of an optimum maintenance interval.

Space Systems

Space satellites are complex systems, composed of
many individual components. The notion of complexity
refers to the idea that each component may display indi-
vidual operational and failure characteristics and that a
system is composed of many components. As discussed below,
the graphical techniques of Barlow and Campo (1975), and
Bergman (1977) employ probability models of simple, single
component systems. Space systems, then, may be thought
of as a collection of these individual components (or

single component systems) each with its own optimum main-

tenance interval.




Reliability and Failure

Each component in a satellite has its own reliability,
R(t), which, as noted by Hillier and Lieberman (1980),
is the probability that it will perform adequately over a
given time interval, [0, t]. A mathematical model of
reliability, R(t), can be developed based on the idea that
an item may be of one of two states: good or bad. Given a
random variable, T, associated with the time to failure of
an item, let X represent a binary random variable indica-
tive of the conditional state where 1 = good and 0 = bad

in the interval [0, t] such that

L asE & > B
Y=
0 if t < t
and
R(t) = P(X =1) =1 - F(t) =_/F f(y)dy (1.1)
t
where P(.) indicates probability and f(y) is the proba-

bility density function associated with F(y) (Hillier &
Lieberman, 1980, pp. 594-595,605).

"The failure rate, r(t) is defined for those values
of t for which F(t) < 1 by

£ (t) "

r{t) = R(%) (1.2)

(Hillier & Lieberman, 1980, p. 605).




An increasing failure rate (IFR) distribution is one
where the failure rate, r(t), increases, or remains con-
stant as age, t, increases. An IFR failure pattern
typically occurs when failure is caused by deterioration
through use or wear. Conversely, a distribution with a
failure rate that remains constant or decreases with age
is termed a decreasing failure rate (DFR) distribution.
Such a distribution would be applicable to items whose
reliability improved with age or use (Hillier & Lieberman,
1980, pp. 605-606).

There are components that have a failure distribution
that is both IFR and DFR; in other words, they have a
"constant" failure rate. In this situation, such com-
ponents are said to exhibit exponential reliability because
the exponential distribution is the only distribution which
has a constant failure rate. The exponential distribution
represents the "natural bounds on the survival probability
of IFR and DFR distributions" (Hillier & Lieberman, 1980,
p. 606).

These three classes of failure rate distributions
may be plotted as a function of time. Such a plot is
commonly referred to as the bathtub curve and is illus-
trated as Figure 1. Each of the three failure rate dis-
tributions, as shown, occupy distinct portions of the

curve.
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Figure 1. Bathtub curve (Zambo, 1980)

Early failures, those occurring in the initial por-

tion of the bathtub curve, denoted as Region A in Figure 1,
are also termed infant mortality or infant failures.
Experience has shown that DFR class distributions model
the failure patterns of components subject to premature
failure. To eliminate these early failures, many manufac-
turers subject these components to a burn-in or debugging
operation whose duration corresponds to the DFR portion of
the bathtub curve. Subsequently, these burn-in components
are incorporated into an end item or used in an application
by the user (Shooman, 1968, pp. 171-172; Zambo, 1980, pp.
20-23).

Preventive maintenance is appropriate in situations
where the failure rate is increasing; i.e., where an IFR

class distribution is demonstrated. The intuition behind

10




this statement may be seen by considering the alternate
case in which components exhibit DFR class (including
exponential failure) distributions. First, given that a
DFR life distribution component is replaced, the replace-
ment component has a higher probability of failure than the
original component (recall, DFR components improve with
use). Similarly, if the component has an exponential life
distribution, an analogous situation exists in that a new
item is no better or worse than a used item; therefore,
there may be no benefit to be gained by replacing com-~
ponents displaying either a DFR class or exponential
failure distribution. 1In these alternate situations, cor-
rective maintenance would be the maintenance method of

choice (Talbott, 1983).

Optimum Maintenance Policies

Barlow and Proschan (1965) discuss several optimum
maintenance policies. These are based on probability
models which minimize cost or maximize availability and
are divided into two categories: replacement models and
inspection models, the later of which are also termed
preparedness models. Both type models employ the two-
state concept of an item; i.e., it is either good or bad.
Renewal theory is also a central factor in each. The con-
cept of renewal refers to any process, i.e., replacement

or repair, that returns an item to a good-as-new condition.

1l




F——-g__--—n—sm____ill

A key result of renewal theory can be summarized in the
statement that says the average long-term reward per unit
of time, C(t), is a function of the expected reward in the
renewal cycle divided by the expected renewal cycle length

as demonstrated in Eguation 1.3 below.

(Reward/Cycle)
(Cycle Length)

C(t) (1.3)

Reward may be in terms of availability or some other
measure such as a negative reward like cost. Accordingly,
we would seek to optimize the reward by maximizing bene-
fit or minimizing cost. Cost may be monetary in nature or
may be interpreted as the time to replace a failed com-
ponent or nonfailed component. The Mean Time to Repair,
(MTTR) , is an example of the later interpretation in which
the time involved in repair actions following a specific
component's failure could be greater than the repair time
that would have been associated with replacement prior to
failure.

Replacement policies and inspection policies differ
depending on whether item inspection is required to deter-
mine its state (i.e., good or bad). Replacement models
assume an item's condition is known without inspection,
while conversely, inspection policies require that an
inspection of the item be accomplished in order to deter-

mine its state.

12




Two fundamental replacement models are the Block
Replacement model and the Age Replacement model. These
models differ in their respective approaches to the timing
of replacement. In Age Replacement policies, components
are replaced at failure or at age T, whichever occurs
first. Note that T and the failure time may coincide.

T is generally taken as a constant, however, it may be
independently chosen from a fixed distribution for each
scheduled replacement, in which case, the associated main-
tenance policy would be termed a "Random Age Replacement"”
policy. Alternatively, Block Replacement models use fixed
time intervals for replacement regardless of component age
as well as replacément of failure and consequently, as
discussed by Barlow and Prcschan, are more wasteful of
good components than an Age Replacement policy. Block
Replacements, however, lower the number of failures in com-
parison to Age Replacement policy use.

Age Replacement models are used in graphical methods,
as discussed below, in determining the optimum maintenance
interval. To reiterate, in Age Replacement, items are
replaced at failure or at age T, whichever occurs first.
Age Replacement is appropriate for components displaying
IFR class failure distributions. Equation 1.4 provides the
optimum replacement interval in terms of T, the Replace-

ment Age.

183




C{F(T) + (C,R(T))

c(T) = T (1.4)
U/ﬁ R(x) dx
0
where Cl = failure costs, and
C2 = replacement costs.

Note that C(T) in Equation 1.4 is equivalent to C(T)
of Equation 1.3. The.respective numerator and denominator
expressions are also equivalent. Using first order opti-
mality conditions, Barlow and Proschan (1965) show that an

optimal Replacement Age, T, must satisfy Equation 1.5.

T
F(T)

T MESENE RE SHEED] SRce—==—_= (1.5)
1-F(T) L Cl C2

Equation 1.5 is applicable when the failure distribution,
F, is known. The actual distribution, however, is rarely
known with certainty (Barlow & Proschan, 1965).
Inspection policies, as noted, apply to components

which require inspection to determine their condition.
Models for inspection policies are generally more compli-
cated than replacement models. Moreover, graphical tech-
nigques for these models have yet to appear in the litera-

ture (Talbott, 1983).

Total-Time-on-Test Plot

Barlow and Campo (1975) develop a graphical method
that aids in the determination of the failure distribution

14
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of a component using empirical, i.e., observed, data.
Their technique, called the Total-Time-on-Test plot (TTT),
begins by ordering a number of independent lifetimes, X,
an item on test. The data, say n observations, would be
ordered from shortest lifetime, say represented by X(l)’

to the longest lifetime, say represented by X Th:

(n)°
total-time-on-test statistic through the ith failure is

calculated as:

i
. = -1+ .- . .
T(X(5)) = 2 (M-143) (X 5 - X g)) (1.6)
=1
where
T(X(O))=0,
T(Xﬁj)= the total-time-on-test statistic, and
X(i) = the ith independent lifetime.
The ratio of T(X(i)/T(X(n))’ designated U is called the
scaled total time on test at age X(i)' It provides the

vertical axis of the TTT plot. The ratio i/n provides
the similarly scaled horizontal axis. The scaled TTT plot
is therefore a plot of Ui versus i/n. Figure 2 illustrates
the construction of a TTT plot.

Use of TTT plots allows easy identification of IFR
and DFR distributions. A constant failure rate distribu-
tion, or exponential distribution, is represented by a

straight 45 degree line commencing at the origin and

™




| ith Failure X,. T(X(;)) U. i/n

1) 1 -

1 5 hrs 20 hrs 4 .25

2 10 hrs 35 hrs .7 .50

3 15 hrs 45 hrs .9 .75

4 20 hrs 50 hrs 1.0 1.00
(n = 4)

Note: Lifetimes, X(j) have been ordered prior to computations.
Sample computations for the X(1) failure given the formila for total-time
on test ’

1
T(X5)) = jil(n-3+l) ERCR )

T(X,,,) = (4-1+1) (5~0) = 20 hrs.

(1)

Ui = T(X(l))/T(X ) =20 hrs/50 hrs = .4.

(4)
where 1 = 1 and n=4, i/n =1/4 = .25,

1.0

T(X(i))

i T(X(n))

L 1
T T
0.0 .25 .5 .75
& i/n —>

Note: Sample TIT plot displays convex curve indicative of an
IFR distribution.

Figure 2, Use of the TTT plot
(adapted from Talbott, undated)

16




proceeding up and right. Should the TTT plot represent

an IFR distribution, it would be distinguishable by its
convex shape; that is, bowed up in relation to the hori-
zontal axis as the plot proceeds from the origin to the
upper right corner of the scale. The TTT plot represented
in Figure 2 provides an example of such a shape, indicating
that the item generating the lifetime data has an IFR dis-
tribution. Conversely, a DFR distribution is concave in
shape, that is, identifiable by its cup-like downward bow
towards the horizontal axis.

TTT plots allow analysis of failure distributions
when only incomplete data are available which is an impor-
tant feature. Incomplete data can consist of three types:
(1) grouped data, (2) truncated data, and (3) censored
data. Grouped data records failures in terms of the num-
ber of failures that occur within a specified time inter-
val. Truncated data occurs when observation, or data
recording, is terminated at an arbitrary time. Censored
data involves the termination of data collection after
a specified number of failures. Each of these types of
incomplete data can be addressed by modifying the TTT plot
construction through the total-time-on-test equation,

Equation 1.6 (Barlow & Campo, 1975).

17




Bergman's Technique for Solving
Age Replacement Models

Bergman (1977) estimates the optimum replacement
interval using the TTT plot technique and a standardized
cost relationship. His technique has the advantage of not
being constrained to a known failure rate distribution.

The standar¢ . .ed cost relationship is developed from the
reasoning that an item mayv demonstrate a proneness for
failure as a function of its state (e.g., wear). Knowledge
of the item's state may reveal a dangerous condition should
it be allowed to fail. One method of obtaining this knowl-
edge would be by tracking hours of operation, distinct

from merely noting a component's age in that the later may
reflect total installation time, of which, actual opera-
tion may be but a portion. Now, suppose each failure

costs Cl and each replacement costs C2' Preventive main-
tenance is reasonable only if Cl is greater than C,. Con-
sequently, each failure may be associated with a cost K

added to a replacement; i.e., €, = C, + K. A standardized

1

cost, C, can be derived as follows:

2

Let C, the standardized cost of replacement = CZ/K;

C + 1, the standardized cost of replacement = Cl/K'

Bergman plots the standardized cost of replacement,
C, on the horizontal axis of the TTT transform. He locates

it t& the left &f thée €ransform's origin at =€. A lihe

18
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may be constructed from -C tangent to the point on the
TTT plot that yields the greatest angle as measured from
-C and the horizontal axis. A line drawn vertically from
this tangent point to the horizontal axis reveals the
index, i, of the optimum interval. The estimate of the

optimum interval is the ith component lifetime (Bergman,

1977). Figure 3 illustrates the construction and use of
the standardized cost of replacement factor, C, in conjunc-
tion with the TTT plot.

The simplified construction of the standardized cost
relationship promotes its use in conducting sensitivity
analysis (Bergman, 1977). This process is especially
valuable when considering the uncertainty associated with
cost estimates for future programs such as those associated
with space activities. A demonstration of sensitivity
analysis using the TTT plot and the standardized cost
factor is provided in Figure 4 and Table 1.

Lines B and C of Figure 4 demonstrate which values of
standardized cost provide alternate optimum maintenance
intervals. Line A is the tangent line from point ~C =-.5
to the TTT plot and is associated with an estimate of the
optimal maintenance interval of 15 hours. For any value
of C between ~.4 and -.1, the optimum interval will be 10
hours, as derived from tangent line B. A standardized

cost, C, greater than -.l1l will result in a different
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Given costs are:
C, (Failure Cost) = S$15

1
C, (Replacement Cost) = $5
Standardized _ _ __ _ _
Cost Factor C,/(C;-¢,)) $5/ ($15 - $5) 5
1.0 i AR s i e i
94 tangent point

il o e o e e e e e e e e e e e e A

X{3)=T*
cl . .75 30
o =0, i/n
|e 5 -5 S )

Notes:
T* = optimal replacement interval.

Hypothetical data for TIT plot provided with Figure 1.

Figure 3. Bergman's graphical technique using
the standardized cost relationship (adapted from
Talbott, undated)
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e e I g,

C}*————.——————-—-.—-—_ [ —
e

%) (4)
=.5-4 - 25 50 5 L
<— -C '}T‘ﬁ— i/n =

Note: * Original optimum interval tangency point.

Figure 4. Sensitivity analysis using the TIT plot
and standardized cost factor
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Table 1

C2$ Sensitivity Analysis Matrix
ClS 1 2 3 4 5 6 7 8 9 10
20 | .053 I.lll 176 {.250 |.333 }.429 |.538 |.667 }.818 | 1.0
19 } .056 J-.118 | .188 |.267 | .357 §.462 |.583 |.727 |.900
18 1 .059 §.125 | .200 |.286 |.385 [.500 {.636 {.800 L50)
17 | .063 §.133].214 |.308 §.417 ;.545 |.700 |.889
B
16 | .067 §.143 | .231 | .333].455 |.600 {.777 | 1.0
*154{ .071 §.154 | .250 { .364 §.500 i.667 |.875
14| .077 §.167 | .273 | .400 ] .555 | .750 1.0 1 1T 111
13| .083§.1821.300 f.444: .625 [ .857
12 .091 §.200].3333.500] .714} 1.0
11} .100 §.222 |.375§.571] .833
et
10{ .111 | .250 § .429 | .667{ 1.0
Note:

<€ = <,/C=C

2
* = original values of Figures 1 and 2




optimum maintenance interval, as derived from tangent line

C, corresponding to X = 5 hours.

(1)
Table 1 demonstrates how various values around those
provided for Cl and C, may be used to construct a matrix
to gauge the standardized cost relationship factor's
effect on the optimum maintenance interval given different
expected values for the original costs. The matrix is
divided into three segments, I, II, and III corresponding

to the respective optimum intervals of component lifetimes

LT O G0 R Ty

Specific Research Questions

We seek to determine first whether preventive main-
tenance is an appropriate category of maintenance for
space systems, and, secondly, given that preventive main-
tenance is an appropriate maintenance approach, can optimal
maintenance intervals be determined for use in a sched-
uling plan? Given a positive response on the two initial
research questions, additional issues may surface. Spe-
cifically, noting the complex nature of space systems, can
individual component replacement times be grouped in such
a manner to provide an optimum maintenance interval esti-
mate for subsystems or systems? Also, provided the issue
of preventive maintenance is appropriate and data for the
associated cost analyses are available, are the cost

parameters flexible enough to account for the uncertainty
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associated with future space efforts, and yet exact enough

to provide reasonable estimates usable by planners?
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CHAPTER II
METHODOLOGY

Data Collection

Operational data used in this study were obtained

from the Space Division of the Air Force Systems Command.
It consists of component life data from the DSCS-II and
the North Atlantic Treaty Organization Phase III (NATO
III) defense communications satellites. The components
were selected on the basis of a suspected wearout mechanism
as discussed in Chapter I, and the availability of corres-
ponding historical data of their on-orbit operation.
Operational data consists of the operational time-on-
orbit of the various components. Specific failure times
are tracked for each serially numbered component. These
components are believed to represent like components used
on other systems, both in function and in wearout modes.
Operational data, then, are ordered in terms of lifetimes
and are used to construct a total-time-on-test statistic
for each component following Bergman's technique. For
example, lifetime data for Expanded Earth Coverage High
Level-20 watt TWTAs that have logged operating time are
extracted and converted into a total-time-on-test sta-

tistic. A TTT plot is then constructed using this data.
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Use of satellite component data involves incomplete

data which we discussed earlier with the TTT plotting
technique. Incomplete data is due to the fixed, monthly
period associated with the satellite system status report
which represents a snapshot of both failed and active com-
ponents. Because system components are still operational,
i.e., not all the individual components have failed, the
data is "incomplete" and the TTT plotting technique altera-
tion is needed. The appropriate modification is discussed
under model development.

The remaining data will be collected and use? pro-
vided the initial feasibility of preventive maintenance 1is
demonstrated. This data would consist of the cost esti-
mates necessary to formulate the standardized cost rela-
tionship developed by Bergman (1977). This cost data would
represent the costs of component failure and the costs of
replacement. As previously discussed, this data may be
composed of two types. It may be either the monetary cost
or costs in terms of the applicable mean times to repair

{Barlow & Proschan, 1965).

Developing the Model

As previously indicated, a TTT plot using incomplete
data should be used to analyze space system data. Spe-
cifically, we use a method advocated by Barlow and Campo

(1975) and termed the truncated data method. Under this
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method, k is used to represent the number of components

that have failed up to the time of the system status report,
L, while n represents the total number of like components,
both failed and operational. This includes those com-
pone..ts that have prior operational time yet may have been
turned off purposefully or whose operational monitoring

is possible even though the host satellite is considered
nonfunctional. As with TTT plots computed from complete
data, the truncated method requires that the failures be
ordered, shortest lifetime to longest. The specific
T(X(i))’ the total-time-on-test statistic for the individual
components, is computed differently, however. It is the
cumulative total of the lifetimes of both the previously
failed components and the cumulative lifetimes of those
components yet operational at the ith failure. A trun-
cated total-time-on-test statistic, T(L), replaces T(X(n))
in Equation 1.6 and represents the cumulative operational

time up through the last failure, so that

k
T(L) = D (n=1+3) (X 5y =X (5_y) (1.7)
j=1
where X0 = 0 and
k = number of failures in interval [0,L]}.

The scaled total-time-on-test statistic, U, is

constructed as T(X(i))/T(L), while the ratio of i/n is
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replaced by i/k. An example of the formulation of a TTT

plot using the truncated data modification is at Table 2.

Table 2

TTT Plot Formulation Using Truncated Data

n X(i) T/X(i) hrs U(i) i/k
1 5 30.0 .39 .25
2 7* 40.0 - -
3 10 52.0 .67 .50
4 15 67.0 .87 375
5 20 77.0 1.00 1.00
6 22%* - - -
Notes:
k = 4 = failed components.

*
]

non-failed component.

3
]
1l

(o))

total no. of operational components

The similarities between the truncated data formula-
tion of Equation 1.7 and the complete data TTT plot as
shown in Figure 1 are readily evident. Recall, since
component 2 in the truncated data example did not fail,
correspondingly, a computation for Ui was not needed.
However, the cumulative effect of component 2's operational
life is felt by subsequent computations through the total-
time-on-test statistic. Also, since component 6, another

non-failed device, continued to operate past the data
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collection cutoff, there is no need to include its con-
tribution of operational time to the total-time-on-test

statistic beyond that accumulated at the time of the last

failed component (i.e., component number 5).

Should the satellite component TTT plots show preven-
tive maintenance to be a potential maintenance alternative
for satellites it will require grouping of the different
component total-time-on-test computations into various
aggregates in order to evaluate subsystems and systems.
Such an overall evaluation method would be accomplished by
formulating an aggregate total cost function representing
subsystem or system costs.

A key aspect of standardized costs is that it facili-
tates sensitivity analysis. The uncertainty associated
with these estimates points out the merit of using the
graphical techniques since they allow an estimated optimum
replacement interval range to be constructed using best

and worst case estimates.

Sampling Issues

Because the TTT plot is a transform of the failure dis-
tribution of the sample, the estimate of the optimum inter-
val is in turn linked to the sample. Singpurwalla and
Talbott (1981l) discuss this matter: "Limited time on test
data may not adequately represent the true failure distribu-

tion thereby inducing sample error" (p. 10). However, they

29




go on to state the following: "This difficulty surfaces

any time life data from a sample is used to make inferences
about a population of items" (p. 10). As more data are
collected, the estimate of the optimum interval will become
increasingly accurate. Consequently, the best graphical
estimate is gained by use of all the life test, operational
data available at that specific point in time (Talbott,
1983). Since satellites are composed of high-reliability
components and complex structures, we can expect the issues
connected with low numbers of failures over extended opera-

tional periods to surface in this study.

Fulfilling the Research Objective

The use of the graphical techniques of Total-Time-on-
Test plots in conjunction with Bergman's standardized cost
relationship factor will provide answers to both major
problem statéments.

Referencing the primary question of preventive main-
tenance as an appropriate maintenance category, the TTT
plot provides a simplified straightforward visual resolu-
tion of the problem. Graphically transforming the under-
lying theoretical distribution of the component or system
failure distribution to a correspondingly shaped TTT plot,
the question of preventive maintenance as an appropriate
maintenance methodology can be discerned. TTT plots

revealing a convex shape are reflective of data

30

B — - et o et o ST—— -
S s 4 i iy P P " — =




demonstrating an underlying IFR distribution. Such a dis-

tribution would support consideration of a preventive

maintenance scheme in response to the empirically evidenced

wearout of the particular item or system. Similarly, a
DFR or exponential distribution plot can also be easily
identified by the respective concave shape or 45 degree

plot. Empirical data resulting in TTT plots demonstrating

these later shapes would naturally suggest corrective main-

tenance programs.

Should the TTT plot display an IFR distribution,
thereby indicating the applicability of a preventive main-
tenance approach, the second problem statement, how might
such a maintenance policy be scheduled, can be addressed.
The procedure, as discussed, would involve the search for
and collection of appropriate cost data in order to con-
duct cost analyses in conjunction with the applicable TTT

plots. Bergman's technique for computation and use of

this indicator provides a technically correct yet uncompli-

cated method .for determining the estimated optimum main-
tenance interval. The accuracy of this estimate has been
noted to be dependent in part on the exactness of the cost
data. A key feature of this graphical approach is its
inherent flexibility for conducting sensitivity analysis
which will allow planners or managers the ability to

manipulate cost parameters among all the estimated values.
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If preventive maintenanc? is determined to be feasible
and an associated optimum replacement interval computed,
management may then apply the associated costs and time
factors to other organizational constraints or program

goals not addressed in the graphical methods.

Summary of Assumptions

We assume that the sample data are representative of
lifetime data on like components that might be incorporated
into space systems of the future. Further, should the
results of the initial TTT plot analyses warrant mainte-
nance interval evaluation, the assumption of costs con-
sidered as constant applies to the use of Bergman's graphi-
cal method in the determination of an optimum maintenance

interval.
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CHAPTER III

DATA DESCRIPTION, ANALYSIS, AND COROLLARY FINDINGS

Introduction

Here we present the results of our analysis. We begin
with discussion of the specific data as it relates to the
Bergman's graphical technique. We follow with the analysis

and finally present some corollary results.

Data Description

The data were provided by the Space Division of the
Air Force Systems Command. We selected several candidate
components in the belief that they would perhaps exhibit a
wearout failure mechanism. These components are TWTAs,
thrusters, batteries, and DMAs. A search by Space Division
for operational, on-orbit, data related to these components
yielded but one positive finding. TWTAs were the only
component of the requisite type with the necessary life
data available. Consequently, the scope of this research
became considerably narrowed to this one component type.
Data on TWTA on-orbit operation was extracted from the
monthly TWTA Statistics report published by the Space
Division. The various analyses reported herein have drawn

all the requisite data from this document (specifically the
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1 March 1983 report). This document is included as the
Appendix to this study.

The TWTA Statistics report contains operational data
from three satellite programs which are: (1) the DSCS 1II,
(2) DSCS III, and (3) NATO II1I programs. DSCS II TWTA
data, carried under satellite program 777, include data on
11 satellites. A second DSCS satellite program, DSCS III,
has one satellite. The third satellite program included in
the report is the NATO III defense communications satel-
lite, which has three operational satellites listed.

Our analyses includes both the DSCS II and the NATO
III satellite. Since only one satellite of the DSCS III
type was operational, the usefulness of its data was viewed
as limited and is not included in this research. An addi-
tional reason for its exclusion was lack of design com-
monality with DSCS II TWTAs, which would preclude its
inclusion in any aggregate analysis.

The data consist of the operational hours as listed
under the individual satellite report category of OP TIME/
HRS TWTA FAIL DATE. Post launch checkout operating time
was not included in the operational time total because we
felt this alternate operating time was not analogous in
all aspects to the on-orbit operational time. Carried as
commentary to each satellite, the various post launch
checkout times were not included as inputs to the TWTA

Statistics report on-orbit operating time totals, and
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additionally, in no instance did it correspond to more than
5 percent of the satellite operating time for those satel-
lites that had recorded TWTA (mission) operating hours.

Statistics related to the satellites themselves are
in Table 3, and include information such as launch date,
current satellite status (as of the 1 March 1983 report)
and satellite operational time. Satellite operational
time may not necessarily equate to the total operational
time noted for a given TWTA type. Given a functionally
failed satellite, TWTA monitoring may have continued in
order to gain component operational life data. A second
non-operational satellite condition, also listed as a
failure for functional dating purposes, occurs when a
satellite becomes a spare. In this situation, the associ-
ated TWTAs also become non-functional, but are certainly
not failed in relation to the component's lifetime. For
purposes of data analyses, TWTAs in such a condition are
considered truncated. Overall, TWTA statistics for com-
ponents that have accrued operational time and are included
in the analyses of this study are provided in Table 4.
This table groups the various TWTAs by type as opposed to
being grouped by host satellite serial number.

DSCS II TWTAs are identified according to the geo-
graphical range of the associated boosted signal output.
They are designated either as extended coverage or narrow

coverage. A further classification refers to the power
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Table 3

Satellite Statistics

Launch Date/Fail Date Operational
Satellite No. Current Status Remarks Hours
DSCS II
9431 1 3 Nov 71/ 2 Jun 73 13848.0
9432 1 3 Nov 71/ 8 Sep 72 7416.0
7433 D-T 13 Dec 73/ 9 Sep 76 24000.0
monitored until 8 Aug 80
7434 2 13 Dec 73/ 80712.0
7437 D-T 12 May 77/ 7 May 79 17400.0
monitored until 18 Dec 81
9438 2 12 May 77/ 50832.0
9441 2 13 Dec 78/ 36912.0
9442 S 13 Dec 78/29 May 80 12768.0
9443 2 20 Nov 79/ 28704.0
9444 2 20 Nov 79/ 26376.0
9446 S 30 Oct 82/24 Nov 82 0.0
NATO III
9363 22 Apr 76/ 60072.0
9364 28 Jan 77/ 21768.0
9365 19 Nov 78/ 3888.0
Key: 1 = Failed
2 = Qperational
D = Failed, TWTA continued to be monitored
T = Monitoring terminated, satellite turned off
S = Storage orbit
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Table 4

Ordered Lifetime TWTA Statistics (Operational TWTAs)

Satellite/ TWTA Operational
TWTA Type /SN Satellite No. Status Hours (Ordered)
BECHL--20 watt DSCS II
14-2 9431 T 3888.0
14-10 9434 F 5928.0
14~4 9432 T 7416.0
14-5 9431 F 9960.0
14-21 9442 S 12192.0
14-8 9433 T 15648.0
14~-20 9441 0 36264.0
14-16 9437 T 40320.0
14-1 9433 F 42624.0
14-18 9438 0 50832.0
14-6 9434 o 74784.0
Totals: n=11 k=3
NCHL--20 watt DSCS 11
24-17 9438 F 144.0
24-15 9437 F 4320.0
24-5 9432 T 7416.0
24~-27 9441 F 9168.0
24-20 9442 S 12192.0
24-16 9437 F 13080.0
24-4 9431 T 13848.0
24-21 9441 0 27096.0
24-9 9434 F 30120.0
24-12 9434 0 50592.0
24-18 9438 0 50688.0
24-10 9433 3 58272.0
Totals: n=12 k=5
Rey
n = nunber of TWTAs operated
k = number of TWIAs failed
F = failed
T = monitoring terminated
O = operational
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Table 4--Continued

Satellite/ TWTA Operational
TWTA Type/SN Satellite No. Status Hours (Ordered)
ECLL--.5 watt DSCS II
34-31 9444 0 2904.0
14-5 9432 R 7416.0
14-24 9442 S 12192.0
14-25 9441 0 12912.0
14-3 9431 T 13848.0
14-7 9433 it 17184.0
34-33 9444 F 22896.0
14-27 9441 F 23352.0
34-32 9443 o 28176.0
14-18 9437 o 40320.0
14-6 9433 T 41088.0
14-19 9438 0 50832.0
14-12 9434 i 80712.0
Totals: n=13 k=2
NCLL--.5 watt DSCS II
24-19 9438 F 2016.0
24-3 9432 Oy 7416.0
24-28 9442 S 12192.0
24-4 9431 T 13848.0
24-9 9433 T 17184.0
44-30 9444 o 25800.0
44-36 9443 0 28176.0
24-29 9441 0 36264.0
24-18 9437 T 40320.0
24-8 9433 ag 41088.0
24-20 9438 o 48816.0
24-10 9434 o 80712.0
Totals: n=12 k=1
Rey
n = number of TWTAs operated
k = number of TWIAs failed
F = failed
T = monitoring terminated
0 = operational
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Table 4--Continued

Satellite/ TWTA TWTA Mperational
TWTA Type/SN Satellite No. Status Hc rs (Ordered)
NATO III--20 watt NATO III
002 9363 F 1.0
006 9364 0 2016.0
004 9365 S 3192.0
018 9365 S 3192.0
017 9363 F 8040.0
009 9363 F 13176.0
016 9364 0 19152.0
015 9364 F 19752.0
[eh ] 9363 pel) 60072.0
Totals: n=9 k=4
Key
n = mmber of TWTAs operated
k = number of TWTAs failed
F = failed
T = monitoring terminated
O = operational
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i consumption of the component. There are high power level
TWTAs, either 20 or 40 watt devices, and low power level
TWTAs which require only .5 watt. The total designator
for DSCS II TWTAs, then, consists of the combination of
the coverage and power designators. These designators are
as follows:

1. Extended Coverage High Power Level (ECHL),

2. Narrow Coverage High Power Level (NCHL),

3. Extended Coverage Low Power Level (ECLL), and

4, Narrow Coverage Low Power Level (NCLL).

The 40 watt high level TWTA was a follow-on design
prompted by inadequate performance demonstrated by the
earlier 20 watt device (Sidio, 1983).

; TWTAs in the DSCS II series satellite are installed

as pairs, a primary and a redundant backup. The NATO III
satellite, on the other hand, uses four TWTAs which are
all of similar functional characteristics and power regquire-

ments.

Data Analysis

Our data analysis begins with the graphical pro-
cedures of Barlow and Campo (1975), where we construct TTT
plots for the various categories of TWTAs. TTT plots are
developed for the ECHL-20 watt, NCHL-20 watt, and ECLL
TWTAs of the DSCS II satellite as well as for the TWTAs

of the NATO III satellite. These plots are presented in
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Figures 5, 6, 7, and 8. A 45~degree line, designated
"Exp," is provided in each figure as a visual reference to
the boundary between IFR and DFR distributions; i.e., the
exponential distribution.

The ECHL TWTAs are plotted for only the 20 watt
components. The variant design 40 watt ECHL TWTAs are
excluded from an aggregate high power TWTA TTT plot because
they may have different failure characteristics. There was
a single failure among the 40 watt TWTAs (an NCHL device};
however, we decline to generate a 40 watt TWTA TTT plot
with such limited data.

The results of the analysis were in general similar
in outcome for all ECHL categories with the exception of
the TTT plot of the ECLL TWTAs. The ECHL (Figure 5),

NCHL (Figure 6), and NATO III (Figure 8) TTT plots are all
characteristic of components displaying DFR distributions.
The ECLL TWTAs (Figure 7), on the other hand, demonstrated
an IFR distribution. The ECHL, NCHL, and NATO‘III data

is a clear illustration of components whose reliability
improves with age. Conversely, the ECLL TWTA data denotes
a component whose reliability decreases with age; i.e.,

a component that demonstrates wearout failure.

The data related to the ECHL, NCHL, and NATO III
TWTAs provide a more accurate gauge of the underlying
distribution of failure inherent in the TWTAs because of

the higher number of observed failures. Note that the ECLL
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Failed Camponents Satellite/ o

Ordered Lifetimes  i/k TWTA Serial & X(i)¥s T&y)hrs U
333 9434 / 14-10  5928.0 63,168 .243
.667 9431 / 14-5 9960.0 96,912 .373

Note: T(L) = T(X

1.000 9433 / 14-1 42624.0 259,488 1.00

(3)) = 259,488 hrs.

where k = 3 and n = 11
k = no. of failures
n = no. of TWIAs with accrued operating time

Figure 5. BCHL--20 watt TWTA TIT plot for
DSCS II satellite
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Failed Components Satellite/ X

Ordered Lifetimes i/k TWIA Serial No. (i) P¥S TK(y)) hrs. Uy
1 .2 9438 / 24-17 144.0 1728.0 .000
2 .4 9437 / 24-15 4320.0 47664.0 .209
3 .6 9441 / 24-27 9168.0 114552.0 .503
4 .8 9437 / 24-16 13080.0 144960.0 .636
5 1.0 9434 / 24-9 30120.0 227904.0 1.000
Note: T(L) = T(X(S)) = 227904 hrs.
where k = 5 and n = 12
k = no. of failures
n = no. of TWIAs with accrued operating time

Figure 6. NCHL--20 watt TWTA TTT plot
for DSCS II satellite
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1.0
Failed Components Satellite
Ordered Lifetimes i/k TWTA Serial No. X(i) — rII(X(i)) = Ui
1l .50 9444 /34-33 22896.0 226728.0 .988
2 1.00 9441 /14-27 23352.0 229464.0 1.000
Note: T(L) = T(X ) = 229464.0 hrs

(2)
where k =2 and n = 13

k = no. of failures
n = no. of TWIAs with accrued operating time
Figure 7. BECLL--.5 watt TWTA TTT plot for

DSCS II satellite
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Failed Components Satellite/

Ordered Lifetimes i/k TWTA Serial No. *(i) '¥s T(X(;y) hrs Uy
1 .25 9363 / 002 1.0 9.0 .0001
2 .50 9363 / 017 8040.0 48601.0  .551
3 .75 9363 / 009 13176.0 69145.0 .783
4 1.00 9364 / 015 19752.0 88273.0 1.000

Note: T(L) =T(X(4)) = 88273.0 hrs

where k =4 and n =9

k = no. of failures

no. of TWIAs with accrued operating time

n

Figure 8. 1TWTIA TIT plot for NATO III satellite
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TWTA had only two failures during the period covered by
the data collection. Because of scant data, we are not
inclined to identify ECLL TWTAs as belonging to the IFR

class. Additionally, an individual TTT plot was not devel-

oped for NCLL TWTAs. Since this type component had but a
single failure during the statistic report period, no
meaningful TTT plot could be constructed.

Given the general DFR results of the graphical
analyses, use of the standardized cost factor to ascertain
optimum maintenance intervals for the individual com-
ponents was not attempted. As noted in Chapter I, correc-
tive maintenance policies are appropriate for components
displaying improved reliability with age. It is more
opportune to wait for such ccmponents to fail prior to
accomplishing repair or replacement, therefore negating

the need for optimum maintenance interval determination.

Corollary Findings

DFR distributions are indicative of component infant
mortality. A component burn-in corresponding to the DFR
distribution time is generally conducted by manufacturers
of DFR class components in order to eliminate these
failures prior to their operational use. Our evidence of
DFR class distributions for TWTA motivated us to seek
information related to TWTA testing and burn-in. TRW

Corporation, the DSCS II satellite builder, supplied us
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with some information. A summary of our discussion related
to TWTAs and their associated testing follows (Barter,
1983; sidio, 1983).

The DSCS II TWTAs are built up from two components;
the amplifier tube and the power supply. These components
are individually tested by the manufacturer, a single
company, and shipped to TRW for incorporation into the
Traveling Wave Tube Assembly. These assemblies, referred
to as components hereafter, are regarded by TRW as
generically comprised of three types: 40 watt, 20 watt,
and .5 watt TWTAs.

The testing of the TWTAs begins with separate tube
and power supply tests by the manufacturer (Hughes). The
tubes were subjected to a burn-in comprised of a time
period judged adequate (by Hughes) in length as based on
experience with similar other TWTA designs. The power
supplies were subjected only to bench mounting and power-on
operation. At TRW, the assembled TWTAs were subjected to
a power-on test at vacuum. The primary goal of this latter
testing was to note good workmanship and adhesion of
potting compound in the area of the power supply leads
rather than to properly burn-in a DFR component.

Separate life-testing of the TWTAs was accomplished
concurrent to the actual satellite production and did nct
provide any initial informational benefit to these produc-

tion units. Time constraints were cited as the reason for
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this concurrency decision, system developers having had
but two years, March 1969 to November 1971, constituting
program start to the first launch, to meet operational
requirements. There was, consequently, insufficient time
to conduct life tests prior to production and launch.

Life tests conducted by TRW used no thermal cycle
nor vacuum testing, conditions which would exist in the
TWTA on-orbit environment (although the units slated for
satellite production did receive a power-on test in vacuum).
Six DSCS II TWTAs (three 20 watt and three .5 watt devices)
underwent life test which ultimately spanned 10 to 11
years, from approximately 1968-69 until 1979-80. In the
initial life testing, conducted at the TRW facilities,
two failures were recorded, the first occurring at approxi-
mately 5000 hours and the second, initially having been
noted as degraded in performance at approximately 25-30,000
hours, failing at 40,000 hours. The cause of failure in
both instances was attributed to electrical shorting due
to potting compound degradation. The remaining four TWTAs
were :emoved from testing at TRW and sent to the Arnold
Engineering and Test Facility to undergo further testing.
There the components were subjected to conditions more
like their operational environment; i.e., both thermal
cycling and vacuum. An additional two failures were noted
after only two or three days of testing. Marginal/improper

binding (the potting compound/power supply deficiency
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again) was determined to be the cause of failure. The
failure mechanism was the same as in the TRW operational
component testing, air inclusions fracturing the potting
compound leading to electrical arcing. Vacuum inclusion

in the assembly testing served to exacerbate and accelerate
the failures.

The life-test findings did lead to more substantive
testing of the TWTAs as well as design improvement.
Burn-in was increased by incorporating a thermal cycle of
24 hours into testing, which was later expanded to two
weeks of thermal cycling. Secondly, lesser potting was
used on the power supply leads. These initial actions led
to improvements in the follow-~on 40 watt TWTAs. Current
NATO satellite TWTA design has totally eliminated the
need for potting compound by use of non-potted "flying
leads.”

In reflection, the TWTA improvements were warranted,
yet they did not come until the program was significantly
advanced, note again the l0-year life test period.

The TRW representatives made several cogent remarks
as follows:

1. Qualification and testing need to be accomplished
prior to the start of a space program. Similarly, procure-
ments (speaking of TWTAs) need to be initiated prior to

system start.
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2. Follow-on systems/components do not necessarily
reap the benefits gleaned from previous systems/components
and often, as a consequence, replicate errors and problems
seen in the past. This reference related to the follow-on
TWTA design initiated for the NATO III satellite which,
due to a minor specification change, led to essentially a
restart of the experience curve with the same component.

In conclusion, the TRW comments coincided with the
findings of our graphical analyses in that indeed DFR
distributions were probable if not expected. Earlier
version TWTA life data was used to evaluate DSCS II and
NATO III TWTA burn-in requirgments even though the DSCS II
and NATO III operating environments and designs were
different. Thus, one might expect inadequate burn-in in
this case and in subsequent programs where restrictive
program timing is the norm.

TRW categorizes the DSCS II TWTAs according to their
power requirements, the signal coverage being noted as a
miror difference in tuning. Hence all 20 watt devices
are viewed as the same type TWTA as are the .5 watt TWTAs
(Sidio, 1983). Given the TRW generic grouping of TWTAs,
aggregate TTT plots of 20 watt and .5 watt TWTAs are pro-
vided in Figures 9 and 10. The aggregate 20 watt TTT plot
again reflects the similar underlying DFR distributions
of its constituents, ECHL and NCHL-20 watt TWTAs. The

aggregate .5 watt plot constituted of the .5 watt ECLL and
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Note: Total 20 Watt TWTA Failures = k = 8

Failed Components Satellite/

Ordered Lifetimes i/k TWTA Serial No. (i) '¥s T(X(y) hrs Uy
1 125 9438 / 24-17 144.0 3312.0 .125
2 250 7437 / 24-15 4320.0 94752.0 .25
3 375 9434 / 14-10 5928.0 126912.0 275
4 500 9441 / 24-27 9168.0 184968.0 s
5 625 9431 / 14-5 9960.0 197640.0 .625
6 .750 9437 / 24-16  13080.0 242664.0 .75
7 .875 9434 / 24-9 30120.0 413376.0 .875
8 1.000 9433 / 14-1  42624.0 504774.0  1.00

Note: T(L) = T(X = 504774.0 hrs

(8)’
where k = 8 and n = 23

k = no. of failures

n = no. of TWIAs with accrued operating time

Figure 9. Aggregate 20 watt TWTA TTT plot
for DSCS II satellite
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1.0p-====mm = m e m e — = —

T S g G |
) 1

0.0 .333 .667 00
i/k
Note: Total .5 Watt TWTA Failures =k = 3
Failed Camponents Satellite/
Ordered Lifetimes i/k  TWIA Serial No. (i) s  T&y) hrs U,
1 .333 9438 / 24-19 2016.0 50400.0 .113
2 .667 9444 / 34-33  22896.0 439656.0  .987
3 1.000 0441 / 14-27  23352.0 445584.0 1.000
Note: T(L) = T(X ) = 445584.0 hrs

where k = 3 and n = 25

k

no. of failures

n

no. of TWIAs with accrued operating time

Figure 10. Aggregate .5 watt TWIA TTT plot
for DSCS I1 satellite
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NCLL TWTAs displays a crossing of the exponential distribu-

tion reference line by the TTT plot, illustrating the pos-
{ sibility that the data is exponential for the aggregate

plot. Due to the limited number of data points, three

failures in total, we decline to investigate whether this

data is exponential. The aspect of 45-degree reference
line crossings is discussed by Barlow and Campo, "Total
Time on Test Processes and Applications to Failure Data
Analysis" (1975), and Bergman, "Crossings in the Total

Time on Test Plot," Scandinavian Journal of Statistics,

Vol. 4, 1977.
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CHAPTER IV

DISCUSSION, RECOMMENDATIONS, AND CONCLUSION

The primary goals of this research effort were to
determine whether preventive maintenance on space systems
was a viable possibility, and given successful accomplish-
ment of this objective, to determine whether an optimum
maintenance interval could be estimated for scheduling
purposes. Given the requirements established by AFM 1-6
and the potential provided by the STS, future maintenance
concepts could well use such a tool.

. Initially, we sought data on several different com-
ponents which we thought would exhibit wearout failure
in their operational state. However, due to data limita-~-
tions, the scope of our effort was reduced to one such

component, the Traveling Wave Tube Assembly (TWTA).

Discussion
The use of the Total-Time-on-Test graphical procedure
provides evidence that DSCS II and NATO III on-orbit
TWTAs have DFR class failure distributions. Given these
DFR distributions, further analyses using the standardized
costs were deemed inappropriate; therefore, optimum main-
tenance intervals were not computed. Because of the

narrowed scope and the overall DFR distributions the
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secondary objectives related to system complexity and
component grouping for maintenance interval determination
were not approached either.

The corollary findings were a surprise. They served
to underscore the usefulness of the TTT procedures for
their empirical evaluational characteristics. Having
started with a component generally believed to be failing
based on wearout, the graphical analysis pointed instead
toward one that was suffering infant mortality which was
confirmed by discussions related to TWTA design and test-
ing. Other positive points realized through use of the TTT
plotting technique are as follows:

1. The procedures were simple, easily used, providing
readily discernable results.

2. As stated, the procedure did answer the question
of whether preventive maintenance was applicable (albiet
a somewhat restricted view with just one component).

While the answer provided was negative on this issue, it
stressed the need to evaluate components and conditions
fully prior to assuming a maintenance requirement and an
associated spare part level are established.

3. By pointing out the risk with incomplete testing,
the procedure has stressed the need to accomplish more
complete testing and system analyses prior to operational
commitment of such components as the TWTA. Additionally,

the advantages of using existing components and related
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lessons learned in follow-on requirements was emphasized.
A study of the TWTA points out the importance of relia-
bility considerations to the overall design and acquisition

processes.

Recommendations for Further Study

Recommendations stemming from this study relate pri-
marily to continuing attempts to gather operational data
on space system components with the goal of performing
multiple component and system analyses. As noted through-
out this study, such analyses would also serve to clarify
performance/failure characteristics of the components.

A broad area of application also exists in non-space
systems and components. Graphical analyses could be per-
formed on many complex/high-reliability components and
systems in the areas of aircraft and equipment maintenance.
By use of such methodologies planners and managers could
avoid the limiting confines of subjective estimates and
back up their decision logic with empirical evidence.

The applicability of graphical analysis as a main-
tenance interval determining technique should be evaluated
within the decision logic of the Reliability Centered
Maintenance concept. It would seem to be ideally suited
for on-condition or hard time maintenance decision

requirements.
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Conclusions

Preventive maintenance as an appropriate category of
maintenance on some space system TWTAs was demonstrated
not to be the method of choice as determined within the
confines of this study. Provided that corrective main-
tenance was therefore chosen, logic would dictate that the
proper maintenance procedures would revolve about correc-
tive repair and replacement schemes. It is noted that this
conclusion is based on but a single type component and that
further analyses, given the availability of additional com-
ponent type data, may alter this study’s findings.

The Total-Time-on-Test plot has been demonstrated
to be both a functionally useful and flexible procedure
well worthy of further consideration in future related
studies.

There were other candidate components which were
unable to be evaluated for want of data. If the proposi-
tion of maintenance in space is to be taken as a serious
consideration, Air Force management should re-evaluate its
data base requirements in order to support analyses of this

important issue.
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APPENDIX

TWTA STATISTICS REPORT
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- T _ SATELLITE STATISTICS _ _ T TR T T
) I TS e e o e R

~ _ " ORBITAL OPERATION OF REDUMDANT UNITS YAS VERIFIED . __ __
i . ... DURIMG POST LAUNCE CHECK OUT AND TYPICALLY RECEIVED
. ee. ... .... 300 HCUTS OF OPERATING TIME PRICR TO OFERATIOMNAL USE.

- T 9435/9436 LAUNCHED 20 MAY 1975, FAILURE DUE TOo
.7 PBOQSTER MALFWMCTION . . T/ =
$639/9440 LAUNCHED 25 MAR 1978, FAILURE OUE To _ . _  _ _ ——
BOOSTER HALFUNCTION

__THI3 RUNM CONTAINS MON-GIASED DATA _  _  _  __ — —~ ————
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SATELLITE STATISTICS AS OF 1 tAR 83

FROGR AN i Trip il =T s ST e TG
SATELLITE ID g e T et e RS
LARMCH DATE .. 7 3 NOvV T e = rm. W ima|
SATELLITE LCHGITUDE  _ xx» R ™ s ]
DATE OF FAILLRE T2 Jus 73 B =L I !
CAUSE OF FAILURE " L0SS OF POMER TO DESPIN SECTION __ . _ T~ "= "7 "
TOTAL S/C OFTIME (HRS) _ .. 13ee8.0.  _ .. _ S
THTA -7 0P TIME/WRS THTA FAIL DATE _ e
ECHL1-20  14-5 _ 9960.00 22 DEC 72 FROBABLE HIGH VOLTAGE FAILURE
ECHL2-20  14-2 3sss.00 . “Tsee wove (1) . .. _ .7
" wmemLl-20 | 2e-e 7 Tasess.e0 L LT TSI
HCHL2-20  26-3 T e.00 ____ . seewNovE (1) _ _ 7
ECLL1-.5  16-3 ' 133¢8,00 oot ” N
ECLLZ-.5 _ 14~4 ___ __e.00 _ " SEE NOTE (1) _ -
NCLL1-.5  24-4 13860.00° . L b e e, L mET o
KCLL2-.5  24-5 . 0.00 L _ SEE NOTE (1) R
Ny U T eoments T T N S~ M e
(1) ECHL2, MCHL2, ECLL2, NCLLZ OM 264 HOURS POST LAUNCH CHECK-OUT .

62




SATELLITT STATISTICS AS OF 1 MAR

FROGRAN S 777

T

SATELLITE 10 | .
LAUNCH DATE

SATZLLITE LONGITUDE . xx
DATE OF FAILURE | 8 SEPT 72
CAUSE OF FAILURE

TOTAL S/C OPTIME (HRS) . 7416.0

THTA sm

i . OP TIME/MRS TWTA FAIL DATE _

ECHL1-20  14-4 T 7416.00

83

Clzwovmy T

- - - - - e e |
A R
i m B iy B el oW g e Wy
- — i W - s Wooem =
- - - - e rm mem e ee i - - —{

" PONER DISTRIBUTION FAILURE

ol D P T N
- = [ |
R L e I P A—— -

ECHL2-20  14-3 . Te.e0_ . 7 T seewove (1) 7.

HCHL1-20 264-5 FERE 1O | B SRS i S L R
NCHL2-2¢  24-6 T oe.00 L T seewove (1) T
ECLL1-.5  14-5° __ 7el6.00 "0 7 T_T T T
ECLL2-.5 ~ 14-2 _  _ C o0 T 7T T sgewove (1) _ T
MOLLL-.5 203 ] T7ee00 DT T T Y T

NCLL2-.5  24-6. o000 T T sgEwovE (1) T
- COMMENTS _ S R O R e

(1) ECHLZ, MNCHL2, ECLLZ, HCLLZ O 360 HOURS POST LAUNCH CHECK-OUT _ '

)

63




. SATELLITE STATISTICS AS OF 1 HAR 83 ___

FROGRAM 777 e W T = . o
SATELLITE Io | . . _.ee3s T T T T T T T
tauneh pate 7 aseec 73 T T D T TotTen T Tmm T
SATELLITE LCHGITUDE ~ www - oo LT T
DATE OF FAILLURE " 9 SePT 76 e B 7 =i L Ee

CAUSE OF FAILURE . _ SPIN-UP (SEE MOTE 3)  _ —A e N > - T
TOTAL S/C OFTIME (HRS) 26000.0 T e e DTN, T W

THTA . S/N __ _ _ ©P TIME/HRS TWTA FAILOATE  ___ _ __ _ _— — -~ ——~—- =~ — -~

ECHL1-20 _ 14=1 _ . 642624.00 25 OCT 78 _  PROBABLE HIGH VOLTAGE POWER SUPPLY FAILURE _

ECHL2-20  14-8 _  _ 15648.60 _ _ . . SEEWOTE (1) ____ .~ _ T~
_NCHL1-20 24-10 _  se272.80 . _ _ _ o voTomo memmm ooomeem oThooTT
MCHL2-20  24-8 _ .00 _ 7 ‘segwove (n»_ __ T ooTmoo T

ECLLL-.5 _ 14-6 41088.C0 OFF 8/78 _ _  TITA TURMED OFF 22 AUG 1978. SEE HOTE (2) _

ECLL2-.5 _ 14-7 _17186.00 . seewovE € _ ____ T~ _

HCLL1-.5  24-8 " 41088.00 OFF 0/78 _ _ TWTA TURNED OFF 22 AUG 1978. SEE MOTE (2) _

ncLt2-.5 26-9 " _17mes.00 T T seewNovE (Y T T To
. © 7 commenTs B 7 o =i =" =

(1) ECHL2, NCHL2, ECLL2, HCLL2 CN 360 HOURS POST LAUNCH CHECK-OUT - -
(2) ECLLL AND MCLL1 TURNED-OFF ON 22 AUG 1978. B s — i I
ECLL2 AMD NCLL2 TURNED ON FOR EVALUATION. il e e o )| el S
(3) TWTA OFERATICH MONITORED UMTIL 8 AUG 1986 AT HHICH TIME I LAl e T
THTA OPERATION MONITOPING TERMIMATED. _ _ SR TP e . = D
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PROGRAM . .. . TTT. L. Lo o oL T T
SATELLITE 1D . . _ 943 T R R | S —

LAUNCH DATE . 13 DEC 73

SATELLITE LONGITUZE  _ 60 DEG. EAST N W N o
DATE OF FAILLRE DA B e 8 .. 8 _____ __ 1|
CAUSE OF FAILURE - RN T B m B s o = n
TOTAL S/C OPTIME (HRS) .  80712.0 . el i, T T e R
.. TWTA s/ [ OP YIMEAMRS TWTA FAILDATE _ T T T T T

ECHL1-20  14-10  _ _ 5928.00 17 AUG 764 . PROBABLE HIGH VOLTAGE FAILURE __ _ _ |
ECKL2-20  14-6 _ _ 74784.00 . TSEENOTE (1) _ T T

HCHL1-20  26-9 . . 30120.00 22 MAY 77 ___ PROBABLE PONER SUPPLY FAILURE

HCHL2-20  24-12 . _s0592.00 . sEE MOTE (1} - _ =
ECLL1-.5  14-12 _  _s8o7i2.00 P SUPRE D B 'l
ECtL2=95 . da=tah o 9.00 - 1. U SEEMemE . Z- T ot E Tl ]
NCLL1-.5  26-10 icrp 8 R Sl = g - |
NeLt2-.s 26-7  _ 0.0 _ T SEE NOTE (1) 7 e
. S S e - i

CCMMENTS R LTI

(1) ECHL2, HCHLZ2, ECLL2, NCLLZ GH 336 HOURS POST LAUMCH CHECK-OUT R .
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SATELLITE STATISTICS AS OF 1 MAR 83 _ ... _. ... e = = o TE = e Sy
PROSRAM ) g O e T e T
SATELLITE ID 9437 . e N TR .o
LAUNCH DATE Jamor 77 L L L LTI LT,
SATELLITE LONGITUSZ . 13 OEG/DAY ODRIFT . = = = - e T
DATE OF FAILURE AL e R S S S R
CAUSE OF FAILUPE A STEnOMED 2 phle 1 UET S RE L E TRe e
TOTAL S/C CPTIHE (KRS) TrREe o e RO R T e e T T

THTA s . OP TIME/MRS TWTA FAIL DATE  _ .~~~ = -~ T
ECHL1-20  14-16 . _ o.00 _ s MovE ()Y L T T T
EClIL2-20  14-16 40320.00  OFF 12/81  _  S/C POWER SUBSYSTEM l.‘AtILURE,.SEE NOTE (2}
HCHL1-20  24-15 . 4320.00 07 MAY 79 FRCOABLE HIGH VOLTAGE FAILURE ____ .
HCHL2-20  24-16 13080.00 8 NOV 78 _ _ PROBABLE POWER SUPPLY FAILURE _ .
ECLLI-.5  14-17 T 08 T UTTERER MOTELIS L o o e
ECLL2-.5  14-18 40320.00 OFF 12,51 CATHGOE CURRENT DEGRACIMG
NCLL1-.5  26-17 0.00 . T7° sgk wove ery . o LT oTTT AT
NCLL2-.5  24-18 . 40320.C0 OFF 12/81  _ S/C POWER SUBSYSTEM FAILURE, SEE NOTE (2}
CCHHENTS i o N I . ~
(1) ECHLI, NGHLY, ESLLY, NCLLY, OM FOR POST LAUNCH CHECK-OUT 12 MAY T
TO 16 MAY 77. (120 HOURS) L P e e
(2) 7 HAY 79 N.C. CHAMNEL FAILURE CORRESPONDED TO S/C CONTRACTUAL FAILURE LT
NOMEVER E.C. CHAMIEL CONTINUED TG OPERATE LNTIL e _
FAILURE IN SMUNT REGULATGR CIRCUIT, 18 DEC 1981. o i - -
SATELLITE COOSTED IMTO SUPERSYHCHRONOUS GRBIT (+ 600 HM. ). - R =



SATELLITC STATISTICS AS OF 1 MAR 83 _

PROGRAH . 777 L o T el e e L
SATELLITE ID T 0 S
LAuticH DATE B0 I ST O I
SATELLITE LONSITUDE . . 175 DEG. EASY _ _ .. . = o= ==~ —— ~oomo oo
DATE OF FAILURS = e L N S e M
CAUSE OF FAILURE e T T e R el S —
TOTAL S/C GPTIME (HRS) _  50832.0 W= —w—wwwwoe e Tt I
THTA S/N OP TIME/MRS TWTA FAIL DATE  __  _  __ _— =~ T T
TlEcRul-z0 . 14-17. 0 0 T w00 T T T sgE wWoTE (V) . T T
T EcHlz-20 | 14-18  ___sos32.00 . 7 T o T
_ MCHL1-20 _ 26-17 _ . _ ' 144.00 20 MAY 77 PROBABLE HMIGH VOLTAGE FAILLRE _ ___ __ _ _ _~
HCHL2-20 | 264-183 50668.00 N oL T T
ECLL1-.5 _ 14-20 T e.00 7 TTTT T sEE NoTE (L) AR
gCLL2-.5  14-19 _ __ _ 50832.00 __ . CATHODE CURRENT DEGRADING __ _ "~
NCLL1-.5  26-20 _ 4881600 _  _ -~ o T ooonmmemmemm oo

HCLLZ-.5

L .26-19

’

T 2016.00

28 AUG 77

" PROBABLE POWER SUPPLY HEAT
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SATELLITE STATISTICS AS OF = 1 MAR

PROGRAN B e R T e e L=
SATELLITE I0 ' _‘e4sy T T T T e e T LT

LAUNCH DATE B T 7
SATELLITE LOHGITUDE 135 DEG. WEST T o L
OATE OF FAILURE o T e R o
AUSE OF FAILWRE - DR e T
TOTAL S/C OPTINE (HRS) %912.0 T A N
TWTA s/m OP TIME/ZHRS TWTA FAIL DATE ___ __ __  ——_~—~——— =~ == 7
ECHL1-20 _14-24 . __ o.00  _ T T T Tseewove (1) __ T TTTTToT T
ECHL2-20 _ 14-20 CWEeAsGOn. . o - e e e, ]
NCHL1-20 _ 264-21 _ _ 27096.02 _ . _ " " seewove (v .. T T T

NCHL2-20  26-27 . 9163.00 26 JAN 80 FROBABLE FOMER SUPFLY FAILWURE .
ECLL1-.5 _ 14-25 T12912.00 T 7 'SEE MOTE (1) e el =

ECLL2-.5

23352.¢00

09 SEP 81

EXCESSIVE GAIN REDUCTION, SEE MOTE (2)

HCLL1-.5  66-32 .00 " seewoTE (1) . T T
NCLL2-.5 _ 26-29 Y e s~ T
N Ceomwews . oot TYT T LI o

" (1) ECHL1, MCHL1, ECLL1, HCLLY, O 4 JAN 79 TO 9 JAN 79 POST LAUNCH CHLCK-OUT.

(120 HOWRS) 3 R S
(2} ECLL2 CATHODE CURRENT TELEMETRY (IK) FAILED 30 JUNE 79, . . . =~~~ 7~
TUTA TURNED OFF 9 SEP 1981. - e . N
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SATELLITE LONGITUDE 66 DEG. EAST
DATE OF FAILURE _ . 29 MAY 80

CAUSE OF FATILURE . VEHICLE IN STORAGE ON-CRBIT

A g e e T T A e T e e P T L
SATELLITE 10 . _ . Teas2 T T T T
UAUNEHI OATE  _ . .. CIeeETs o e T

TOTAL S/C OPTINE (¥RS) _ _ 12768.0  __ ___ ~_ T oTocoeUT T T T
ke o il R P S

TMTA_ S/ 0° TIMI/ZHRS TWTA FAIL DATE _ _ o mmmmmm T
CECHLI-20 _14-19 0 e.e0 . T T see NoTE (1) ___ . T T

ECHL2-20 _ 164-21 __ _ 12.92.00 OFF 5/80  _ TWTA TURNED OFF 29 MAY 1960 _ _

NCIL1-20 T 26-26 . 0.90 T T 7 TseewNoTE (1y T T T TTT
NCHL2-20  _ 24-20  22i92.00 OFF 5/80 _ _ __THTA TURNED OFF 29 MAY 1980 _
ECLLY-.5  14-20 . . e.00 U T egg NoTE (V) . T
ECLL2-.5 _16-24 . 12162.00 OFF 5/60 ___  TWTA TURNED OFF 29 MAY 1980 _

NewLl-.5  26-27  _ . T oe.00 C . T T T T seewore vy L T T o

NCLL2-.5 _ 26-23 ___ ' 12192.00 OFF 5/00 _ _ _ TWTA TURNED OFF 29 MAY 1930 _

- .- — —_——. = - o oo —— —— f mem 4 e e e e et e cm ———

T COMMENTS

(1) ECHL1l, NCHL1l, ECLL1, NCLLY CH 3 JAN 79 TO 6 JAN 79 PDST LAUNCH CHECK~CUT..- _.

(72 HOURS) o (Cpuavall W - ) I )

69




__ .. SATELLITE STATISTICS AS OF = 1 HAR 83 _

PRCGRAM . g T

SATELLITE 10 __ 9443

LAUNCH DATE 20 MOV 79

SATELLITE LONGITUDE __ 131 DEG. WEST o S - s~ 0
DATE OF FAILURE ARl = = e B e e AR
CAUSE OF FAILURE N = T g, o NS S S
TOTAL S/C OPTIME (MRS) _ _ 28704.0  _ __ _ — = =~ == ot T _To

_ TMTAT s T 0P TIME/MRS TWTA FAIL OATE __ T T
ECHL1-40 14-2 """ 7 e.00 7T " seewoTE (1) _____ T T T
T ECHL2-40 | 14-8 __ _  23176.00 B e e o o e e
NCHL1-62 _ 26-1  _ _  177864.00 . __ " TUTTURNED OM 18 FEB.81 - SEE NOTE 2 T

HCHL2-40  24-6  _  10392.00 10 FEB 81  FAILEO 18 FEBRUARY 1981  ___  _ 1

ECLLY-.5  34-30 . e.00_ _ _ 7T seewore tny T T T3
ECLL3-.5  34-32  _ eelze.00 | T T T T T T T T

Towettle.s T oa6-33 0000 TUew00 T T T isee ot 0y T T T T T
MCLL2-.5 | 44-36 _ _ _ eelze.00 | T T T T T TR T

" COMMENTS B Rl e s .

(1) ECHLL, MCHLL, ECLLL, uLL1 OH 10 OEC TO 12 DEC 79 POST LAUNCH Cucck-ouT. . '
L S R

(2) NCHL1-40 - NC CHAMMEL SHONING INTCRMITTANT RF SPIXING STARTING 20 FEB O1. —5

BACK IN SZRVICE AS OF AUG 81 .~~~ - = womo oo = o -
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SATELLITE STATISTICS AS OF X MAR 83 . _  __ ____}
—— RN R B IO DU S I
FRCGRAM 7B IS e e
SATELLITE 10 | . 9sss L T T T T T IL T
LAUNCH DATE .30 ocT 82 TS N
SATELLITE LOHGITUDE DRIFTING GO .
DATE OF FAILURE __ 26 Nov 82 o T T
CAUSE OF FAILURE  VEHWICLE IN STORAGE oM-ORBIT _ __ _ ___ .~~~ ~
TOTAL S/C OPTIME (HRS) . . 600.0 s == P
THTA Josm T | op TIME/MRS TWTA FAIL BAYE _ T T
ECHL1-40  34-35  __0.00  _. _ ___ _ _ seeNOYE (L) _ T T .
ECHL2-40 _ 36-37 _ " 0.00. 7 "Tleewove tny _ T
JONEHLL-40 | 46-31 0T TTgso L T TT T Tseewmote ¢y T T T
NCHL2-40  44<3¢ 0,00 . T  seewoTE (v ____ 1
ECLL1-.5  14-5 _ _ _ 0.00  _ T seewNovE (1y _ __ _ . .7
ECLL2~.5 . 14-1 . _ 0.00 _ T . seEmMOTE (1) .. . _ __ 7"
NCLL1-.5 _ 24-7  _ _o0.00 7T 7T s wmete vy | T T
CNeLL2-.5  26=3 "7 o0 T 7T CeeeworE (M) T T
CCOMMENTS T I—— e e

1) ECHLY, NCHL1, ECLLY, NCLL1 OM 15 NOV 82, POST LAUNCH CHECK-OUT. (24 HOURS)

ECHL2, NCHLZ, ECLLZ, NCLL2 ON 16 HOV - 24 MOV 82, POST_LAUNCH CHECK-OUT.

(192 HOURS) e e . -
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\/IJSCS-II TWTA ORBITAL LIFE, HOURS (7O 1 MAR 83 )

C 9433 96346 9437 9438 9441 _ 9442 9443 . 9464 _ 96446

TECHLY 42626, 5928, 6. Te. T e T oo T e e o

ECHLZ _  15643. 74784.  40320. 50832. _ 36264. __ 10192, T 28176,  2s8tn.. | 0.

NCHLY  58272.  30120.  4320. 146, 27056. ___ 0. 17764. __  O._ _ __ 0.

NoHLZ 0. . 50552.  13080.  50680. _ ©168. _12192. __ ___ 10392. _ 25803. __ _ _ .

ECLLL  ol088.  80712. 0.  o. _ 1z;12.  Ce. _ 777 0. T2e0a. 7 o.

ECLL2  17184. _ 0. _ 40320._ 50332. _ 23352, _ 12192. __  28176. _ 228%. _ ___ C.

CHCLLl . 4l008. 80712, . 0. _48816. 0. _ Te. _ 6. 6. ___ o
HCLL2 . 17184. _ _ O. __ 40320. _ 2016. _  36264. _ 12192. _  28176. _ 2836d._ . _ _ 0.
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r ) SATELLITT STATISTICS AS CF 1 MAR 83 __ . __  __ . o _

= PRCGRAN DSCS 111 PR A AR SO S
SATELLITE I0 . e4sy T L T o T T
LAUNCH 0ATE " seecrez . T T T oToTToToTTo
SATELLITE LONGITUDE  ORIFTING _._ . _ - == —"
DATE OF FAILURE ) i L S
CAUSE CF FAILURE R M R O
TOTAL 5/C OPTIME (HRS) 2928.0 _ _ T s ool

THTA s/M . OP TIME/ZHRS TWTA FAIL DATE .~ -1
CH3-1-10  H -004  2376.00 . .  SEE WOTE (1) .
CHI/4-10 WJ -106 Coogeell o L
CH4-1-10 W -009 _ 2376.20 _ ___ = T SEE MOTE (1) __ _
CH5-1-10 M =005 2376.00 _  __ _ STE NOTE (1) _ _ .
CHS/6-10  NJ -197 _ © o.0c 7T ’ R

CHO-1-10 =007 2376.00 ST SEE NOTE (1)

CHl-1-40  WJ =605 " o.00 T T T T o T T
CH1-2-60 __ H =010 _ _ _ 2376.00 __ _ _  ___ " SEE NOTE (1) _ ____
eM2-1-40 WY -003 T Tl T T T T TTUITTTT
CH2-2-60 H -006 _ 2376.00 ' SEE NOTE (1) __ .
COMHENTS ; T e
. (1) R-TWTA TURN-ON 22 10V 1982 e B
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snsLLI.\’i-/sTAusncs AS OF _ 1 MAR 83 _

PROGRAM _ NATO III N Lo SLNeTH Lo
SATELLITE 1D e T e e el e e S S
LAUNCH DATE ‘eeaem e T LT oI ITTT D
SATELLITE LCMGITUDE 18.0 DEG. MWEST (+- 0.5 DEG.) ___ . _ ~—~_ ~ ~——-~ ™= =~ '~
DATE GF FAILLRE A R N
CAUSE OF FAILURE . ®ws SEE NOTE 14) wwx _ ~ 77 """ 7" 77T T T T
TOTAL S/C OPTIMZ IHRS) _ . 60072.0 E R R
THTA S/N .. OP TIMEAMRS TNTA FAIL DAYE ____ _ Tt T

TWTA-1 120K) 017 8040.0 23 MAR 77

__ PRGE-BLI HIGH VOLTAG

—_— =0, . cena

TWTA-2 (20W) 13176.0 22 SEP 78

THTA-3 (20H) 1.0 22 SzP 78

" TUPReBA LI HIGI VOLYAGE FAILURE, SEZ MOTE 11,3

TALLURE, SEE N3TE 13)

THTA-6 120M) 011 w0072.0 . . _ T T o
7 COMIENTS T e I

{1) PRE-LAUMCH TEST, TWTA-1 I5/H 007) REPLACED BY IS/N 017) 27 MAR 76. _

12) THTA-3 15/11 0n2) ON-TIME BEFORE FAILURE, 7 NIN..: E

{3) THTA-1 (S/H 017), THUTA-2 1S/ 009) AND TWTA-3 (S/N 002) - A TURN-ON

ATTEMPT WAS M/DE OH 20 APR 79. UMITS HOULD KOT TURH-ON, R

14) PER AGREENZHT WITH NATO USER3, SATELLITE COHSIDERED NOT FAILED ;j

EVEN THOUGI! ORIGINAL RELIABILITY REQUIREMENTS WCRE MOT SATISFIED.
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= .. SATELLITE STATISTICS AS OF _ 1 MAR 83

progRAN T T T wavoxmr o T T T T T T T T T
SATELLITE 1o _ DD _Cesee | . L T T T DI T
LageH oaTE T T T2e uaN 77 T T T T T T T T

SATELLITE LONGITUDE _  _ 21.0 DEG. WEST (+- 0.5 DEG.)

OATE OF FAILURE ..~ ... T T T T LT T T
CAUSE OF FAILURE T R T <

TOTAL Sec ORTENS GRS | Mavrestel oy L e o i il

THTA . S/N _ __ OP TIME/HRS TWTA FAILDATE ___ T T T T T

TWTA-1 (20H) 015 _ "7 19752.0 7 DEC 82 __ __ PRCBABLE HIGH VOLTACE FAILURE, SCE MNOTE(2,3)

CTHTA-2 (204) 006 _ . . _2016.0 ____ _ 7 " TURM-OM 7 OEC 82, SCZ MOTE (1) .
TUTA-3 (204) o016 . _ TTe.0 _ T T segwove(ny T oot T
THTA-4 (20M) 06 __ __ _  19152.0 "7 REACTIVATED 6 DEC 82, SEE NOTE (&) )

TcoimENTS

(1) THTA S 2 AMD 3 ON 14 FEB - 3 HMAR 77 POST LAUNCH CHECK-OUT.

" (216 AND 240 HOURS RESPECTIVELY) e e S SRSt B

12) TUBES TUPHED OFF = VEHICLE IN STORAGE ON-ORDIT - 1 MAY 1979 _

{3) TNTA-1 TURN-CM ATTEMPT 7 OEC 82 - BUS BREAKER OPENED AT HIGH VOLTAGE TURN-ON e
{4) THTA-A TURMED-OFF 11 JAN 79. . . = L T
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] .SATELLMTATISTICS AS OF 1 MAR 83 _ _

PROGRAM
SATELLITE ID
LAWNCH DATE

" SATELLITE LONGITUDE
DATE CF FAILURE

CAUSE OF FAILURE

TOTAL S/C OPTIHE (HRS)

TUTA s/

THTA-1 (20W)

TWTA-2 (22d),
TWUTA~3 (20W)

TUTA-G4 {20W)

omato I T

.. 935 . _
19 MOV 78

' 50.0 DEG. WEST
30 AFR 79 .

| SEE commeNT | |

3e8s.0 . __ .~

0P TINE/HRS THTA

013 T e

(+~ 3.0 DEG.)

see woTE (MY . T T T ¢

_:THTA TURNED OFF 30 AFRIL 1979, SEE HOTE (2)

i L I T S R P o - - -

" T TMTA TURHED OFF 30 AFRIL 1979, SEE NOTE (2)

o0 T o0 T T . SEE MOTE (1) i B R

COMMEMTS i - T - i T

T (1) THTA S 1 AND & 12/3/78 - 12/18/78 POST LAUNCH CHECKDUT. (360 HOURS) y =" =gy
(2) TUDES TURNED OFF - VEMICLE IN STORAGE ON-CRGIT - 30 APR 1979 _ . . _ S
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e  ee ee = . e =l eees B S5 P § PSSR S o e

ALFHA, BETA = 37155.79 _ . 1.02 FOR HLTWTA S _ __|

— |

o ALPHA, BETA = 68762.62 __ .46 _FOR LLTY A ;"'j

ALPHA, BETA =  41416.% 1.44  FCR FUTHTA S j

- - - — e mem e e e -— -
- oo 0w oo 6 — - |
= B P |
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smnn\;\/r,\ - =

PROGRAM 777 TOTAL S/C OP HOURS  29$868.0 _ _ __ __ = == ="~~~
NUMBER OF SATELLITES _  _ 1.0 _ ____ _ ~— o oo T o
MUMBER OF S/C FAILWRES 6.0 _ " T T T T T T
MTTF AT 60 PERCENT LCL _ 57067.7 _ __ "~ """~ " TTTTT T

PROGRAM NATO III TOTAL S/C OP HCURS :i_85728.0 ;:T

PR DERN @F REATIELUTEESY Ly = sEal N S e e - o T

' NUMBER OF S/C FAIWRES . _ 0.0 ____~  ~— o T T T ~
(TTF AT 60 PERCENT LCL _ 93700.7 _ __  _———~— - ™—=-——"m——————  ~— /|

- . IR T S .- . . U — . — v - —— o o— to —

PROGRAM DSCS III TOTAL S/C OP WOULRS _ _2928.0 _ ___ _ _~_ — ——-—"= =
MUMBER OF SATELLITES . 1.0 _ " T T T T T
- NWMBER OF S/C FAILURES _ 0.0  ___  __ T T T T T
WTTF AT 60 PERCENT LCL _  3200.3  __° "~ " "°T T T T T
SUI OF ALL HLTWTA S OP TIME (HRS) _ 708335.0 _ _ _ ___ _ _ _ —_ "= = "=~
NUBER OF HLTWTA (OPERATIONALLY USED) ____ 32,0 _ __ . == === — ~~
TOTAL MUMBER OF FAILWRES "' 12,0 __ T T TTTTT T

HLTKTA MTTF AT 60 PER CENT LCL =  51£45.80

HLTHTA MTTF AT 60 PER CENT LCL NITH 150000 HOUR CATHODE WEAROUT _ 48973.6 _
SUM OF ALL LLTWTA S OP TIME (HRS)  707664.0 RN B A e
(UMEER OF LLTWTA (OPERATICHALLY USEC) 25,0 _ __ _ _ ——~—-—- "= - ==~
" TOTAL MUMBER OF FAILWRES _  _ """ 30 T T T T T N
LLTHTA HTTF AT 60 PER CENT LCL = 169603.5 O =y
_ LLTMTA MTTF AT 60 PER CENT LCL WITH 150000 HOUR CATHCDE WEARCUT _ 99564.8 S
SUM OF ALL THTA-40S OF TIME (HRS) _ 112704.0 —Eee SR
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HUMSER OF TWTA-40 (OPERATIONALLY USED 7.0

TOTAL KUMZZR OF FAILURES

| TWTA-60 MTTE AT 6Q PER CENT LCL = 55788.48 T el R D s
FHTHTA MTYF AT 60 PER CENT LCL MITH 150000 HOUR CATHODE WEAROUT __ 51996.7 Nl

SUM OF Ai . TEN WATT TWTA § OP TIME (HRS)  9se4.0 _ .  _ ~—. = —— =

NUBER OF TEN WATT TWTA S (OPERATIOHALLY USED) . _. .0 . _._ '~~~ = =—=-=— =1

TOTAL MU:CER OF FAILURES e M 8w T T T T o —

TEN WATT TUHTA MTTF AT 60 PER CENT LCL = 10387.87 =~~~ = —7~
_ TEM MATT TMTA MTTF AT 60 PCR CENT LCL WITH 150000 HOUR CATHOOE WEAROUT  10367.9 _

79




3 ’ *HOTLVTININOdX3 V3 0L V3 IG%-€ "€ 56VN0D  0L/60/20  X1¥04-1S < L3I9LY 2101
T -p0553708d 39¥SSIN HO¥NI 01 MHIT ABYHAIT HIVM ] T2gh-f T SSTNOD 94700720 X1¥04-1S 29 SuELY 18T:=51¢
T +3007 HOILYZTIVILINT GHV OIY=SAS M3IMI3Q xuIv  ~ 7~ "7 26%-€ °f SYSl0D  ©L/60/20  X1¥04-1S 1 995LY =0Ives
o *11¥=1¢0 "X ¥3110d 01 3 "HOTLOHAJ IVILNILOMXI ~ - T Z5h-L "€ SSVAIOD  84/60/20 X1204-15 T 00T 5H2LY 471
TTT*71v¥z1d0 CSHILINYI0T TVANLYH QHY HONHOD 31nJu0d 250-€ T SSVAICD  BL/60/20 X4¥0d4-1S UL co1LYy 9%
: 3000 1NJLNO HOHMOD ~ IG9-€ "€ S5VdNDD  9L/€0/20  X1¥D4-1S 402 L9y =KIILN
T -QuOD3Y MVELUOS LIXM QILLVHE0E ~ T T 7T 26%-€ € T SSYdN0D  9L/60/20 10 X1¥D4-1S wL1 §HE5Y =3fe0
= T egu0D3¥ HYBLYOA 3LTM AUYHIE 777 26v-€ '€ SSVAHOD  94/60/20 ©  X1¥24-1S ste cEgoy =gt
i e T ) . XL18C4-1S 22 1019 /°4n3°Cl/
e T e3NTLNCY LINdLNO LSTIANYH T T 7T T2Sv-€ €7 SSYANOD TL/60/20 T XL204-1S L92 SIs5y SSTERRH
- S — . <INTLN0Y LNAHT LSTIBVR ~ 7 """ 294-¢ °€  SSV4IND  9L/60/20 X1€04-1$ £L5 L1959y =hgv
- *LNdNT HYYLA04 QILLVHYO0 §S2008d T 7T I64-€7°€ | SSVdNOD  §£/60/20 X1¥J4-15  SiY 25T =ETATLd
ey B *HILIUABILNI LVHR0S L0dIN0 ~ 7T T 269-€ TC T SSYEl0D  €£/60/20 X1¥04-18 9% £L9€Y =43054
i — *Qu0D38 HYBIUOL OV3Y 0ILLVH¥O3 T T T 26%-€ "€ SSVdII0D 94/60/20  X1¥34-1S €41 ocsey =J2Hl
Sl mel) 3007 ONILLYINOS LNdNI HOMMOD ~~ 77 "7'2§%-¢ "€ SSVdi0D ©L/60/20 X1¥02-15 292 91y =1O2
= ) *3WYN 3114 ¥ HIAI9 LI4 MY 3vD0T T T 25%-€ ‘€ SEVAHOD  94/60/20 XLu04-15 €4 £S1€Y 114132
T *S3ITLITTLN “ISIH 134 ZGH-€ "€ T SSVAIDD  9L/60/20  X1¥04=1S 4 Loty =110
- - T tgITLTITIN AYVEATY 1037€0 HY¥L¥0d T 26Y-€ "€ SSVdNOD 9L/69/20 7 X1¥03-1S £€S ©SITh =5A5065 4
T e uaavad/8300 04 LVMYOS QMY ASTIYY Mavyd T T 264-¢ ‘€T SSYd!I0D  9L1/60/20 »1804-18 £LE 19L1% zdvinud
- 300D 1NdL0 ONILVOTd NOIKGD ~ 77777 2Gv-€ "€ T SSVUN0D  ©2/60/20  MI¥C4-1S SIE vEyly =1N0114
T - N *¥ILYIANOD LNCHT SHILVOTS NOWMOD ™~ "7 7 254-¢ "€ STV4H0D 94760720 X1¥04-1S 951 9921% =142
e *SINVISHOD 3Z2TIVILINT ~ 77T 28u-€ ‘€ SSVANOD 9L/60/20 | XL¥G4-1S T IH kAL =A3HIY!
T N *SALYLS 3114 40 ON3 804 1S3L 777 26v-¢ "€ GSWdUOD 9L/60/20 T X1¥04-1S T 02 SC21h i1 o
TTTTTT STt oyuyl 3714 WWOI001 40 OM3 3aXaM T 77T TTT26h-€ "€ SSVAN0D  94/60/30 T XA¥02-1S TSy T T 0011 =114 2
e “3500 WOM4 OVIY 03LLVMNOS ~ T 77 26%-€ '€ GSVEHOD 94/60/20 | X1¥04-1S  SIT T f201Y x30023C
7T MYHI-£9 SANVISNOD GHY SINTINOY O/ 0NND HOWWO0D To2s%-€ "€ 7 SSV4NOD 0L/60/20 T X1d04-15 09 €909 =0Itd3
T & *INTINOY HULLVZIWILINI 124 7777 77" 0f%-f € S5VGl0D ©2/60/20 X1¥04-153 I eeLdYy =AYLNED
i e o e M B T o1u04-1s T 9ET %090y /0l 6%/
o - = R s P ) Xi¥04-1s €2 19509  /°2°12!/
i R - ’ e il ) T oXt¥od-1s 1 0950% /N3 <1t/
TeTTommommrc o STemmImeSm U pdc3INIANON¥ENS T T T I T 28y 909 U HI4 T €9/L0/20 T 091 €II21 %992 L01d1.01d
TTTTTTTTTT e TSI gagdOINTLN0FENS T X 7T 2S% 97 T ML €8/L0/20 07 091 T T T 2wl £0292 £5NYS
= o e CUI=ldOZMILGONANS T I 28v 979 7T Mid €9/£0/20 T T 091 © T 6102 L9192 191
TTTmTmoem s St eI on T T gpogdosNILnOdans T T X T 28y 904 T Nad o €9/£0/20 T 091 T T 9L teise unHa s
T SmememoTSess nmoisnnmTT TTTOCUgapdoanIinodans T TT 1077 26h 9% T T NAd €8/£0/20 0 T 091 £51 910£2 EIRLS
T T TTTIT T TTTTTUTT TUU=1d0 Wvasoud T DD T 28k 9% T ML €8/40420 0 091 90c22 oLt RIS FILE
CTTTTTImTTee e T SIN3WWOD U 3dVMOMYH | 13A31 43A ¥0SS3008d T 3Lvo T 3114 T WINIT SS3XA0Y %2011
T T T MeoNaT W01 T T T e T T HISNIY WS T T T T2z )T IVALYS LY G3U3ING 38 UM Rvesoxd
TTTITTTIITTU U 3gvg T t@EtSTCTT€9/90/£0 0TI NOISYIA M3GVOY T T T T T d¥YH O Gvol 2 340035




References

Barlow, R. E., & Campo, R. Total time on test processes
and applications to failure data analysis. 1In R. E.
Barlow, J. Fussel & N. D. Singpurwalla (Eds.), Relia-
bility and fault tree analysis. Philadelphia: SIAM,
1975, 451-481.

Barlow, R. E., & Proschan, F. Mathematical theory of
reliability. New York: John Wiley & Sons, 1977.

Barter, N. Telephone interview. Director of Customer and
Public Relations, and former Assistant Program Manager
for Satellites, TRW Defense and Space Systems Group.
August 3 & 4, 1983.

Bergman, B. Some graphical methods for maintenance planning.
Proceedings of the 1977 Annual Reliability and Mainte-
nance Symposium, 1977, 467-471.

Blanchard, B. S. Logistics engineering and management
(2nd ed.). Englewood Cliffs, N.J.: Prentice-Hall,
1981.

Byler, Major R. C., USAF. Personal interview. Faculty
member, School of Systems and Logistics, Air Force
Institute of Technology, WPAFB, Oh. March 1, 1983.

Hillier, F. S., & Lieberman, G. J. Introduction to opera-
sions research (3rd ed.). San Francisco: Holden-Day,
1980.

McCann, Colonel J. A., USAF (Ret.), (Ed. in Chief). Com-
pendium of authenticated systems and logistics terms,
definitions and acronyms (AU-AFIT-LS-3-8l1). WPAFB, Oh.:
Air Force Institute of Technology, 1981.

Shooman, M. L. Probability reliability: An engineering
approach. New York: McGraw-Hill, 1968.

Sidio, G. Telephone interview. Project manager for com-
mercial hardware-DSCS II, TRW Defense and Space Systems
Group. August 10, 1983.

81




Singpurwalla, N. D., & Talbott, Major C. M., USAF. Optimum
maintenance policies. Unpublished Air Force Logistics

Management Center report, 1981.

Talbott, Major C. M., USAF. Optimal maintenance policies.
Doctoral dissertation proposal. Undated.

Talbott, Major C. M., USAF. Lectures. Faculty member,
School of Systems and Logistics, Air Force Institute of
Technology, WPAFB, Oh., February-March 1983.

U.S. Department of the Air Force. Military space doctrine
(AF Manual 1-6). Washington, D.C.: Government Printing
Office, 1982.

Zambo, Major L., USAF. Reliability (Chap. 20). In J. E.
Engel, Lieutenant Colonel, USAF (Ed.). Quantitative
tools for the logistics manager (LS-32). WPAFB, Oh.:

Air Force Institute of Technology, 1980.







