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Abstract

Satellites are submitted to various mechanicalrenments during launch preparation and then during
flight. To status about the mechanical compatipitif a satellite with the loading environment of a
launcher, all contributors have to be taken intwoaat: quasi-static loads, low frequency environimen
acoustic, shocks, thermal.

This paper intends to present an original methal um ARIANE 5 to guide the interface design to
minimize stresses in the satellite primary struetdin our case the junction between the launcher an
the satellite was hyperstatic. Starting from theiows static and dynamic contributors, several
combinations have been generated to cover allsssteses in the satellite. The load cases indutiag
smallest margins in the spacecraft were isolateihdJa Singular Value Decomposition approach, the
interface deformations were maximized with resgecinternal spacecraft loads leading to a set of
natural interface deformations. The critical loab&s were then projected on this basis in order to
identify a single interface deformation to be liedtthrough launcher dispenser modifications. The
method will be presented in details and illustratétth results obtained on a real satellite.

1. Introduction

To ensure mechanical compatibility between a stedind a launcher, limit loads and verificatiogitg usually
based on tests, are defined by launcher operd®drs?]. A satellite designer has then to combin@yr@ntributors
and to add load factors and factors of safety tifyés design. Typical load factors and factofssafety can be
found in [R3]. The contributors to the stress staside the primary structure of a spacecraft aagty: Quasi-Static
Loads; dynamic loads; line loads due to geometriistontinuities, differences in local stiffness rn-uniform
transmission of thrust; thermal loads and integratioads. Usually Quasi-Static Loads and dynamaddoare
combined in a global QSL. When a satellite is nthttea launcher through a multi-point interfacehis s usually
the case for multiple payload dispensers — interfaarping can occur and has to be properly takEnaocount. In
such a case, limiting satellite warping throughnizher or dispenser modifications can decrease ttegssstate
within the satellite. The aim of this paper is t@gent a method to identify the worst warping mitlifor satellite
benefice.

2. Quasi-Static L oads and War ping specification

The general equations governing the behaviourpafydoad coupled to a launcher through an interfaggven by:

Hd E R Ha b H e B

where the satellite degree of freedom (dof) havenbgartitioned between internal (i) and interfagedégree of
freedom.

Adopting a Craig&Bampton approach [R4] by writidgat internal dof displacements are the sum of fiater static
modes and internal dynamic modes leads to theviollp equation:
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b=l o)

with LIJij corresponding to the interface static modes Qi]g corresponding to the internal dynamic modes with

fixed interfacesW; = —K;*K; and (Kii -w’M, )dJip =0.
A {Fi} ®
qp 0

Using Eq. 2, Eq. 1 can be written as:
(M ]:{Mﬂ +M, W WM Y MY MO +quiM“¢ip}

ity ety ol

where:

chiMij"'q)piMiinij q)piMiicDip
[ ]_{ij +Cji LIJij +L|in Cij +qui Cii LIJij CjicDip + LIin CiicDip:|
q)pi Cij +chi C.i quj chiCiiq)ip
[k ]:[KH +K W WK WK Y, KO+ Wy K“CDip}
K, + DK W, KD,

Introducing the Guyan mass matix Mg =M ; +M; ¥, +¥P .M, +¥W ,M; ¥, and writing:
L=M;®, +¥;M;® and® M, P = |.:Up]* e K®, = lfupwij' EQ. 3 becomes:

Me L U] [C,+C,W, +W,C,+W,CW, C,0,+¥,Co,][u,
+ +
Lt [’ljp] qp q)piCij +q)pi CIi l.IJij q)piCiiq)ip qp

SR Wi ¢

Interface forces are then function of interface emécceleration, velocity and displacement andriatemodes
acceleration and velocity.

2.1 | sostatic interface

For an isostatic interface, displacements of iatfdof do not create any deformation inside thellga. In that
case, interface static modes are rigid body md#les= W, . Those modes do not create elastic or viscous dorce

We have:[K]{uR} { } and{ }[K]{U } { }

P PR R e

This is equivalent to the following relations (saretations are obtained wit[C] matrix):
K +K. WR“ +Y K + WL K, WR“ =0

Rji Rji

Kn’ KjiWey =0
K; + K;i Wg; =0

0



LAUNCHER/SATELLITE INTERFACE OPTIMIZATION FOR PAYLOAD CMMFORT

Using all those relations, Eq. 4 can be simplifsdollow:

Mg L |4 0 0 U, 0 0 u; F
t s (T ST 2 = ©)
L [:Up] 4,) [0 @GP, ]14,) [0 [:Up“’p] ap 0
Interface forces are then function of interfaceewdnd internal modes accelerations only:

MU, + Lg, = F, (6)

When internal local satellite modes have a minatriloution to interface forces, they can be negléand a global
QSL can be derived directly from interface loadsdimmensioning purpose:

MGu.j = Fj or MCDGUQSLj =Y cog Fj ()

where M . is the condensed mass matrix at CoG gng .,; are the satellite rigid modes with respect to CoG

(the ¢ cpg; F; force vector equilibrates interface foleg).

2.2 Hyperatic interface

For an hyperstatic interface it is clear that dispiments of interface dof create a deformatiom@tie satellite.

Starting with Eq. 1 and neglecting loads due toais forces, the second line can be written as:
M, U, + M, 0, + KU+ K =0 or u = -K (M, 0, + M, 0 )- KK, u, ®)
Reinjecting the expression of internal displacenmeite first line leads to:

(M i~ K KM, )“1 + (M i~ K KM )U| + (ij - KK )Uj =F, 9)

The contribution of interface displacement to ifdee loads can be modified by removing the isastpéirt for
which there is no contribution.

To do so the interface dof can be splitted betweostatic dofug and the remaining ddfl,, :

{uj}z{us} (10)

From Eq. 9, interface loads due to interface digpiaent are then equal to:

~ K K u F
(Ku - KK M, { > SHH S}:{ S} (1)
KHS KHH uH I:H

What we call warping are the displacemerﬁg creating the same interface loads without any tagios
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From the second line of Eq. 1K,,0,, =F, or U, =K, F,

4 1F
0, =0 KZ ]{ 5} (13)
FH
Using Eq.11, one can express the warping as aifumeof the complete displacements:
41K K u _ u
g, =[o KHt]{ ss S”H S}z[KHlHKHS 1]{ S} (14)
Kus  Kun J{Uy Uy
Eq. 9 can then be rewritten as:
(M =K KM+ (M =K KM+ (K - KK = (15)

We can also write that interface nodes displacesnam the sum of a rigid body motion and a warping:

{3} :UHR ﬂ{j} (19)

As rigid body motion does not create any elasta) we have:

Kis  Kin | nr 0
Which is equivalent toK ¢ + K¢ @z =0 and K, + K, #,r =0

The isostatic resultant of forces due to a pureimgrcan be found by projecting those forces o figydy modes:

[l ]KSS KSH 0 _ K K — K K t= =

¢RH K K — _( SH +¢RH HH )uH _( HS + HH ¢HR) uH - 0 (18)
HS HH uH

Warping contribution to QSL is therefore equalgéoo but warping has nevertheless to be masterga@stributes

to the stress state inside the satellite.

For a satellite hyperstatically matted to a launchedimensioning specification should thereforsoaste a QSL
(ligsy ) and a warping @y, ).

In the next paragraph we will present a methodptiintize a launcher/dispenser design in order tdt line warping
effect inside a satellite.

3. Singular Value Decomposition approach to limit war ping effect

For satellite comfort it can be useful to limit yarg at its interface. However, if we consider aaint interface,
warping is a combination of 18 dof and it is clgarbt straightforward to determine which type ofrpiag should be
limited through a launcher/dispenser modificatidesting many reinforcements to determine which doatipn
offers the best efficiency to mass ratio can beegioing. Indeed this requires to model and to nsesieral types of
reinforcements. We have developed a method basedingular Value Decomposition to identify critioahrping
for a given satellite. Knowing the warping to limaitll enlighten the design work. The underlying byipesis is that a
great part of the loads inside the satellite is uearping and that a limited number of warpinga be isolated.
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Starting from a satellite dynamic model from whigi’ internal critical loads are accessible — ditgair through
restitution matrices — a (Nx24) matrix is builtking interface displacements and static internatlo This matrix
can be generated thanks to 24 static resolutions:

F}=lo; Ju} (19

To quantify the global criticality of a warping \witespect to internal loads, a scalar criteriateined as follow:

Co ={Fi}t{l:i} (20)

Using Eq; 19, the criterion can be written as:

={u} o]y fu,} @

This criterion being dependant on the warping shapealso on its amplitude, a second criterioneifirebd removing

the amplitude dependence:
C= {Uk}t [Uik ]t [Uij ]{uj} _ {uk}t [rkj ]{Uj}

{Ul }t {Ul } ) {Ul }t{ul }

This new criterion is a Rayleigh quotient from whian optimisation process leads to a SVD problermdeéd,

(22)

derivating Eq. 22 with respect {(mk}t to find maximal values leads to:
Z[ij ]{uj}({ul }t{ul })_ 2({uk}t [rkj ]{uj}){uk} =0 (23)

TR AN 8
equwalentto.[rkj]{ j} { }{ } }

or: [I'kj J{u j} = C{uk} (24)
Solutions of Eq. 24 are interface displacemdn‘iﬁ} such that:l_rkj J{éj} = Ck{ék}

Once the initial (Nx24) matrth J is built, the matnxl_I'kJJ is obtained asgak] [U“]
An SVD decomposition otrkj] leads to:

[rkj ] = [U ][S][U ]t (25)
C, 0 0
where[Skj]Z o . 0 andl_Uij=[5l 524].
0 0 C,

The eigenvector{ék} are the natural interface displacements maximitegcriterion and the eigenvalu€s;, are
the criterion values corresponding to each natlisgllacement.

For a real interface displaceme{rﬁ,_m} due to a launcher load case, one can calculatpaheipation of each
natural displacement as:
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{5L<3i} = |.6ij J{a j} (26)
_lo [oe)

Where:{aj} = W
ij ] L%

The criterion value for this real interface disgaent is:

Co tci = {JLCi }t [rkj ]{JLCi} (27)

t t t
Or using Eq.25 and 26 Co ai = {a j} [é'ij ] [Jij ][SKJ ][Jij ] [5u ]{a j} (28)
With normalized natural deformatior[@j ]t [5,j ] = [I ]), we can get the participation of each natural deédion to
the criterion:

Co c :{aj}t [Sq ]{aj } = _Zz‘:ajzcj (29)
=

We can also build a global criterion summing thatdbution of ‘M’ real interface displacements bynsming each
criterion:

M
CO_G = z Co_ LCi (30)
=

4. Application to areal satellite

The methodology developed in previous paragraphbeas applied to a real satellite connected thraughpoint
interface to a dispenser. 144 internal forces wept to define the criterion. First, 24 static lesons were

performed to build the 144x2|_47ij J matrix.
The SVD decomposition olﬂ'kj] lead to the following eigenvalues:

Table 1: Eigenvalues otrij

Mode # C Mode # C Mode # C
1 2.5E14 9 3.5E12 17 8.4E11
2 1.9E14 10 2.0E12 18 4.3E11
3 1.3E14 11 1.5E12 19 1.5
4 1.1E14 12 1.4E12 20 0.9
5 9.2E13 13 1.1e12 21 0.7
6 3.8E13 14 1l.1el12 22 0.3
7 5.3E12 15 1.0E12 23 0.2
8 3.6E12 16 9.1E11 24 0.1

The eigenvalues are quite scattered demonstrdiatgsbme interface displacements are more strefsirte 144
forces locations inside the spacecraft. The eigergeaand associated eigenmodes can be divide@ igtoups.

a) Modes 1 to 6 are associated with interface disphe@egs for which relative translations between the 4
attachment points are present. They are the massstg for the satellite.
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b) Modes 7 to 18 are associated with interface digptents for which rotations can be observed atlatteat
points.
c) Modes 19 to 24 correspond to the 6 rigid body nmstid hose motions do not stress the satellite.

The 2 next figures illustrate those types of eigedes. To be able to visualize the interface diggtants and
especially the rotations, the 4 interface points plotted as cubes. The central cube correspondketanean
displacement of the 4 interface nodes.
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Figure 1: Eigenmode N°1

1.5

"D

.|

S/IC S

. x P

E

SN

S

" E

N\ s = R
N\ ° o

Figure 2: Eigenmode N°7

12 load cases were considered as the most stréssfille satellite. The participation of the 24axigodes to the
global criterion summing those 12 load cases wasidered (Eq. 30).

The participation is given in table 2.
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Table 2: Participation factor of the 24 eigenmotbethe global criterion C

Mode # Participation Mode # Participation Mode# Participation

(%) (%) (%)

1 4.0 9 58.2 17 0.02

2 3.7 10 4.0 18 0.007
3 2.4 11 1.1 19 £

4 2.6 12 6.0 20 £

5 0.9 13 2.1 21 £

6 0.8 14 0.2 22 £

7 1.4 15 0.1 23 €

8 12.3 16 0.2 24 £

One can observe that the dispenser initial desigpuite optimal since the first six modes contébugry little to the
global criterion. Two eigenmodes are the most pigdting (N°8 and N°9). They are represented ourég 3 and 4.
One can realize that these two modes are very ahosature. Even so they are orthogonal, their noheracteristic
is a local rotation at each interface around trexis.

From this analysis it is clear that modifying tl@hcher/dispenser design in order to limit locahtion around Y
axis at each interface point would significantlgEase the global loads inside the spacecratft.
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Figure 4: Eigenmode N°9
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3. Conclusions

A design approach has been presented to optimizengher/satellite interface for payload comfotieTmethod is
dedicated to satellites whose interface with laends hyperstatic and for which warping is an impot contributor
to internal stress state. Using available data ngnfiom initial design model and identified critidaad cases, a
SVD method is proposed to determine which warpihguid be limited through design modifications. This
intermediate step can save a lot of energy whengty find the best reinforcement solution. Theaited results on
a real configuration have shown that this method wtéicient to identify a precise warping to lintiirough
launcher/dispenser modifications for satellite Hignét is clear that this method can be usefuldgjgtimize any
mechanical system for which warping between sub@comapts is an issue.
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