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ABSTRACT

Reliability has long been recognized as a critiatitibute for space systems, and potential causemeprbit failures
are carefully sought for identification and elimti@n through various types of testing prior to l&hn From a statistical
or actuarial perspective, several parameters ofgpacecraft, such as mission type, orbit, or spafecomplexity, can
potentially affect the probability of failure oftedlites. In this paper, we explore the correlatioetween satellite mass,
considered here as a proxy for size, and satelgt@bility, and we investigate whether differetasses of satellite,
defined in terms of mass, exhibit different reli@épiprofiles. To this end, we first conduct nongaretric analysis of
satellite reliability based on a sample of 1,444efldes. The satellites are organized in three maategories defined by
satellite mass (Small — Medium — Large). Three aoametric reliability curves are thus derived. Ween provide
parametric fits of the reliability curves to fatdie the identification of failure trends. We predeto the comparative
analysis of failure profiles over time and cleaitientify different reliability behaviors for the naus satellite mass
categories. Finally, we discuss possible structumald causal reasons for these trends and failuféerdinces, in
particular with respect to design, testing and prament.

— Nonparametric estimation

1. INTRODUCTION 0.99

— 95% confidence interval -

upper bound
— 95% confidence interval -

lower bound

Reliability has long been recognized as a critetétibute
for space systems, and potential causes of on-faihitres 0.97 7

are carefully sought for identification and -elimioa 0.96
through various types of testing prior to launch. 20.95 1
Unfortunately, despite the recognition of its imiamice, = 0.94 1
limited on-orbit failure data and statistical arssy of 2093
satellite reliability exist in the technical liteuae. To help 2 0.92
fill this gap, Castet and Saleh [1] recently cdketfailure 0.01 -
data for 1,584 Earth-orbiting satellites launchestween 0.90 |
January 1990 and October 2008, and conducted tistaltis ’
reliability analysis for this extensive sample. ldarametric 0.89 1
reliability results from their study along with th@5% 0.88 1
confidence intervals are shown in Fig. 1. 087 7 T T T T T T T T T T
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Fig 1. Satellite reliability with 95% confidencetémvals
(details in [1])



One limitation of the work in [1] is that satelkt®f different
types and in different orbits have been lumped ttogre and
their “collective” failure behavior was statistipahnalyzed.
The issue with this approach is that no two (or ehor
satellites are truly alike, and, unless they ardocated,
satellites operate in and experience different remmental
conditions. As a result, the assumption that tllari&atimes
of the satellites are independent and identicalbyrithuted
(iid) may be challenged, and the “collective” relialili
results may not accurately reflect the specifi@bglity of a
particular spacecraft or spacecraft type. The sticai
analysis dilemma results from the fact that thecspa
industry lacks “satellite mass production,” and sla®t
have the luxury of say the semi-conductor industhere
data on thousands of identical transistors opegatinder
identical environmental conditions can be availabbe
statistical analysis, or other industries with prog for
which failure data can be easily obtained from kre¢ed
testing. Given the relatively small number of ditel
launched, data specialization for example for djmeci
spacecraft platform may result in significantly wedd
sample size thus constraining the statistical b#itg
analysis and its precision. In this work, we previl first-
order data specialization, by satellite mass categmd for
which the sample size (and failure occurrence witthie
sample) remains appropriate for statistical anglysi

From a statistical or actuarial perspective, sdvera
parameters or characteristics of the spacecrath ss the
spacecraft complexity, its number of instruments itsr
payload size, to name a few, can potentially affeéet
probability of failure of satellites. In this papeve explore
the correlation between satellite mass and satellit
reliability, and we investigate whether differefasses of
satellite, defined in terms of mass, exhibit didfier
reliability profiles. We address the following qtiess: for
example, are different spacecraft masses correlaft
different failure behaviors on-orbit? Do small $i#ees
exhibit different failure behaviors on-orbit, hend#éferent
reliability profiles, than larger one? And more &dty, do
different satellite classes (in terms of mass) hdikerent
reliability profiles?

This possible correlation between spacecraft mass a
reliability has not to date been investigated frastatistical
perspective. Intuitive trends have often been dised, but
sometimes yielded contradictory conclusions. On tused,

an increase in mass has naturally been associatedhe
use of design redundancy on-board a spacecraftpoove
reliability [2]. On the other hand, an increasecomplexity
(for which mass is often considered a good proxag long
been seen as a factor degrading reliability. This
phenomenon was already identified during the Apollo
program: pressure-fed and storable propellantdherunar
module propulsion systems allowed bypassing the afse
ignition systems and pumps, resulting in a redmatibmass
and complexity, and ultimately an increase in t@lity [3].
Furthermore, recent work by Bearden [4] tended hHows
that NASA spacecraft that failed were characteribgda

high complexity factor (defined by the author asaaerage
of technical factors including spacecraft massha#y, in
[5], Fleeter discusses a simple model of spacecraft

reliability R= R}, wheren is the number of components that

“nominally scales with mass”, ang, is the reliability of
each component. Using this relation, the authouesghat
“using the same part quality, [a] little spacecradtl be
more reliable” than a larger one, aswill be smaller. As
noted by Sarsfield [6], the question of system size
relation to reliability divides the spacecraft coomity with
on one side the proponents of small, “single-strirand
thus simple systems, and on the other, the adwaaite
larger systems using more redundancy.

Quantitative answers have therefore to be founcesolve
this issue and identify correlation, if any, betwepacecraft
mass and reliability. To this end, we conduct iis tvork
statistical reliability analysis of satellites arged by mass
categories and we investigate whether these diffelasses
of satellite exhibit different reliability profiles

The remainder of this paper is organized as folloims
section 2, we present the data used in this worlt an
introduce our classification of satellites basednaass. In
section 3, we conduct a nonparametric analysisatdllge
reliability for each class, using the Kaplan-Megéstimator
(given the censored nature of the data). To fatditthe
identification of trends in the reliability behavjove then
provide in section 4 parametric fits of the rellapicurves
using the Maximum Likelihood Estimation method asllw
as mixtures of Weibull distributions. In section %e
proceed to the comparative analysis of failure i®fover
time, which clearly identifies different reliabilitoehaviors
for different satellite mass bins. Finally, beyoride
statistical identifications of these differences discuss in
section 6 possible structural and causal reasonshfsse
trends and failure differences, in particular widspect to
design, testing and procurement practices.

2. DATABASE, DATA DESCRPITION AND
CATEGORIZATION

For the purpose of this study, we used an extertata@base
of failures and anomalies on-orbit. Details abote t
database can be found in [1]. While not “compléete™a
statistical sense, this database is widely usedccansidered
the most authoritative in the space industry wéitufe data
for over 6,400 spacecraft.

We restricted our study to Earth-orbiting satedlite
successfully launched between January 1990 andbércto
2008. As a result, we retained from the databadd41l,
satellites launched within this time period andvdrich the
satellite mass (at launch) was available. We usedofir
reliability calculations what is referred to in tHatabase as
a Class | failure, that is, a retirement of a $is¢eHue to
failure. For each spacecraft in our sample, weectlll) its
mass; 2) its launch date; 3) its failure date, aflufre



occurred; and 4) the “censored time”, if no failoeeurred.
This last point is further explained in the followi
subsection 3.1. The data collection template antpadata
for our analysis are shown in Table 1.

Table 1. Data collection template and sample datadr
statistical analysis of satellite reliability

. Censored
Mass Failure .
Sample time
unit at Launch date (if no
launch date (if failure .
number (kg) occurred) failure
g occurred)
Satellite 1500 11/06/1998 11/15/1998 -
#1
Satellite 480  03/01/2002 - 10/02/2008
#2
Satellite 2600 04/26/2004 03/28/2006 -
#1,444

After the data was collected, we categorized thellgas
into different mass bins. Various taxonomies foacgrraft
based on their mass have been used over time igpimee
industry. For example, Sarsfield [6] points outtttthere is
no official definition of a small satellite”, evethough this
qualifier has gained much popularity during thet lago
decades. The author adds, “the Center for Satellite
Engineering Research at the University of Surrefinds a
“mini” satellite as being between 100 and 500kg.”
Similarly, a list of satellites launched from 1981 1995,
whose mass is under 425 kg and considered as “srigall
provided in [5]. The National Research Council's
Aeronautics and Space Engineering Board established
Panel on Small Spacecraft Technology that defimadlls
spacecraft as those “weighing approximately 600rkigss”
[7]. In this work, we adopt the more commonly used
definition of “small spacecraft” as those withiretB-500kg
range [6]. This range corresponds to the categ@ésand
BW in the ANSI/AIAA guidelines for spacecraft desifB].
Furthermore, in these guidelines, the 500-2,500 bky
corresponds to the category CW, and masses absde kg
fall into the last category DW.

Based on the previous discussion, we retained far o
analysis the classification of spacecraft thatrisspnted in
Table 2.

Table 2. Categories of spacecraft based on mass

M ass at Spacecr aft Examples
launch category
(kg)
[0-500] Small (S) FAST, JASON 1,
NANOSAT 01
]500-2500] Medium (M) TOPEX-POSEIDON, GPS

NAVSTAR 11-06

>2500 Large (L) DirecTV 1R, HotBird 8

Note that the IRIDIUM series of satellites which reve
initially included the Medium category has been oged
from our sample for the purpose of this statistiaahlysis.
These satellites, based on the same design witlass of
657 kg, experienced a very large number of failunesstly
attributed to a malfunction of the Attitude and ®®ontrol
System. This recurrent cause of failure challengeel
assumption of independence of the failures. Whextyaad
separately, the IRIDIUM series exhibited a veryfefignt
reliability behavior from the other satellites heding to the
same mass category. This design of satellites ftivere
represented an “outlier” that introduced a sigmificbias in
the Medium category that could potentially resolflawed
interpretations for the satellites of this sizegeneral. For
these reasons, the IRIDIUM series was removed fituim
category. However, the reliability behavior of ifRdDIUM
satellites in relation to the unique design, mactuiiang and
testing practices characterizing this series ofcepmft
remains a very interesting research direction #taiuld
deserve special attention in future work.

In total, we have 415 satellites in our Small niaiss 554 in
the Medium mass bin (IRIDIUM excluded), and 47%he
Large mass bin.

3. NON-PARAMETRIC ANALYSISOF SATELLITE
RELIABILITY BY MASSCATEGORY

Censored Data Sample and Kaplan-Meier estimator

Right-censoring occurs in statistical life datalgsia when
some items under observation are removed fromatpke
before their failure occurs, or when the experiraeat
observation window ends and some items are still
operational (again, their failure is not observé)r sample
has a combination of these two types of censoramgl, it
contains items with staggered entries. This is kmdw
statistical analysis as Type IV censoring or random
censoring, and it means the following: 1) the $igdslin our
sample are activated at different points in time.(ithe
satellites are launched at different calendar Jlabes all
these activation times in our sample are knowrfaRyres
dates and censoring are stochastic, and 3) cegsocicurs
either because a satellite is retired from the $arbefore a
failure occurs or because the satellite is stikrational at
the end of our observation window (October 2008).
Censoring requires careful attention: deriving bhabdity
function from censored life data is not trivial, dait is
important that it is done properly if the result® do be
meaningful and unbiased. In this work, we adopt the
powerful Kaplan—Meier estimator [9], which is basiited

for handling the type of censoring we have in cample.
The derivation of the Kaplan-Meier estimator forenaan

be found in [1]. The Kaplan-Meier estimator of the
reliability function with censored data is given Bg. (1):
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tg): time to {" failure (arranged in ascending order)
)

n; = number of operational units right befogge t

=n— [number of censored units right befqpg t

— [number of failed units right befogg t

Should there be ties in the failure times, saynits failing
at exactly tjy—this situation is referred to as a tie of
multiplicity m—then Eq. 2 is replaced by:

=N @)

If a censoring time is exactly equal to a failunmd, a
convention is adopted that assumes censoring tasred
immediately after the failure (that is, at an iitésy small
time interval after the failure).

Results

The data organized in mass bins is now treated thi¢h
Kaplan-Meier estimator (Eq. (1)), and we obtain the
Kaplan-Meier plot of satellite reliability for eachass
category of spacecraft, shown in Fig. 2.

Fig. 2 reads as follows. For example, after a ssgfoé
launch, satellite reliability for the Medium sizetegory
(500-2500 kg) drops to approximately 97% after fyears
on-orbit. More precisely, we have:

R(t)=0.968 for 4.548years<t<05.719years

Both small € 500 kg) and large (> 2500 kg) satellites
exhibit a reliability of 95% after two years. Pds years,
satellite reliability drops to 87% for large saitelt, 91% for
small satellites, and 94% for medium satellitesm8o
important failure trends and difference between timee
satellite mass categories can already be seeyir2Fi

Reliability

— Small < 500 kg
— Medium 500-2500 kg
— Large > 2500 kg

!

0.84 T T T T T \
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Time after successfull orbit insertion (years)

Fig. 2. Kaplan-Meier plot of satellite reliabilifpr each mass category



* Infant mortality: small satellites (with a mass less than
500 kg) exhibit a significant drop in reliabilityudng
the first months following orbit insertion. For ewple,
six months after orbit insertion, their reliabilitys
already down to approximately 96.8%. This striking
behavior of “infant mortality” experienced by small
satellites is much less severe in the case of bigge
satellites. Indeed, for the two other categorieedMm
and Large), the drop in reliability is initially me
moderate. Six months after the orbit insertion, the
reliability of large satellites is around 98.3%,datmat
of medium satellites is 98.7%.

e Wear-out: while the drop in reliability of small
satellites appears to taper off after 7 years, ltinge
spacecraft (mass greater than 2,500 kg) exhibiérgt v
different failure behavior after 7 years, marked dy
steep decrease in reliability. For this Large catggf
satellites, this drop is more severe than durirgfitist 6
years, as reflected by a change of convexity of the
reliability curve approximately 6.5 years after iorb
insertion. The “wear-out” failure behavior seems
clearly more distinct for large satellites than Hera
ones.

» Except for the difference in infant mortality, botine
Medium and Small categories exhibit a similar
reliability behavior, with a moderate decrease lie t
reliability from year 1 to 8 years, and a taperaftjor
shallower drop from year 8 to 15.

* In the sample of 1,444 satellites we analyzed, the
Medium category exhibits the highest reliability af
satellites, always remaining above 92.4% over the
course of 15 years after the orbit insertion.

e The Small category exhibits the lowest reliabilityall
satellites up to 9 years after orbit insertion. ldoer,
past 9 years, the large satellites reclaim theelesip
in failure as their reliability steadily drops beldhat of
the two other categories.

These trends will be revisited more formally and
analytically in Section 5. The important resultrfré-ig. 2 is
that different satellite mass categories do indéede
different reliability profiles and failure behavir In
addition, Figure 2 indicates that the question Wwaet
smaller or larger satellites are more (or lessphoéd is ill-
posed; it cannot be answered without the spedificatf a
time horizon of interest (see previous note on éestaip in
failure).

4. PARAMETRIC ANALYSISOF SATELLITE
RELIABILITY BY MASSCATEGORY

Nonparametric analysis provides powerful resulteeithe
reliability calculation is not constrained to fihyaparticular

pre-defined lifetime distribution. However, thisfibility
makes nonparametric results neither easy nor coenveto
use for different purposes, as often encountered
engineering design (e.g., reliability optimization)n
addition, some trends and patterns are more clearly
identified and recognizable with parametric analysn the
following, we present two parametric methods basedhe
Weibull distribution to fit the nonparametric rediity of
each mass category discussed previously.

in

Weibull distribution

The Weibull distribution is one of the most commpounked
distribution in reliability analysis. Its reliakji (or survivor)
function can be written as follows:

t B
R(t) =exp - (Ej fort>0 4)

where S is the shape parameter (dimensionless) Aride
scale parameter (units of time), both nonnegativke
reason for the wide adoption of the Weibull digitibn is
that it is quite flexible, and with an appropriateice of the
shape parametes, it can capture different kinds of failure
behaviors. For example, when 0 &< 1, the Weibull
distribution models infant mortality (which correspls to a
decreasing failure rate); whef3 = 1, the Weibull
distribution becomes equivalent to the Exponential
distribution (constant failure rate); and whgh> 1, the
Weibull distribution models wear-out failures (whic
corresponds to an increasing failure rate).

In  previous publications, we demonstrated the
appropriateness of the Weibull distribution as eapeetric
model for satellite reliability [1,10,11]. In thigork, we first
derive Weibull fits for the three nonparametriciability
results using the Maximum Likelihood (MLE) procedur
However, the parametric results will be shown towithin

1.8 to 3.5 percentage points of the “benchmark”
nonparametric results, and for our purposes, treséts are
not sufficiently accurate. We therefore proceed hwit
deriving mixture  Weibull distributions for the
nonparametric results and demonstrate a significant
improvement in the accuracy of the parametric fithe
details are discussed next.

Maximum Likelihood Estimation (MLE) of single Weilhu
fit

Details of the Maximum Likelihood Estimation proced
can be found in [12], and its analytic derivatisrprovided

in [10]. When applied to the nonparametric religpi
results shown in Fig. 2, the MLE procedure yieltle t
Weibull parameter estimates for each satellite mass
category. The results are provided in Table 3.




Table 3. Maximum Likelihood Estimates of the Welbul
parameters for each mass category of satellites

(4
M ass category B vears
Small € 500 kg) 0.3224 214145
Medium (500 — 2500 kg) 0.5973 1469.2
Large (> 2500 kg) 0.6794 291.4

Consider for example the small satellite categ@jven

Equation 4 and the information provided in Tableit8,

nonparametric reliability is best approximated bye t
following Weibull distribution:

) ) i 0.3224
Rsman(t) = exf{ [—214145j :| (%)

The values of the shape parametgr=( 0.3224) and the
scale paramete@(= 21414.5yare the Maximum Likelihood
Estimates.

With a shape parametgr< 1, the Weibull fits of satellite
reliability provided in Table 3 capture the existerof infant
mortality for each mass category of satellites. it¢éothat
the value of the shape parameter increases monghynas
the satellite mass increases (i.e., 0.3224 < 0.590.%794).

This trend is in agreement with the comment made

previously regarding the increased risk of infamirtality as
satellite mass decreases that was observed on
nonparametric reliability curves.

Fig. 3 shows the nonparametric reliability curve tbe
three mass categories, as well as the MLE WeibiulFig. 3
provides a visual verification that the Weibull tdisution
with the MLE parameters provided in Table 3 is adjdit
for the nonparametric reliability of large satel$it

For example, for the Large category, the maximurargor
distance) between the nonparametric reliabilityveuand
the Weibull fit is 3.5 percentage points, and tiverage

the

error is 1.1 percentage point. This representsrafauracy
for a two-parameter (Weibull) distribution. Tablerbvides
the maximum and average error between the nonp&iame
reliability and the Weibull fit for the three masategories.

Table 4. Error between the nonparametric religbditd
MLE Weibull fit for each satellite mass category

Maximum Average
M ass category error error
percentage percentage
point point
Small & 500 kg) 1.8 0.7
Medium (500 — 2500 kg) 2.0 0.9
Large (> 2500 kg) 3.5 1.1

Table 4 shows that a single Weibull distributiomydes a
reasonable approximation of the nonparametric Igatel
reliability for each mass category, with an averager on
the order of a single percentage point and a maxiracror
ranging from 1.8 to 3.5 percentage points. Howettdg
reasonable approximation is not good enough for our
purposes, and we can see for example in Fig. 3 ttieat
parametric fit does not accurately follow the naapaetric
(“benchmark”) reliability results, especially beteveyear 3
and 7, and between year 7 and 15 where clearlgrdift
failure trends are present. These different faitveads can

be seen in the change of the convexity of the n@mpetric
curve around year 7, which reflects steeper failure
propensity or reliability degradation after sevesans on
orbit. The single Weibull fit averages out thesamees and
fails to capture these different failure trends.ifprove the
accuracy of the parametric fit, we derive next peetic fit
with mixture distributions.
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Fig. 3. Nonparametric reliability and single Weilditl for the three mass categories



Mixture distributions

Several distributions such as the Exponential, Wkitor
Lognormal, can be used as a basis for linear coatibim to
generate a mixture distribution. In this subsectiove
maintain the Weibull as the basis for our pararoetri
calculations and derive mixture of two Weibull distitions
for the nonparametric satellite reliability of eachass
category. The parametric reliability model with &tare of
two Weibull distributions can be expressed as fedio

¢ B t B
R(t) = aex _[?J +@-a)ex —[?j (6)

1 2

The parameter is used to modify the relative weight given
to each Weibull distribution in the mixture. A geakzed
expression fom mixture distributions is provided in [13].
We restrict our calculations in this work to= 2 since as
will be shown shortly, the results are significgrdiccurate
and the 2-Weibull distributions follows with notabl
precision the different failure trends in the nompaetric
results. Increasingn provides insignificant accuracy
improvement.

The nonlinear least squares method provides us thigh
best fits for the parameters of the 2-Weibull migtu
distribution for each mass category. The resuktspaovided
in Table 5.

For example, the resulting reliability function féarge

satellites is then expressed according to (Equéiyg the
appropriate parameters of Table 5, as follows:

R(t) = 0.905ex;{— (Lj ' } + 0.095ex;{— (L] | } (1)
24700 119

Table 5. Model parameters of the 2-Weibull mixture
distribution for each mass category of satellites

Parameter M ass category
S<m;c1)"0 Medium Large
(-kg) (500 — 2500 kg) (> 2500 kg)
a 0.9607 0.9703 0.905
B 0.2101 0.5071 0.3558
B 2.754 5.538 3.579
6 10’ 6840 24700
6 7.3 6.6 11.9

In addition, the infant mortality component of thexture
distribution has a significantly larger weight)(than the
wear-out component (1&.

For the three mass categories, the new paraméto€ the
reliability using a 2-Weibull mixture distributioaccurately
follows the nonparametric reliability, as showrFiig. 4.

Table 6 provides the Roefficients as well as the sum of
the squares of errors (SSE) of the mixture distidns fits

for the three satellite mass categories. In addito the
graphical inspection of the fits (like in Fig. 4phe high
value of the R (greater than 0.97) and the low value of the
SSE in each case indicate that the fits obtaingtl tie
mixture distributions are significantly accurate.

Table 6. Measures of goodness-of-fit of the 2-Wkib
mixture distribution
for each mass category of satellites

Coefficient M ass category
i . Small Medium L
Notice that for the three satellite mass categpribe ma (500 — 2500 arge
mixture distribution consists of a Weibull distrtmn (= 500 kg) kg) (> 2500 kg)
capturing infant mortality £; < 1), and another one R 0.9757 0.9841 0.9835
capturing wear-out failuregs > 1). SSE 0.09438 0.06152 0.2017
1.00 1.00 1.00
0.98 1 0.98 4 0.98 +
0.96 - 0.96 0.96
é. 0.94 1 é‘ 0.94 4 é\ 0.94 +
:'EOQZ %O.QZ* %092
& 0.90 + & 0.90 4 E 0.90 +
0.88 1 0.88 1 0.88
— Nonparametric estimation — Nonparametric estimation — Nonparametric estimation
0.86 1 0.86 1 0.86
— Weibull Mixture — Weibull Mixture — Weibull Mixture
0.84 — 0.84 T T T 084+
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Fig. 4. Nonparametric reliability and 2-Weibull rixe fit for the three mass categories
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To gauge the precision improvement between thelesing
Weibull and the 2-Weibull mixture distributions, we
calculate both the maximum and the average errovessn
the nonparametric reliability (the benchmark regudind the
parametric models. The results are shown in Table 7

Table 7. Error between the nonparametric religpilit
and the parametric models over 15 years

Mass Error Parametric fit
category
ercentage point Single 2-Weibull
P 9e POt \eibull  mixture
Small maximum error 1.8 1.5
(500kg)  average error 0.7 0.3
Medium  maximum error 2.0 0.6
(500 — 2500
kg) average error 0.9 0.2
Large maximum error 3.5 15
(> 2500 kg)  average error 1.1 0.4

As seen in Table 7, the 2-Weibull mixture distribatis
significantly more accurate than the single Weibull
distribution in capturing the (benchmark) nonparaioe
satellite reliability. For all mass categories, gwerage error
for the 2—Weibull mixture distribution is reduceg bver
50% compared with the average error of the singebwll

fit.

In the next section, we use these mixture distidimst to
further probe the difference between the failurbavéors
and reliability trends of the three satellite meategories.

5. COMPARATIVE ANALYSISOF SATELLITE
RELIABILITY ACROSSMASSCATEGORIES

In this section, we revisit the discussion in Sulisa 3.2
regarding the difference in the reliability resulfssatellites

in different mass categories. Fig. 5 shows theufailrates
(or hazard function) of the Small and Large sdtelinass
categories. The y-axis is provided in log-scale for
readability purpose. The upper panel in Fig. 5 ples a
closer look at the failure rate over the short tiperiods
(through the use of a log-scale on the x-axis).
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Fig. 5. Failure rates of Small and Large sateffitess
categories

The failure rateA(t) uniquely determines the reliability
function through Equation 8:

-j At)dr
R(t)=¢€ ° (8)
We first notice, on the upper panel in Fig. 5, et failure
rate of the small satellites is higher than thathaf large
satellite until roughly for the first four montha-@rbit. This
result reflects a previous observation following).F2 that
small satellites exhibit a more pronounced infamtrtadity
than larger ones (small satellites exhibit a magaiBcant
drop in reliability over the first few months thkarger ones,
as shown in Fig. 2). We also observe, on the Iqvegrel in
Fig. 5, that the failure rate of the large satedlibvertakes
that of the small satellites around year 6.5. Assalt, more
distinct wear-out failures occur in large satedlitthan in
small one (this is reflected in the change in caityeof the
large satellites reliability in Fig. 2 around trdgame time).
Given Equation 8 and the comparative shapes ofaihee
rates in Fig. 5, it is only a matter of time befotee
reliability of the large satellites drops below tthaf the
small ones. This indeed can be seen to occur argeiad9
in Fig. 2.



Fig. 6 shows the absolute difference (in percenfamjets)
in satellite reliability for each pair of mass auees,

namely Small/Medium, Small/Large and Medium/Large.

This figure is rich in information, but should b&erpreted
with caution. For example, notice that the Smalld an
Medium categories exhibit the
reliability of all the pairs up to nine years. Thigference
originates in the early life of the spacecraftleeting a
difference in the infant mortality experienced bgail
satellites compared to medium satellites (as sedfig. 2
and Fig. 6). After one year, the curves indicatat tthe
difference in reliability between those two categsr
remains stable, varying by less than 0.5 percentage. In
other words, the conditional reliabilities of smadind
medium satellites are roughly identical if they\due the
first year on-orbit (the conditional reliabilitiege explored
in the next paragraph). By contrast, notice thatlevthe
reliabilities of the Small and Large categories agm
somewhat “stable” within one percentage point faghly
the first 7 years, the two reliabilities divergeraficantly
after 9 nine years, suggesting a very differentufai
behavior between these two satellite categoriesglihis
time interval.
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Fig. 6. Pairwise differences in satellite relidlyilbver time

To better assess whether the reliability and failoehavior
of two different mass categories are similar afiegiven
period, we investigate their conditional relialidi. For an
item that has survived until timd&, the conditional
reliability allows the calculation of its probalbyli of
survival for an additional period of operation, kiog that
the item has survived untl. By considering conditional
reliabilities, we can perform a comparative anaysif
failure behavior of the different satellite catdger over
different time periods and by selectively filterirmut or
disregarding failures prior td. The benefits of doing so
will be demonstrated shortly. Using the time dorsain
shown in Fig. 7, the conditional reliability is defd as
follows [14,15]:

largest difference in

R({T)=PTe >T +fTe >T} 9)

1
1
U
1
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I
| |

|
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.
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Fig. 7. Time domains for conditional reliabilityofin [15]

Te is the random variable Time-to-Failure. By definit of
the conditional probability and the reliability fction, (Eq.
9) can be reduced to:

_PHT. >T+t} _ R(T+t)

R(1T)= P{T. >T} R(T)

The conditional reliability is particularly usefidr the study
of a burn-in and its impact [16, 17]. In our case, make a
related, although broader, use of conditional bdiiges to
study the failure behavior of satellites in diffetemass
categories. The conditional reliability is usefulor f
comparing two different reliability curves. Indeethe
conditional reliability “eliminates” or filters outhe failure
behavior of the system up to the tifie To illustrate the
relevance of this observation for our study purppse
consider the following two systems, the first onéfering
from significant infant mortality during the [Qi] period,
and the second one is not. In addition, the twtesys have
the same failure behavior during thi; [t,] period. The
reliability curves of these two systems will befeiient and
hardly comparable. While the reliability curves Iwdlearly
indicate the difference in infant mortality behavietween
the two systems, these curves will not identify sihmilarity

in failure behavior between the two systems duthmeg {;;

t;] period. The difference between the curves is ahlg to
the failures during the initial [Q;] period. Thus, by setting
T =13, in Eq. 10, we can calculate the two conditional
reliability curves overtf; t5], and the two resulting curves
will be similar, due to the same failure behaviaridg this
period. By filtering out the failures during thetial period,
the similarity of the failure behavior of the twgssems
during [ty; t;] can thus be clearly identified. Hence, by
carefully selecting the appropriate time{s)the conditional
reliability helps us separate the impact of eaalijufes, and
clearly determine periods of similar failure befayif they
exist.

(10)

We performed an extensive scan of different vabfésand
retained the instants that yielded the most meéuiirand
relevant comparative analysis. For example, for Sheall
and Large satellite categories, Fig. 6 showed thatr
reliability behavior differed significantly at leiagntil t = 0.5
year (sudden increase in the absolute differencehef
reliability). Fig. 8a shows the absolute differermtween
the conditional reliabilities evaluated Bt= 0.5 year for the
Small and Large satellite categories. Fig. 8b tjestinows
that after filtering out infant mortality or failas up to the



first 6 months on orbit, the Small and Large catiegohave

a similar failure behavior or conditional reliabjliprofile
until t = 8 years (with a small “bump’ of less than 0.3
percentage points between year 4 and 8).

After t= 8 years, the absolute difference in conditional
reliability increases suddenly, suggesting the mjeace of
the failure behaviors of the two satellite categsriFig. 8b
shows the actual conditional reliabilities evaldat¢T = 0.5
year for the Small and Large categories. The tiabitity
curves overlap significantly between t = 0.5 and& years,
confirming a similar failure behavior during thisme
period. Att = 8 years, the Large satellite category exhibits a
much more severe decrease in reliability compariéu tvat

of the Small category.
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Fig. 8a. Absolute difference in conditional relililyi
evaluated aT = 0.5 year between the Small and Large

categories

0.5 year

Conditional reliabilities at T

Fig. 8b. Conditional reliabilities evaluated at
T = 0.5 year for the Small and Large categories

In summary, the statistical analysis revealed tpex@ds of
interest for the comparative reliability analysfsttoe Small
and Large satellite categories. These periods adailure
behaviors in each period are provided in Table 8.
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Table 8. Summary of reliability profiles for the Siinand
Large satellite categories

Category Period
0t00.5 year 0.5to8 8to 15
years years
More
Small pronounced
satdlites infant Identical
mortality failure
Lar behavior Distinct
ge wear-out
satellites A
failures

Fig. 9a shows the absolute difference between the

conditional probabilities evaluated &t= 1.5 year for the
Small and Medium satellite categories. The figulearty
shows that after filtering out infant mortality ailures up
to the first years and a half on orbit, the Small Medium
satellite categories have a similar failure behavay
conditional reliability profile up td = 15 years (with a small
“bump’ of less than 0.5 percentage points arourad .

Absolute difference between conditional

reliabilities at T

1.5 years (percentage points)
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Fig. 9a. Absolute difference in conditional reli#lyi
evaluated aT = 1.5 years between the Small and

1.5 years
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Fig. 9b shows the actual conditional reliabilitynoes. The
two reliability curves overlap significantly betweé = 1.5
and t = 15 years, confirming a similar failure béba
during this time period. Befor@ = 1.5 years, Fig. 6 had
shown that the early failure behavior was relagivel
different, with a higher infant mortality for smadhtellites
than for medium satellite.

The two periods of interest in the comparison oé th
reliability profiles for the Small and Medium cate@es are
summarized in Table 9.

Table 9. Summary of reliability profiles for the Siinand
Medium satellite categories

Category Period
Otol.5year 15to 15years
Small More pronounced
satdlites infant mortality Identical failure
M edium behavior
satdlites

Finally, visual inspection of Fig. 6 and analysif the
Medium — Large pair yield the following results:rde
satellites experience a more pronounced infant atityrt
than medium satellites up to 1.5 year, and theg f@ore
severe wear-out than medium satellites betweeraBsyend
15 years. Between 1.5 year and 8 years, the twallitat
categories exhibit identical failure behavior.

In this section, we identified statistical diffecenin the
failure behaviors of the three satellite categori€ur
approach was based on observations of on-orbitrésland
empirical calculations of on-orbit reliability. Neausal
analysis was attempted to ascertain the reasonsthésg
differences in failure behaviors exist. Such anlhais is
significantly wide-ranging and would require a dexded
monograph to be treated thoroughly. While suchftortds
beyond the scope of this work, we do provide in the
following section a set of hypotheses that may esklithe
causal factors for the statistical differences milufe
behavior of the three satellite categories.

6. HYPOTHESESFOR CAUSALITY ANALYSIS

Possible causes for the differences in failure biehs
identified in the previous section include factoetated to
the testing phase of the satellite prior to launed,
procurement and parts selections for the spaceenadt to
factors intrinsically related to the design typ&dsof the
spacecraff) as discussed in the following.

" These broad categories of potential causes fodifferences in
observed failure behavior are not meant to be estheu
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Testing

Small satellites do not benefit from the large betdg
allocated to larger missions. Resource restrictioay limit
the extent of the testing that is performed on seakllites.
Indeed, the procedures, facilities and equipmeunth(sas
thermal-vacuum chambers) used to test a spacedfteft
remain the same regardless of the size of the spaEtES].
In the case of small missions, extensive testing thas
have to be forfeited in order to meet budgetarystaimts.
Testing techniques such as parts “burn-in” are hewe
critical to “remove latent defects and early fadsit (if
performed at appropriate stress levels and undepepr
environmental conditions [18]). The higher infanbmality
exhibited by the smaller satellites may be due ant po
differences in this final quality control gate tlistesting, as
a result of which potential early failures are scred,
detected, and fixed for large satellites prior aarich. By
contrast, smaller satellites, we hypothesize, ékhiiore
pronounced infant mortality because they may bgestibo
less stringent and extensive testing.

Procurement and parts selection

Resource constraints, more acute for small sasllihave
resulted in an increased adoption of CommercialiDié-
Shelf (COTS) parts in the design of satellites. /iEOTS
parts must undergo a series of tests to becomabsrifor
operation in the space environment (“space-ratetfigjr
frequent use may still represent a challenge imseof
reliability. For example, “COTS manufacturers may
implement a processing change resulting in a small
performance impact in an Earth environment, bueréogs
impact under a space radiation environment” [19% &
result, the “burden of proof [is] on the user amt the
manufacturer”, which once again may exceed thentgst
capabilities of, or resources allocated to a smalision.
Specifically, the radiation response of COTS devican be
“difficult to characterize due to large [variabjfitwithin a

lot and the difficulty of testing imposed by packapand
hybridization” [20].

We hypothesize that the differences in reliabiityd failure
behavior on-orbit between small and large satsllite
especially with regards to infant mortality, may tee in
part to a compounded problem of more reliance oT&€0
for the small satellites, and less testing and/odifications
of these parts to make them suitable for space@mwient.
This hypothesis might address in part why satsllitethe
small satellite category exhibit the lowest relidypiof the
three satellite categories during the first 9 years-ig. 2.

Factors intrinsically related to the design

The mass and geometric limitations (volume and rothe
dimensions) imposed on small spacecraft can trengito
several potential causes of failure behavior. Kkangple:



« Small spacecraft, for which weight represents ticati and Large categories) in terms of reliability. More
parameter, cannot afford to have as much redundancyimportantly, they may simply correspond to the &g
as larger spacecraft. They are therefore oftencbare size for which parts, equipment, and design prestiare
“single-string” designs, which can turn a simple currently the most mature and appropriate.
anomaly into a complete loss of the spacecraft.

 The design of small spacecraft relies on a greater 7. CONCLUSION
package density, which can expose certain partsh(su

as plastic-encapsulated microcircuits or PEM) ghbr o . .
temperatures, resulting in an increased risk dfifai Reliability has long been recognlzed as a cntmppute
[6]. for space systems, and potential causes of on-faihires

are carefully sought for identification and -elintioa
through various types of testing prior to launcleveal
parameters or characteristics of the design, saamission
type, orbit, or spacecraft complexity, can potdlytiaffect
the probability of failure of satellites. In thisaper, we
explored the correlation between satellite masesidered
here as a proxy for size, and satellite reliahilijnd we
investigated whether different classes of sateltitfined in
terms of mass, exhibit different reliability pr&fd. To do so,
we performed a statistical analysis on a sampld.,484
Earth-orbiting satellites successfully launched ween
January 1990 and October 2008, by defining threé ma
categories of satellites according to their massalt (0—
500 kg), Medium (500-2,500 kg), and Large (>2,590 k

« “By its nature, a small spacecraft offers less ratu
shielding” than large spacecraft [6], and is theref
more exposed to the effects of cumulative radiaticr
example, a form of radiation damage called
displacement damage dose (DDD) “degrades the
performance of solar cells, detectors, opto-cospderd
optical lenses. It is more difficult to harden aggi
DDD, therefore, the use of shielding [...] is used to
mitigate its effects” [20]. As a result, small dbtes
that do not benefit from sufficient shielding mag b
more subject to radiation-induced failures thargdar
spacecraft.

Factors that can potentially affect the failure dogbr of

large satellites include the following: From the failure data, we first derived nonparaioetr

reliability curves for each satellite mass categowe then
conducted a parametric analysis by fitting the mvametric
results with Weibull distributions. Two-Weibull ntixe
distributions proved good candidates to accuratgyesent
the nonparametric curves of reliability for each sma
category. From the parametric results, we conduatetre
detailed comparative analysis of the failure ratd tailure
behavior on orbit of the three satellite mass caieg. Our
results show that small satellites experience tlghdst
infant mortality of all three satellite mass catege. Past
one year and a half, we found that small and medium
satellites exhibit a very similar (conditional) ieddility
behavior. Our results also identified distinct wear failure
only for the large satellite category (after royg8lyears on
orbit).

» Scaling up subsystems that are usually designed to
operate within small/medium host spacecraft poses
several challenges. Typically, larger and heavier
spacecraft experience higher structural and etedtri
loads than smaller satellites. Power systems may
generate excessive heat that accelerates the physic
degradation of parts over time. This phenomenon may
contribute to the increased wear out experienced by
large satellites after 8 years, as seen in Fig. 2.

* The complexity of large satellites may also inflaen
the infant mortality observed in this category of
spacecraft. Large spacecraft with multiple instrotee
and subsystems require intensive wiring and an
increased number of interfaces, adding potentiairia
points. As the number of connections between
subsystems increases, the integration process lscom
more delicate. This in turn may increase the Ihadid
of human errors, which can translate into a higher
number of failures observed during the early life o
large satellites.

Finally, we concluded this work by formulating at s
hypotheses that may address the causal factorghfor
statistical differences in the failure behavior tbe three
satellite categories. The possible causes for ttidfszences
were categorized and discussed under three headifgs
differences in testing phase of the satellite ptootaunch;
2) differences in to procurement and parts selestiand 3)
differences intrinsically related to the designeyfsize of
the spacecraft), such as increased structural hedntl
loads in larger satellites which may contributewtear-out
failures.

Finally, we noted based on Fig. 2 that satellitéhiw the
Medium category exhibited the highest reliabilitpfile of

the three satellite categories, with the lowestrihimortality
and a moderate wear-out behavior. These mediurd-size
satellites may not incur the penalties of smalleltitds
discussed previously (budget restrictions, partectien,
residual fragility) and they are less likely to fagbject to the
challenges of larger satellites. In other wordsdimn®-sized
satellites may benefit from “the best of both wetl¢Small

We hope this work provides helpful feedback to space
industry for better understanding on orbit failbehavior of
satellites, and ultimately for redesigning satelliest and
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screening programs, parts selection and
allocation.

redundancy When Egs. (11) and (12) are applied to the dathimnvitach
category along with the Kaplan-Meier estimated |k&te
reliability R(t,) shown in Fig. 2, we obtain the 95%

confidence interval curves. These results for eawdss
category of satellites are shown in Fig. 10.

APPENDIX: CONFIDENCE INTERVAL ANALYSIS

The Kaplan-Meier estimator (Eq. 1) provides a maxim
likelihood estimate of reliability but does not anfm us
about the dispersion aroundR(t,). This dispersion is
captured by the variance or standard deviation raf t
estimator, which is then used to derive the upperlawer
bounds for say a 95% confidence interval (thatai95%
likelihood that the actual reliability will fall heveen the two

Fig. 10 shows for example that the reliability ahadl
satellites four years after orbit insertion willllfaetween
92.7% and 97.2% with a 95% likelihood (confidence
interval). In addition, the most likely reliabiligstimate is at

t = 4 years for the small satellites is the Kaplsier result

fi(t =4year3 =95.0%. Notice that the dispersion d&(t;)
around fi(ti) increases with time. This increase in

calculated bounds, with the Kaplan-Meier analysis dispersion can be seen in Fig. 10 by the growing ga

providing us with the most likely estimate). Theiaace of
the estimator is provided by Greenwood'’s formulg. ():

vafR()] = o*(t) = [Re)] E———

m,

m;)

= (g

between the Kaplan—Meier estimated reliability ate
confidence interval curves. This phenomenon ilates the

increasing uncertainty or loss of accuracy of ttegistical
analysis of satellite reliability with time resuif from the
(11) decreasing sample size (see discussion
regarding the limitation of data specialization &atellite
reliability analysis).

And the 95% confidence interval is determined by:

Ross (L) = ﬁ(ti) +1.960b(t;)

More details about these equations can be foufglin22,

23].
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