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ABSTRACT

Reaction Wheel Assemblies are actuators
commonly used for satellite attitude control. During
their functioning RWAs produce undesired disturb-
ances transmitted through satellite structure and can
significantly affect the performance of vibra-
tion-sensitive payload. Microvibrations of a satellite
reaction wheel assembly are commonly analysed in
either hard-mounted or coupled boundary conditions,
though coupled wheel-to-structure disturbance mod-
els are more representative of the real environment in
which the wheel operates. Micro-vibration is a phe-
nomenon that affects the payload pointing. In this
article we want to investigate a solution to damp and
decouple the moving part to a soft mounting on the
structure that supports the wheels. A couple of core
honeycomb plate thickness and mounting stiffness
were analyzed to access their damping efficiency on
microvibration source. Simulations show that the
isolation is effective for micro-vibration suppression
and issues about micro-vibration in integrated design
are identified.

INTRODUCTION

In the last decades, satellite microvibration and
related issues have become a major concern in the
design of satellites requiring high stability platforms
(Tanguy et al., 2011). They are usually generated by
internal mechanisms on board satellites, such as Re-
action Wheel Assemblies (RWAs), Momentum
Wheel Assemblies (MWAS), cryocoolers, pointing
mechanisms, thrusters, ...etc., which in this context
are called microvibration sources (Zhang et al. 2009).

The microvibrations caused by such sources
are transmitted through the satellite structure, excit-
ing modes of the structure or elements of the instru-
ment
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and affecting its performance (Toyoshima et al. 2003).
On the figure below an example of microvibration

ric distortion (Zhang et al. 2011).

Microvibration on spacecraft is a special kind
of vibration which has tiny amplitude and high fre-
guency, whose influence to structure is negligible.
However, as to sub-meter satellites, microvibration
has become a critical factor for high resolution image
quality. With the development of satellite technolo-
gies, and the pressing need for high resolution, high
agility and low costs, integrated design of satellite
platform and payload has been a growing tendency.
For earth observation satellites and space telescopes
this is becoming an increasingly important require-
ment due to the development of evermore capable
and sensitive optical payloads. Among the various
disturbance sources on a spacecraft, RWAs are
commonly considered as the largest by (Tanguy et al.,
2011 and Miller et al. 2007). The loads are generated
due to mass imbalance and local motor bearing im-
perfections, generated by the RWA when
hard-mounted on an isolated and rigid platform.
Subsequently, the coupled dynamics when the RWA
is assembled with a stiff support (see Figure 3) were
measured, in terms of coupled forces at the
RWA-structure interface. Even though the reaction
wheels are very accurately balanced statically and
dynamically, the high speed of operation (= 4500 to
5400 RPM), causes dynamic disturbances to the
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spacecraft (Davis and al., 1986; Sabins et al., 1976;
Fukuda et al., 1986; Bosgra and Prins 1982; NASA
Tech. Rep., 1976). The induced disturbances are
transferred through the satellite structure towards the
payloads and sensitive instruments, exciting their
modes of vibration and severely affecting their per-
formance. Moreover, estimates of the microvibration
effects become more complicated as the dynamics of
the micro-vibration sources also couple with those of
the satellite structure (Takahara et al., 2004 and
Takahara et al., 2006). In addition, the understanding
and control of the vibration level at sensitive loca-
tions, using passive damping and active control
technologies (Vaillon et al.,, 2002 and Bae et al.,
2012), is also a crucial factor in order to achieve the
desired instruments' performance.

To provide good predictions of the satellite
performance if the RWA has resonance frequencies
well above the frequency range of interest, which is
not often the case for microvibration applications;
hence the internal dynamics of the source (dynamic
mass) need to be taken into account. Many works to
investigate and derive the dynamic mass of the source
were initially carried out (Elias et al., 2002; Zhang et
al., 2012; Zhao et al., 2009). To reduce the influence
of micro vibration on imaging, different types of vi-
bration control technologies are used (Liu et al. 2015),
namely as passive and active vibration isolations,
vibration absorption, vibration resistance, and dy-
namic designs.

The finite element structure model is the basis
of dynamic analysis. The dynamics of a mul-
ti-degree-of-freedom system (structure) are described
in the time domain by the equation (Lee et al. 2012):
MX+Cx+Kx=F, (1)
Where: M, C, and K are NxN dimensional matrices,
of which M is the mass matrix, C is the damping
matrix, and K is the stiffness matrix; F is the force
matrix; x is the displacement response.

A simplified passive isolation system consist-
ing of a mass (m), spring (stiffness coefficient k) and
damper (damping coefficient c) with one degree of
freedom is shown in Figure 2. Its effective frequency
for disturbance isolation isﬁfn; where fn is the nat-

ural frequency and is expressed as: 1 [k/ . Therefore,
q 3% p 5 | /n

reasonable design of the isolator can be achieved by
proper combination design of stiffness and mass. In
addition, it can be seen that damping ratio

“ g(c/zx/mk)” plays an important role in transmissi-

bility. Introducing damping into isolator design
could improve isolation performance significantly.
The objective of this work is to determine a
key solution for the structure to minimize the trans-
missibility of microvibrations generated during in
orbit operation by moving parts on the spacecraft (e.g.
reaction wheels) which may adversely affect sensitive
payloads or instruments. We had investigated param-
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eters to control the micro-vibration effect. Therefore,
the reduction of transfer loads by softening the
mounting wheels and modifying the geometry pa-
rameters of supporting structure (honeycomb panel).

Fig. 2. Passive isolation system and its transmissibil-
ity.

MODEL DESCRIPTION

Geometry

Our model is composed of a squared honey-
comb plate of (620 x 620 x 20 mm) supporting a
reaction wheel (10-SP) in the corner as mentioned in
the figure 3; we note that, the wheel is hard mounted
on a bracket. The total mass of the wheel is about 1
Kg including the mass of the supporting bracket to
the structure.

Fig. 3. Reaction wheel hard mounted on the honey-
comb plate.

Materials properties

The plate is made of Aluminum (see table 1).
In our analysis we used two types of materials
Al-2024 T3 and AI5052 for honeycomb panel skin
and core respectively and Al-7075 T73 for the inserts
properties. The properties of the P-shell card repre-
senting the equivalent honeycomb plate are illustrated
in table 3. Where: T¢ is the core thickness; E; is the
young modulus of face sheet; T; is the thickness of
face sheet; | is the bending moment; NSM is the non-
structural mass; U is the Poisson ratio; g represents
the materials density.

Table 1: Materials properties

Materials Al-2024 T3 | AI-7075T73
‘Young Modulus E (MPa) | 69000 72100
Poison Ratio p 0.33 0.33
Density g (Kg/m®) 2768 2796

Shear Modulus (MPa) 25940 27100
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Table 2: Orthotropic properties of the honeycomb

core
Core material Al-5052
Density g (Kg/m®) 130
Cell size (m) 0.003

L shear modulus (MPa) | 930
W shear modulus (MPa) | 372

Table 3: Equivalent properties of P-shell card

T (m) 0.0194
T: (m) 0.0006
E¢ (MPa) 70000
i 0.33

gf (Kg/m®) 2700
gc (Kg/md) 130

| 3136.33
T/ Ts 32.33
NSM 2.522

Mesh

The results data were measured at the node
situated in the center of modeled wheel. The applied
force on the COG of the Wheel modeled as a point
mass is of magnitude 1 N; the force acted in different
directions (X, Y and Z) according to the coordinate
system of the plate. We had changed the axial and
rotations stiffness “K” of the mounting Wheel which
represents the isolation mechanism to analyse the
transfer function behaviour of the wheel noise per-
turbation. Also, we had investigated the role of hon-
eycomb core thickness damping capacity of the
transferred loads disturbance to the structure. Hence,
the result of force applied on each axis generates
three displacements and three rotations (6 DOF).

When building the FEM model, we had used
the equivalent P-shell method to model the honey-
comb base plate supporting the wheel. Triangular and
quadratic elements where used to mesh the plate, the
FEM model is composed from 4061 elements and
4172 nodes. A free boundary condition analysis was
performed to investigates the displacements and rota-
tions for the six degree of freedom (6DOF) in the
center of MPC (Figure 3) node generated from an
applied load on the COG of Wheel; the load are ap-
plied in the three directions according to coordinate
system X,Y and Z.

We had investigated the effect of the plate
geometry and damping mechanism to reduce the
transferred load perturbation from the wheels to the
structure and eventually to the payload. We note that,
the wheel is hard mounted to the honeycomb panel.
RW is modeled as a point mass in the center of grav-
ity and with the moments of inertia.

Load conditions
The analysis is performed without any con-
straint (free-free analysis) using MSC NASTRAN.

These boundary conditions simulate the model dy-
namics in the space environment. Thus, a force is
applied on the point mass in each direction (X, Y and
Z) of magnitude 1N representing the noise disturb-
ance level produced by the wheel (figure 4). Hence,
the displacement output is measured at the center of
MPC, in the node ID ‘101562’ on the honeycomb
plate to deduce the transfer function from the point
masse to the structure.

a) b)
Fig. 4. a) Honeycomb plate supporting the RW b) FE
modeling of RW.

Fig. 5. Location of excitation force towards X direc-
tion and node of output measurement ID.

RESULTS AND DISCUSSIONS

Effect of Wheels mounting stiffness

In the first stage we implement of a damping
mechanism for decoupling the resonance modes of
wheels and its supporting structure; in order to inves-
tigate the behaviour of the transfer function according
to the microvibration transmissibility. The connection
of the wheel to the structure is modeled by a spring of
stiffness K. The figures show the displacements and
rotations measured at the node ID (101562) situated
in the center of the wheel (modeled as point mass)
generated from forces in X, Y and Z directions re-
spectively.

Loading in X direction

In this case, the load is applied in X direction
which generates 3 displacements and 3 rotations of
the induced node. The figures 6, 7 and 8 represent a
comparison of the displacement (Tx) and rotation (RX)
for different wheel mounting stiffness (K). As shown
in the figures, the reduction of the mounting stiffness
between the wheel and the supporting plate provokes
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a reduction of sensitive modes and their amplitudes
for all frequency ranges (low, medium and high) for

both displacements and rotations.
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Fig. 7. Translation Ty and rotation Ry vs. Frequency:
a) Ty and b) Ry.
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Fig. 8. Translation Tz and rotation Rz vs. Frequency:
a) Tz and b) Rz.

Although, the magnitude of low frequencies increases,
contrary to medium and high frequencies which are
damped. We note that, the shift amount of the main
resonance modes of transfer function is significant
for low frequency. we can see in Tx, Ty and Rz that,
a significant reduction of the mounting stiffness leads
to a bigger amplitude in low frequency range which
can gives worst performance results by arising the
noise transmissibility to the structure.

Loading in Y direction

The loads applied on the point masse repre-
senting the wheel is towards Y direction in this case,
the results of dis-placement and rotations are illus-
trated on figures below for 6 DOF. The figures 9, 10
and 11 illustrate the results of the mounting stiffness
the wheel and mounting plate influence on the dis-
placements and rotations. We can see from the fig-
ures that, the mounting stiffness reduction affect both,
the main mode and its amplitude for displacements
and rotations with different amount. Hence, the sensi-
tive modes shift is proportional to the stiffness varia-
tion. Also, the major change was observed for low
frequency range. Whilst, the amplitudes are higher
for low frequencies contrary to medium and high
frequency range which are remarkably reduced. We
note that, the transfer function of displacements and
rotations have almost the same behaviour for X and
Y loading case due to the symmetry of the model.
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Loading towards Z direction

In this section, the load is applied towards Z
direction on the point masse representing the wheel
dynamics. The results of displacements and rotations
are illustrated on figures 12, 13 and 14 showing the
reduction of the mounting stiffness effect for 6 DOF.
However, the results are of different magnitude val-
ues; since nonlinearity is insignificant in axial trans-
lational DOF.

The softening isolation of mounting stiffness
induced a shift of sensitive response modes of only
high frequencies range. Hence, the decrease of the
stiffness by 10000 times induced the changes of sen-
sitive modes which were marked for both displace-
ments and rotations. Besides, if the reduction is con-
sequent, the amplitude of the resonance modes af-
fects all frequency ranges.

00 Eect amec Frequency
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K/10000 K/ig0
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Fig. 14. Translation Tz and rotation Rz vs. Frequency:
a) Tz and b) Rz.

The insertion of soft mounting can improve the
decupling between the wheel and the structure. Also,
the main resonance frequencies modes tend to de-
crease with higher amplitude for low frequencies and
decrease above mid and high frequencies. Further-
more, the effect of the stiffness is more significant for
lateral excited directions (X and Y). Also, the soften-
ing of the mounting stiffness affects all ranges of
frequency response; the low frequency gain in am-
plitude contrary to medium and high frequency tend
to be damped gradually for all direction of load exci-
tation. Furthermore, the reduction of the stiffness
leads to decrease the magnitude of the main reso-
nance frequencies. Hence, the hard mounted wheels
provoke the medium and high frequencies resonance.
Since changes are of significant amount; we can note
that, the insertion of a damping system between the
wheel bracket and the supporting structure can be an
effective solution to control or minimize the disturb-
ance loads transferred from wheels to the structure,
and consequently to the payload.

We note that, if the damping ratio is too high,
the isolation performance of frequency region could
not be satisfied. Therefore, the compromise should be
reached between the resonance transmission ratio and
isolation performance in low, mid and high frequency
region.

Effect of honeycomb panel thickness core analysis

In this section, a set of honeycomb core of
thickness 10, 15, 20 and 25 mm was analyzed to in-
vestigate the behaviour of transferred loads from the
wheel to the supporting structure and eventually to
the payload, since the honey-comb plates have a good
ability to vibrations absorption.

Loading towards X direction

The figures 15, 16 and 17 presents the transfer
function comparison of displacements and rotations
according to plate thickness generated from X direc-
tion loading for 6 DOF. From the figures results, the
thickness of honeycomb plate affects both main sen-
sitive modes and its amplitudes for all ranges fre-
quency (low, medium and high).
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However, the main sensitive modes of the transfer
function become bigger with lower amplitude for both
displacements and rotations by increasing of the plate
thickness respectively. Moreover, the shift of sensi-
tive modes for low frequencies is more important than
the others especially for the displacement in Tz direc-
tion and rotations Rx and Ry, in addition to its’
damping of the transferred loads to the structure.

Loading towards Y direction
The figures 18, 19 and 20 illustrate the com-

parison of the transfer function of the displacement
and rotation in X, y and z according to plate thickness
generated from Y loading direction.
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Fig. 20. Translation Tz and rotation Rz vs. Frequency:
a) Tz and b) Rz.

From the results of the figures, the behaviour of the
transfer function of displacements T and rotations R
towards x, y and z is almost the same due to the
symmetry of the structure. However, for all the fre-
quency ranges (low, medium and high) the resonance
modes are sifted with different amount, the more im-
portant are found for two rotations Rx, Ry and the
displacement Tz. Also, the most significant change
was observed for low frequencies range followed by
decreasing of its amplitude according to the thickness
increasing of honeycomb plate.

Loading towards Z direction

The figures 21, 22 and 23 illustrate the transfer
function variation of the displacements and rotations
according to honeycomb plate thickness generated
from Z direction loading for 6 DOF’s. According the
figures results, the resonance amplitude damping and
the sensitive modes change is proportional to the core
thickness of the plate which is marked by a shift of
main modes and the damping of its” amplitude for all
displacements and rotations in x, y and z. Thus, the
thickness of the core play a major role to damp and
decouple and damp the main modes of the transferred
load from the hard mounted wheel to the whole
structure and consequently to the payload. Thus, all
the frequency ranges of rotations and displacements
are affected; particularly, the low frequencies reso-
nance modes which are the most affected by the
thickness variation.

Dk pak mant
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a) Tz and b) Rz.

The results comparison of different honeycomb
plate thicknesses show an increasing values change
for both magnitude and resonance frequency sensitive
modes of the transfer function in a proportional be-
haviour for the three case of loading directions (X, Y
and Z). It can be seen that, a shift of frequency reso-
nance modes for low frequency when increasing the
thickness of honeycomb core. Furthermore, the effect
of honeycomb core is visible for all ranges of fre-
quency (low, medium and high frequency).

Therefore, the thinner plate induces the lower
resonance frequencies range, but consequently, it
gives higher amplitude for different frequency range;
in the other hand, thicker honeycomb plate presents
the smallest amplitude for low and medium frequen-
cies. Hence, the disturbance loads generated from the
wheel are damped in all load directions (X, Y and Z)
for 6 DOF of payload (displacements and rotations).

The size of the main structure, such as the
thickness of the plate, can have a significant influ-
ence on dynamic parameters of the structure and,
then it will affect the transitive property of the mi-
cro-vibration. We can deduce that, the honeycomb
panel geometrical parameters optimization can be a
solution of absorption of the wheels noise disturbance.
We note from comparison of the results that, the rate
of change ratio in not of significant effect.

CONCLUSIONS

In this article, we investigate a solution to re-
duce the noise transmission from wheel to the struc-
ture. Micro-vibration is a system level problem. It
can be handled in many different ways on a space-
craft. Hence, the thickness of honey-comb panel
plays a key solution to damp wheels noise transmis-
sion to the structure for the hard mounted wheels.
Though, we deduce that the insertion of dissipative
mechanism is more effective in term of efficiency to
decrease the wheels noise disturbance for more sta-
bility of the instrument pointing accuracy. So, we can
deduce:

- The payload can be designed to be less sen-
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sitive to micro-vibration or be mechanically isolated
from the rest of the spacecraft as an active attenuation
control performance.

The structure of the spacecraft can be de-
signed to reduce the micro-vibration transmissibility.
So, optimal design of layout and configuration is the
first choice to reduce the micro-vibration transmitted
to sensitive payload.
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NOMENCLATURE
¢ Damping coefficient
C  Damping matrix
DOF Degree of freedom
Er  Young modulus of face sheet
F  Force matrix
f,  Natural frequency
g Materials density

| Bending moment of inertia

-335-

K Stiffness matrix

k  Stiffness coefficient

m  Mass

M Mass matrix

Tc  Core thickness

Ts  Thickness of face sheet
NSM Nonstructural mass

€ Damping ratio

Vi Poisson ratio



