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The design and verification of spacecrafts such as satellites is supported by the results of coupled loads analyses.
Herein the finite element models of the launcher and the spacecraft are typically substructured and reduced, for
example, with the Craig-Bampton method, and then coupled and analyzed under various load cases occurring
during launch. Inherent random uncertainties, affecting virtually all facets of the model, are traditionally dealt with
by means of safety factors, with the drawback that the degree of conservatism remains unquantified. The present
paper reports on a systematic, full-scale uncertainty analysis of the spacecraft-launcher assembly. Because of its
versatility and its insensitivity on the number of uncertain parameters, direct Monte Carlo simulation has been used.
Uncertainties in the launcher, in the spacecraft, and in the loading environment are considered separately. This
allows for conclusions on the relative impact of the uncertainties on the response. The results encompass a transient
load case (liftoff) and a frequency response load case (end-of-booster oscillation) and reveal that the response is
particularly sensitive to uncertainties in the launcher properties, whereas the uncertainties in the loading have almost

negligible impact.
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h = current step in the Newmark integration
i = interior DOF

j = interface DOF

l = index of a single component of random vector X
M = total number of MCS runs

m = index of a single MCS run

p fixed-interface normal modes
Superscripts

(k) = kth substructure

(L) = total number of substructures

MA = mode acceleration

1. Introduction

AUNCHER-PAYLOAD coupled dynamic analysis is em-

ployed as a tool for payload dimensioning and verification and
is carried out as part of the mission analysis. The objective is the
computation of the payload mechanical environment due to dynamic
loads occurring at particular instants of time during launch [1].
Although the high resolution of refined finite element (FE) meshes
potentially improves the quality of the predictions retrieved from
coupled dynamic analyses, the great amount of assumptions during
the construction of the model and the uncertainties concerning its
parameters tend to counteract the potential gain in precision.

Practitioners help themselves by applying safety factors [2,3], a
fact that demonstrates that the presence of uncertainties is
acknowledged; however, this approach falls short of providing a
truly rational basis for quantifying and managing the unavoidable
and often significant uncertainties [4]. Such a basis is instead
afforded by probability theory, with its rich and well-developed
concepts, which are supported by numerous efficient algorithms for
their computational implementation [5].

Preliminary European studies on the feasibility of statistical,
Monte Carlo method based, spacecraft-launcher coupled load
analyses (CLA) were first performed in the early 1990s. Reference [6]
can be viewed as a preliminary step in the direction taken by the
present papers, as it reports results of the scatter in the CLA response
induced by the uncertainty in the spacecraft’s properties. The latter is,
however, introduced in a heuristic manner, by modeling the modal
properties, natural frequencies and effective modal masses, directly
as uniformly distributed random variables, treating the mathematical
model of the spacecraft as a black box. A similar approach has
recently been adopted in [7], in which the modal properties of the
subsystems are modeled as random variables, to estimate response
statistics of uncertain structures in the midfrequency domain. With
respect to [6], it should also be noted that there the damping was
assumed to be completely deterministic and the same applied to the
model of the launcher and the loading. Furthermore, the response of
the coupled system was not evaluated by means of a full-scale CLA.

In contrast to this earlier work, in the present paper the influence of
uncertainties in the payload, the launcher, and in the loading is
analyzed systematically, by propagating the uncertainties present in
each of these three major components of the mathematical model
separately through the complete CLA. The methodology used to
propagate the uncertainties in the model to the response is direct
Monte Carlo simulation (DMCS), because this technique is
unmatched when it comes to versatility and generality. In fact, this
method is independent of the number of random input parameters,
which is an essential characteristic for the application dealt with in
the present paper, because the number of random variables on the
input side is extremely high. This fact is a consequence of the
fundamental assumption made in the probabilistic modeling process,
namely, that the vast majority of the parameters of the FE model are
uncertain and hence are to be modeled as random variables. For the
sake of convenience, the exact opposite is usually done, namely, a
small subset of the parameters are defined as random variables,
typically those which are expected to be most influential with respect
to the response. Such an approach is sometimes, but certainly not
always, justified, and it has invariably the great advantage of

facilitating the application of methods whose performance is
sensitive to the number of random variables, such as the response
surface method. For complex structures it is, however, quite difficult
and error prone to state a priori which parameters are most influential.
In fact, when multiple response quantities of the analysis are
considered, different, conflicting sets of parameters might be
influential. Based on these arguments, in this study the majority of
parameters of the FE model have been modeled as random variables.
The validity of the arguments is supported by the results of the study,
which demonstrate that different response quantities are most
sensitive to very different parameters.

Two load cases, for which the coupled loads analysis is typically
performed during spacecraft design and testing, have been
considered in the present work, namely, the liftoff (LO) and the so-
called end-of-booster pressure oscillation (EBP) load case. For each
of these load cases three sets of MC simulations, with 1500 samples
each, have been performed: one in which the parameters of the
satellite FE model are uncertain, one in which the parameters of the
launcher FE model are uncertain, and one in which some of the
loading parameters are uncertain. The reasoning behind looking at
the uncertainties in the satellite, the launcher, and the loading
separately is that this way one can assess the relative importance of
the uncertainties in these three quite distinct aspects of the model. As
the results of the full-scale coupled loads analysis of the Ariane 5
launcher coupled with the INTEGRAL satellite of European Space
Agency (ESA) show, the effects of the uncertainty in each of these
three areas of the model are quite different in magnitude. This
observation shows that the separate consideration was justified,
because it avoids loss of information. Indeed, had the uncertainties in
all sources been modeled simultaneously, then the response scatter
due to the launcher uncertainties would have dominated and
obscured the scatter due to satellite and loading uncertainties.

II. Method of Analysis

A. Coupled Dynamic Analysis Method
1. Substructuring

To reduce the computational effort for the dynamic analysis of
large FE models, it is common practice to apply substructuring
techniques. The method applied in the analyses presented in this
paper is the popular Craig—-Bampton method [8]. In this method for
each substructure the vector of physical degrees of freedom (DOFs)
u is subdivided in the interface DOFs u; and the interior DOFs u,,
leading to the following equations of motion for the substructure in

partitioned form [9]:

M.. M.1li. K. K.1Tu. F. R.
J] Jt JJ Ji J —
R R MR FIR R

where F;, F; are applied forces and R; are reaction forces at the
interfaces. Damping is omitted in this formulation for simplicity, but
has been included in the analyses presented in Sec. III.

The physical coordinates u are expressed in terms of generalized
coordinates q, with the following transformation, u = ¥q, where

\I'=[;,-’}i 0-”’] and q=[u;q,]" (€)
ij

(pip

Here u; are the interface DOFs and q,, contains a subset of the
modal coordinates which are associated with the normal modes ¢;,
of the component, assuming a fully constrained interface. The
columns of ¢,; are the constraint modes, obtained by imposing in
turn a unit displacement to each interface DOF, while constraining
the other interface DOFs.

Substituting Eq. (2) in Eq. (1) and premultiplying with ¥” reduces
the set of equations,
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where M and K are the Guyan-reduced (statically reduced) matrices
with respect to the interface DOFs. The interface reaction forces R
are unknown, but cancel out when the equations of the various
components are combined to the global system of equations,

\/ 1 2 (L) .
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The b set of DOFs, indicated by the subscript b in the quantities
M,,,K,,. ii,, u,, and F, is the union of the j sets of all components,
that is, of the interface DOFs of all the substructures together. The
vector F;, denotes the external forces on the interfaces and f E,k ) are the
generalized forces associated with the kth substructure.

2. Mode Acceleration Method

The loss of accuracy induced by the truncation of the full
component mode matrix can be reduced by adding a correction term
to the internal displacements obtained with the modal superposition
(9,101,

uMA =u, + Gd[Fi - (Mij - MiiKEIKij)ﬁj] Q)

Here, G, is the residual flexibility matrix of the truncated modes
@,, and is given by

G, =9A 0l =K' [Iii - Mii‘/’ipfl’g,] (6)

Hence, the correction consists of the static displacement associated
with the truncated modes, due to the internal forces F; and the
acceleration of the interface ;.

3. Coupled Load Analysis: Direct Transient Analysis

Rewriting the matrix Eq. (4) in a compact form, including
damping, one obtains

M cplcp () + Ceplep(t) + Kepqep(f) = Fep(f) @)

where the generalized forces Fcg(f) give rise to the transient
response (g (?). Applying a Newmark-type time integration method
leads to

A qep i1 = Az + Azl + Asqep i ®)

where A, A,, Az, and A, are functions of Mg, Ccg, and Kcg, as
well as of the time step size Az and the exciting force. The subscript 7
denotes the current step in the integration process. The exact values
of the system matrices depend on the tuning parameters of the
selected integration scheme.

4. Coupled Load Analysis: Direct Frequency Response Analysis

Consider the case in which the generalized forces of the assembled
Craig-Bampton system in Eq. (4) are harmonic with varying
excitation frequency €2. Adopting a compact notation as in Eq. (7)
the equation of motion reads

M cplcg (1) + Ceplcen () + Kepqep (1) = Fep(2)e™ (9)

where qcg(#) is the complex Craig-Bampton response vector.
Assuming a solution of the form,

qcp() = Qcp(2)e™ (10
and substituting in Eq. (9) leads to the following system of equations:
(=2*Mcp + iQCcp + Kcp)Qcp(R2) = Fep(R2) an

The frequency response can then be evaluated by varying the
excitation frequency €2 in Eq. (11) over the range of interest and
directly solving the complex system of linear equations for Qg (£2).

B. Monte Carlo Simulation

The objective of the present study was to assess the impact of the
uncertainties on the predictions of the CLA, by using a probabilistic
approach. In this framework, the uncertain quantities of the
numerical model can be formally collected in a random vector,

X =[Xi X5+ X, Xpl. X, = X,(0), Oes (12)
where D denotes the dimension of the random vector X. The latter is
fully characterized by its joint cumulative distribution function
(CDF),

Fx(X):P[XlSX],X2§X2,...,XDSXD] (13)
where x = [xx, ---xp] are deterministic. The randomness in the

parameters propagates to the system matrices [e.g., Eq. (7)] and
hence to the response

Mcp = Mcg ), Ces = CCB(Q)a
Feg = Fe(0) = qcg = qcg(0)

Kcg = Kep (0
cB cs()(14)

The objective of the uncertainty analysis is to estimate the CDF
Fy(y) of the response quantities of interest Y = Y(qcg(6)).

It is well known that with the exception of the distribution tails
direct Monte Carlo simulation is very efficient, as with a relatively
modest number of samples the CDF can be quantified. The
convergence can be assessed by means of statistical error estimators.
Furthermore DMCS is particularly straightforward to implement, as
it does not require access to the source code of the numeric solver.
This is a critical advantage in the context of large scale industrial
applications, because these are usually analyzed with general-
purpose finite element packages which cannot be modified.

Because the responses of interest in this study were computed over
an extended frequency range or over time intervals, the CDF was
represented at discrete probability levels, in terms of fractiles. The
response fractile y, for a given response Y and a given probability
level P is approximated as follows. Let {Y,,}*_, be the ensemble of
responses obtained by performing M DMCS runs and let {)A’m}fle
contain the elements of {Y,,}, but in increasing order,

{?m}M Lo hishseesty, (15)
m=
Then,
T Mp =round[P - (M + 1)]
yp R Yy, I <Mp,<M (16)

where the operator round [] rounds the argument to the nearest
integer.
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A [ ——
A finite element model as provided by

ESAESTEC

Fig. 1 FE models of INTEGRAL satellite (left) and Ariane 5 launcher
(right) (Courtesy of ESA).

III. Uncertainty Analysis of Coupled System
Launcher Satellite
A. Finite Element Models

Two finite element models are used in this study. The first one
concerns the research satellite INTEGRAL (INTErnational Gamma
Ray Astrophysics Laboratory) [11]. The second one is ESA’s model
of the Ariane-5 launcher [12], subdivided into four substructures.
Both models are shown in Fig. 1.

The INTEGRAL FE model has roughly 120,000 DOF, with a total
mass of 3800 kg. A finer mesh has been used in this case as it is also
used for the purpose of stress analysis. The instruments have been
partly reduced to Craig-Bampton (CB) and Guyan [13] reduced
models and are included in the FE model. The model is reduced to a
CB model of approximately 330 DOF, which is only 0.3% of the
original FE model size.

The Ariane-5 FE model has approximately 33,000 DOF and a total
mass of 745,000 kg during the liftoff load case and 277,000 kg during
the booster oscillation load case. The Ariane-5 FE model can be
subdivided into four substructures:

1) étage d’acceleration a poudre — (EAP— or EAPM)

2) étage d’acceleration a poudre + (EAP+ or EAPP)

3) étage a propulsion cryotechnique (EPC)

4) upper composite (UC)

The solid rocket booster stages have been modeled with shell
elements and with solid elements. The latter are used to model the
solid propellant. The EPC FE model also contains fluid models to
take into account the sloshing of the liquid oxigen (LOX) and liquid
hydrogen (LH2) in the upper and lower tank, respectively. The fluid
models have been defined on the basis of boundary elements [14].
The fluid mass and stiffness matrices are added to the corresponding
tank wall and free fluid surface. The sloshing frequencies are of the
order of [0.5:3] Hz. The upper composite FE model is composed of
the vehicle equipment bay (VEB) control unit, and storable
propellant upper stage (EPS) propulsion unit, a payload adapter, and
a fairing. The increase in stiffness due to the pressurization of the
EPC tanks and EAP boosters has been taken into account by the
addition of geometric stiffness to the respective substructure stiffness
matrices. Reducing the complete Ariane-5 FE model including
payload leads to a CB system of equations with approximately
700 DOF, that is 0.5% of the FE-system size.

B. Coupled Loads Analysis Launcher Satellite

The two analyzed load cases, namely, the liftoff and the thrust
(pressure) oscillation load cases, are depicted in Fig. 2. The dynamic
loads during liftoff are composed of the thrust forces (longitudinal)
and the blast wave pressure (lateral) which emerges from the exhaust
ducts of the channels that lead away the booster combustion gases.
The pressure oscillation case occurs at approximately 110 s after
liftoff and is introduced by the second acoustic cavity mode in the
boosters. The acoustic modes are assumed to be out of phase and thus
cause a lateral excitation at the spacecraft interface.

The meaning of the spacecraft mechanical environment is clarified
in Fig. 3. Of main interest are the interface accelerations and forces,
which can be used to derive the equivalent sine spectrum and the
center of gravity (COG) net accelerations. In addition one might be

2nd acoustic mode:

AP

b) Thrust oscillations

Fig. 2 A selection of Ariane-5 load cases.

Internal responses:
————————————————————— o element stresses

o element forces
PLM Telescope

o displacements
1
1
1
1
1

e accelerations
PLM Payload Module

|
PLM Detector Bench

SVM Service Module

Solar Array Hold Down
Point

Interface accelerations, forces
and flux

Fig. 3 The mechanical environment of the spacecraft [service module
(SVM) and payload module (PLM)].

interested in the computation of internal responses to verify the
structural integrity of specific instruments on board of the spacecraft.
The computed responses can then be employed within the design,
verification, and test phases of the spacecraft concerned.

The launcher-payload coupled dynamic analysis procedure can be
subdivided into two loops, as depicted in Fig. 4. The first loop is
associated with the generation of the reduced substructure models on
the basis of the CB method [8]. Generally this process is referred to as
component mode synthesis (CMS). For the Ariane-5/Integral

_)'I COUPLED DYNAMIC ANALYSIS LOOP
SUBSTRUCTURL LOOP EiseRiee M;d" LoD
ry Pendulum Mode Control ( )
| Geometric Stiffness Generator i I
T
e ]
| | “ | Modeshape Recovery | %
MTA/MA Intemal Load Vector T £
Generator e A
| Dynamic Analysis |
1 - )
CB Model / OTM Generator | - 2 |
ﬂ? H'j Q | Damping Verification | :
7
| CB Loads Generator | &5y . | Data Recovery | ;

Fig. 4 Coupled dynamic analysis process.
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P/L q(S )
V '
MODEL NDOF MODEL NDOF REDUCTION
uc 13068 uc 533 4.1%
EPC 6571 EPC 207 3.1%
EAP- 6657 EAP- 41 0.6%
EAP+ 6657 EAP+ 41 0.6%
P/L 119067 P/L 326 0.3%
SYSTEM SYSTEM
151666 .59
(I/F merged) (I/F merged) ey L0

Fig. 5 Substructure reduction and assembly.

substructures this reduction process is visualized in Fig. 5. If specific
output is requested for the substructure, then output transformation
matrices (OTMs) shall be computed as well [15]. In case the dynamic
loads of the flight events to be studied are applied to the substructure
under consideration, also the transformation of the loads to CB
generalized loads is performed. The second loop is related to the
dynamic analysis with the reduced CB system as depicted on the
right side of Fig. 5. To identify the modal content of the system a
modal analysis is run followed by the optional recovery of the
physical mode shapes. During this modal analysis of the free—free
CB system, a control matrix is computed such that the pendulum
modes are enforced to zero-eigenvalue rigid body modes. Because
the Ariane-5 model contains fluid models for the liquid propellants,
which lead to pendulum modes, this step has to be performed [16].
The next step is the dynamic analysis, either in the time or in the
frequency domain, followed by the data recovery of physical
responses. Optionally, the system damping can be verified for the
configuration used in the dynamic analysis. This loop is repeated for
each flight event.

In terms of computational cost the reduction of the substructure FE
models to CB models is the most demanding step, because the
Lanczos process is O(n?) in terms of floating point operations [17].
Here n is equal to the number of substructure DOF. The cost of any
analysis with the reduced system can be neglected compared to the
cost of the reduction process as the number of DOF has been reduced
dramatically. This is evident when one compares the FE system and
CB system size given in the tables in Fig. 5.

C. Probabilistic Model

For complex FE models, such as those dealt with in the present
study, it is very hard to identify a priori the uncertain parameters with
great impact on the response quantities of interest and those with
negligible impact. Furthermore, various response quantities
(stresses, interface forces, accelerations) at various locations of the
structure are relevant, with different sensitivities. In addition, limited
specific information on the degree of uncertainty associated with the
various parameters is available.

To ensure as great a generality as possible, a conservative
approach has been taken and as many FE model parameters as
possible have been treated as random variables. This way the risk of
ignoring the uncertainties in parameters with a great impact on the
response is minimized.

This generality, however, leads to an unusually large number of
random variables, approximately 1300 for both the satellite and the
launcher. The levels of variability are selected on the basis of data
available in the literature [2,3,18,19]. Table 1 shows the assumptions
made for the magnitude of the scatter in the uncertain finite element
model parameters. For instance, for Young’s moduli of isotropic

materials the coefficient of variation (COV) o/, where p is the
mean and o is the standard deviation was assumed to be 8%. The
assumed coefficients of variation range from 4 to 12%.

The mean values were set equal to the nominal values of the
deterministic FE model. The probability distribution of the random
properties was mostly Gaussian, with the exception of the damping.
This assumption is sufficiently accurate given the lack of hard data.
Because of the small coefficients of variation, the probability of
occurrence of negative values for properties such as Young’s
modulus is practically zero. However, this does not apply to the
damping, which is usually affected by greater uncertainty. In this
case a log-normal distribution with a COV of 20% for modal
damping and of 25% for structural damping has been assumed.

It should be noted that in this study the stochastic finite element
method has not been used, that is, the spatial correlation of the
uncertain parameters has not been taken into account. The main
reason for this is that statistical information on the correlation
distance of properties is extremely scarce.

Concerning the uncertainties in the loading, the related
assumptions are stated in Secs. IILF (liftoff) and III.G (end-of-
booster pressure).

D. Remarks on Implementation Issues

In the stochastic launcher-payload coupled dynamic analysis
study reported in this paper, two software codes were employed. The
code FE-RYV [20] controls the Monte Carlo simulation; based on an
input file in which the user specifies the probability distributions of
the uncertain model parameters the code generates random
realizations of the parameters, automatically edits the input files of
the deterministic FE code, and drives the FE solver to evaluate the
corresponding response realizations. The software is a collection of
PERL modules and scripts and is based on earlier versions, which are
entirely FORTRAN based [21,22].

The CLA Toolbox [23], which operates in combination with the
commercial FE package MSC.Nastran™, is a collection of direct
matrix abstraction programming (DMAP) procedures which run
with the various solution sequences of MSC.Nastran and has been
developed within ESA.

E. Modal Analysis
1. General Remarks

The first step in the CLA loop is the modal analysis of the CB-
reduced system, as shown in the right portion of Fig. 4. In the present
section the scatter in the natural frequencies of the reduced system is
reported, due to the uncertainties in the launcher on one hand and in
the satellite on the other hand.

2. Uncertainties in the Launcher

To compute the scatter in the natural frequencies due to
uncertainties in the launcher, the COV of the uncertain input
parameters of the launcher has been reduced to 5% of the value
reported in Table 1. In other words, for the Young’s moduli of
isotropic materials, the COV was set to 0.4%. With the associated
results a linear extrapolation has then been carried out. In Fig. 6 the
COVs of the natural frequencies up to 50 Hz are shown. The scatter is
rather modest, as the COV's are mostly below 4%. Only a few modes
have COVs close to 10%, for higher frequencies up to 14%. In
general, the scatter in the natural frequencies induced by
uncertainties in the launcher is quite little.

Clearly, the extrapolation represents a linear approximation;
hence, the accuracy deteriorates for larger deviations from the
nominal values. Nevertheless, the obtained results are indicative for
the magnitude of the scatter.

3. Uncertainties in the Satellite Structure

Figure 7 shows the COVs of the natural frequencies of the CB-
reduced system, due to the uncertainties in the satellite. In this case
the scatter is extremely small; in the range below 40 Hz all the COVs
are less than 1% and many of them are practically zero. This is not
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Table 1 Assumed coefficients of the variation of uncertain finite
element model parameters

Element/material type Property COV (/)

Isotropic material Young’s modulus 8%

Poisson’s ratio 3%

Shear modulus 12%

Mass density 4%

Orthotropic shell element Young’s modulus 8%
material

Shear modulus 12%

Mass density 4%

Solid element an-isotropic Material property matrix 12%
material

Mass density 4%

Simple beam Section dimension 5%

Nonstructural mass 8%

Layered composite material Nonstructural Mass 8%

Thickness of plies 12%

Orientation angle o=1.5 deg

Shell element Membrane thickness 4%

Nonstructural mass 8%

Spring element Stiffness 10%

Concentrated mass Mass 3%

Damping Modal damping 40%

Structural damping 25%

surprising, because the satellite’s structural mass is extremely small
compared to that of the launcher; hence, the scatter in its properties is
expected to have a rather small impact on the modal content of the
coupled system.

F. Load Case 1: Liftoff (LO)
1. General Remarks

As the results presented in this section clearly show, the magnitude
of the response scatter induced by the uncertainties in the FE model
parameters depends on the response quantity under investigation.
This applies, in particular, to the relative importance of the source of
the uncertainties, that is, the launcher, the satellite, or the loading.
Therefore in this paper results pertaining to two response quantities
are presented, which exhibit scatter of quite different magnitude. The
first one is the resultant force at the interface between the spacecraft
and the launcher, shown in the left portion of Fig. 8; the second one is
the von Mises stress in the solar panel hold-down beam (SPHB),
depicted on the right in Fig. 8.

2. Uncertainties in the Launcher Model

In this section the scatter in the response is presented, due to the
uncertainties in the parameters of the launcher model. In the left
portion of Fig. 9, various percentiles of the resultant force at the
interface between launcher and satellite are shown, for the time range

0.14 T T T T T T T T T

012 - |

0.1 H

0.08

stdev/mean

0.06

0.04

0.02

0 5 10 15 20 25 30 35 40 45 50
eigenfrequency in [Hz]

Fig. 6 Coefficients of variation of the eigenfrequencies of the assembled
Craig-Bampton model vs frequency, due to scatter in launcher.

0.014 T T T T T T T T T

0.012

0.01

0.008

0.006

stdev/mean

0.004

0.002

0 5 10 15 20 25 30 35 40 45 50
eigenfrequency in [Hz]

Fig. 7 Coefficients of variation of the eigenfrequencies of the assembled
Craig-Bampton model vs frequency, due to scatter in satellite.

Interface

L e
Fig. 8 Response quantities of interest: resultant interface force (left)
and von Mises stress in SPHB (right).

between 0.0 and 0.35 s. For instance, the top cyan line denotes the
level of the interface force that will be exceeded with a probability of
0.2%. The heavy black line denotes the response of the nominal FE
model, that is, when all parameters are kept at their mean value. In
fact, the nominal response and the 50% fractile are identical in this
case. The scatter in the interface force is rather limited, as the lines
denoting the fractiles are closely clustered around the nominal
response. For 98.8% of the realizations the interface force is enclosed
by the top (cyan) and the bottom (green) line. It should be noted that
the entire ordinate is not displayed, but only the relevant portion. If
the entire ordinate would be shown, the small magnitude of the
scatter would be even more apparent.

In the right portion of Fig. 9 the response percentiles are shown for
the von Mises stress in the SPHB. This response experiences a
slightly larger scatter; again the percentiles are clustered almost
symmetrically around the nominal response.

3. Uncertainties in the Loading

This section deals with the effect of uncertainties in the loading for
the liftoff load case. The quantitative assumptions concerning the
probabilistic modeling are based on [24] and are as follows:

1) Amplitude of pressure in EAPM and EAPP: A Gaussian
probability function is assumed with a mean value of 1.15% above
the deterministic amplitude and a standard deviation of 0.38% of the
deterministic value of the amplitude.

2) Pressure levels of blast waves [duct 1 over pressure (DOP1) and
duct 2 over pressure (DOP2)]: A Gaussian probability function is
assumed with a mean value at the deterministic pressure level and a
standard deviation of 3.3% of the deterministic value.

3) Time difference between ignition of the EAPM and EAPP
boosters: The time delay of ignition of the EAPM booster is kept
deterministic whereas for the time delay of the EAPP booster a
Gaussian probability function is assumed with a mean value at the
deterministic time delay (3.272 s) and a standard deviation of 8.3 ms.

Figure 10 shows on the left the percentiles of the resultant interface
force, where the scatter is now due to the above described
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Fig. 11 LO load case, satellite scatter, response fractiles; left: interface force, right: von Mises stress in SPHB.

uncertainties in the loads. This figure should be compared with the
left portion of Fig. 9, which represents the scatter due to uncertainties
in the launcher structure. It can be observed that, in comparison, the
load scatter induces a larger scatter in the initial phase of the transient
response, which tends to disappear as time progresses. Furthermore,
the nominal response (heavy black line) tends to become a lower
bound to the interface force. This is due to the fact that for one of the
force variables modeled as a random variable, namely, the pressure
(thrust) level of the EAPM and EAPP component, the nominal value
was equal to one of the 30 bounds of the assumed normal
distribution.

Comparing the right portions of Figs. 9 and 10, which relate to the
von Mises stress in the SPHB, one can observe that in this case the
load scatter has a minor impact in the initial phase, but as time
progresses it results in a scatter of similar magnitude and shape.

4. Uncertainties in the Satellite Model

On the left of Fig. 11 the percentiles of the interface force between
the satellite and the launcher during liftoft are shown for the case in
which the uncertainties in the FE model parameters of the satellite
have been modeled. Clearly, the scatter is very modest, which is
consistent with the expectation that the scatter in the INTEGRAL,
with its small contribution to the overall mass budget, has a limited
impact on the overall response. This is, however, not the case for the
von Mises stress in the SPHB, depicted on the right. This response
quantity is affected strongly by the uncertainties in the satellite
model, since the percentiles are quite spread out.

5. Relative Impact of Uncertainties in the Model of the Launcher and of
the Satellite

The relative importance of the launcher scatter and the satellite
scatter depends on the considered response quantity. The left portion
of Fig. 12 compares the scatter in the interface force, due to the
uncertainties in the launcher (heavy line, LS) and in the satellite (thin
line). The mean response /() (solid line) is depicted along with the
1+ o (dash-dotted line) and the p — o (dashed line) responses,
where o is the pertinent standard deviation. Hence the interval
between the dashed and dash-dotted line can be viewed as the
[—o, 40] interval around the mean and gives a concise idea of the
magnitude of the scatter. Clearly, for the interface force this interval
is significantly larger in the case of launcher scatter (heavy line),
implying that the uncertainties in the launcher have a greater impact
on the scatter in the interface force.

However, if one considers the von Mises stress in the SPHB the
situation is quite different, as the right part of Fig. 12 confirms. Here
the [—o, +0] interval around the mean, and hence the scatter, is
greater in the case of the satellite scatter (thin lines).

6. Relative Impact of Uncertainties in the Model of the Loading and of
the Satellite

The observation that the relative impact of the uncertainties
depends on the response quantity under consideration can be
extended to the comparison between the loading and the satellite.
Concerning the interface force, shown in the left portion of Fig. 13,
one can conclude that both the uncertainties in the loading and the in
the satellite induce a negligible scatter. On the other hand, the
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von Mises stress in the SPHB is much more sensitive to scatter in the
satellite’s properties, as the right part of Fig. 13 reveals.

G. Load Case 2: End-of-Booster Pressure (EBP)

1. General Remarks

For this second load case the results of the response scatter lead to a
similar observation as for the LO load case, namely, that the
magnitude of the response scatter induced by the uncertainties is
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EBP load case, launcher scatter, response fractiles; left: interface force, right: von Mises stress in SPHB.

highly dependent on the considered response quantity. Therefore, for
this load case, too, both the resultant of the interface force (left
portion of Fig. 8) and the von Mises stress in the SPHB (right portion
of Fig. 8) are considered.

2. Uncertainties in the Launcher Model

Figure 14 shows the frequency response in the range between 30
and 55 Hz, in terms of the interface force on the left and the von Mises
stress in the SPHB on the right. As can be observed, in this case the
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scatter in both responses is enormous: the 99.8% fractile exceeds the
nominal response by a factor of 3 for the interface force and more
than a factor of 5 for the von Mises stress. This may be attributed to
two different reasons: the shifting of the eigenfrequencies, due to the
variations of stiffness and mass parameters, on one hand, and the
scatter in the damping properties, on the other.

3. Uncertainties in the Loading

In this section the effect of uncertainties in the loading is discussed
for the EBP load case. The quantitative assumptions concerning the
probabilistic modeling are based on [25] and are as follows:

1) Amplitude of pressure perturbation in boosters EAPM and
EAPP: A Gaussian probability function is assumed with the mean
value at —5% of the deterministic pressure amplitude and a standard
deviation of 1.7% of the deterministic pressure.

2) Phase shift between EAPM and EAPP pressure perturbations:
The deterministic value is 180 deg (out of phase). A uniform
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probability density function for the phase shift in the interval (0 deg,
180 deg) is assumed.

Figure 15 contains the percentiles of the interface force and the
von Mises stress in the SPHB. It turns out that for both considered
response quantities the uncertainties in the loading have a negligible
effect on the predicted response. Over most of the spectrum the
various lines representing the percentiles are hardly perceivable.
Only at the peaks can the lines be clearly distinguished.

4. Uncertainties in the Satellite Model

Figure 16 shows the percentiles of the frequency response in the
range between 30 and 55 Hz, where the scatter is now caused by the
uncertainties in the FE model of the satellite. For the interface force
(left portion) the scatter is very modest over most of the frequency
range; however, it is non-negligible in the vicinity of the peak
frequency responses, in particular, at the main peak at approximately
47.5 Hz. Especially the 99.8 percentile is clearly distinct from the
other percentiles. Again, the von Mises stress in the SPHB is more
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sensitive to uncertainties in the satellite’s model parameters, as the
right portion of Fig. 16 shows. In particular, the maximum stress
occurring between 45 and 50 Hz exhibits enormous scatter:
the 99.8% fractile exceeds the nominal response by a factor of more
than 5.

5. Relative Impact of Uncertainties in the Model of the Launcher and of
the Satellite

Compared with the LO load case, in the EBP load case the relative
importance of the launcher scatter is clearly dominating with respect
to the scatter in the satellite, as one can confirm by considering the
[~o, 4+0] interval around the mean, shown in Fig. 17. Both for the
interface force and the von Mises stress the [—o, 0] intervals are
extremely wide in the case of the launcher scatter (heavy line). The
satellite scatter, on the contrary, has a negligible effect on the
interface force, but a strong influence on the von Mises stress of the
SPHB. In summary, the results reveal that the launcher scatter has a
significant effect on the global response, whereas the uncertainties in
the satellite model have more of a localized impact.

6. Relative Impact of Uncertainties in the Model of the Loading and of
the Satellite

Figure 18 allows an assessment of the relative importance of load
scatter versus satellite scatter. Clearly, the uncertainties in the
loading (thick lines) are basically negligible, as they can hardly be
distinguished. The satellite scatter, although negligible with respect
to the interface force, does induce a very strong scatter in the
von Mises stress and thus cannot be neglected.

IV. Conclusions

In this paper the results of a full-scale uncertainty analysis for the
coupled system launcher payload have been presented. To ensure
generality and credibility of the uncertainty analysis, the basic
strategy, underlying the probabilistic modeling process, was to
consider the uncertainty in as many parameters of the FE model as
possible. The uncertainties in the launcher model, in the satellite
model, and in the loading have been analyzed separately, to preserve
the ability to assess their relative impact.

Two load cases have been analyzed, namely, the liftoff load case in
the time domain and the end-of-booster pressure oscillation load case
in the frequency domain.

For the liftoff load case the considered responses, that is, the
interface force and the von Mises stress in the solar panel hold-down
beam showed “well-behaved” scatter. The deviation from the
nominal solution is approximately symmetric and normally
distributed and the coefficient of variation is on the order of 15—
20%. The relative importance of the uncertainties in the launcher

versus those in the satellite depends on the considered response
quantity: for instance, the scatter in the interface force is larger in the
presence of the launcher scatter; however, the opposite is true for the
von Mises stress in the beam attaching the solar panels to the satellite
structure, which is strongly influenced by the uncertainties in the
satellite model. As far as the uncertainties in the loading are
concerned, these turned out to have quite a minor impact on the
response uncertainty, that is, under the assumptions made.

For the EBP load case, the scatter due to launcher scatter, is
extraordinarily large. The coefficients of variation are well beyond
50%, the distribution is highly skewed, and the extreme values
exceed the nominal value by factors of 3 or 4. For this load case the
von Mises stress in the SPHB is also very sensitive to the
uncertainties in the satellite model, whereas the latter affect the
interface force only very little.

In summary, the results of this study show that the uncertainties in
the FE models of the launcher and the spacecraft lead to uncertainties
in the response quantities, which can be very large. The magnitude of
this response scatter cannot be predicted a priori, which implies the
necessity of performing uncertainty analyses similar to the one
presented, in order to ensure the fitness of the designed structure.
Neglecting these uncertainties can be dangerous, because strong
sensitivities of some response quantities to the unavoidable
uncertainty or variability of the model parameters would remain then
undisclosed.

Clearly, the explicit consideration of uncertainties in the numerical
analysis cannot act as a full substitute for testing and qualification
campaigns; for instance, gross errors in the FE model would not be
covered by the model, even if uncertainties are modeled and
propagated.
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