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Abstract

This work presents a study of the effects of modal coupling on the microsatellite UPMSat-2, where some
design parameters are modified to achieve different levels of modal coupling. The finite element model
(FEM) of the satellite is used to obtain the numerical results such as natural frequencies, interface forces
and stresses resulted from the different configurations. The results show an appreciable reduction of the
forces and stresses on the main structure when the degree of modal coupling is higher. However, the
negative effect is the increase of the stresses on the secondary parts, which can overpass their allowable
limits.

1. Introduction

For the design of new structures subjected to dynamic loads, it is an indispensable task the evaluation of their modal
behaviour in order to predict their response against the different type of mechanical environment [1,2]. One of the most
interesting aspects related to the dynamic behaviour of a complex system is the influence, in modal terms, of a
secondary part on the entire system in case of modal coupling. The effects of the modal coupling have been studied in
the concept of tuned mass dampers (TMD), where the objective is the reduction of the levels of displacements,
accelerations, stresses and forces on the main structure by adding a secondary dynamic subsystem that will be exposed
to high levels of acceleration and local stresses [3]. In this case, the secondary part must be designed to withstand this
intense mechanical environment to prevent its collapse. The TMD concept has been applied in the development of
devices that reduce the adverse effects of earthquakes in buildings [4-7]. In these works, the objective is to protect the
main structure (building) by adding a dynamic mass-damper system that acts like a secondary part whose fundamental
frequency is tuned to be close to the main mode of the primary structure. When a dynamic load is produced exciting
these modes, the high motion of the secondary system achieves a significant reduction of the maximum displacements
and forces on the primary structure. In these situations, the modal coupling is an intentional effect that improves the
protection of the main structure against dynamic loads. However, for other cases, the modal coupling is an undesirable
phenomenon that can provoke damages for the sensitive secondary parts. One example is the space systems, where the
intense dynamic environment produced during the launch generates high levels of accelerations that are transmitted to
all the equipment through the mechanical interfaces. Therefore, with the aim of decreasing the risk of damage caused
by the adverse effects of modal coupling on space structures, it is standardized in the space industry the definition by
the launcher authorities of requirements that impose a minimum value for the natural frequencies of the spacecraft that
will fly on board [2]. With the same purpose, this type of requirement is also derived in the spacecraft projects from
the principal contractor of the spacecraft to the different subsystems. In both cases, the secondary subsystem is the
affected part that must comply with the imposed requirement to have sufficient guarantee of avoiding the modal
coupling, which it is achieved if its natural frequencies are sufficiently higher than the fundamental modes of the
primary systems [1]. The problem arises in particular subsystems, such as large telescopes or deployable solar panels,
where the design restrictions do not allow to reach the required minimum frequency. This is the case of the telescopes
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for the observation of the cosmos, such as ARIEL mission [8], where its operations require very low temperature that
can only be achieved if it is thermally isolated from the rest of the spacecraft. This thermal requirement is fulfilled with
a mechanical design that includes isostatic mounts, which have the disadvantage of reducing the main modes of the
payload that can lead to the unavoidable coupling with the modes of the main structure. Other cases are the deployable
items such as antennas or solar panels [9], which present low modes that must be considered for the attitude dynamics.

In [10], the analytical results obtained from an undamped 2-degree-of-freedom (2-DOF) system quantify these effects.
It was demonstrated that, within the range of design parameters where the modal coupling is produced, the main mode
of the uncoupled case is transformed into two different modes with similar modal effective mass (MEM) values. This
result is always obtained in the 2-DOF system, even for practically negligible mass values for the secondary part,
concluding that a small secondary part can significantly influence on the global dynamic behaviour of the entire system.
Another interesting effect is the change of the frequencies of both modes for different grades of modal coupling, being
more significant with higher secondary—primary mass fractions. Additionally, two design cases were presented in [10],
where the equations of the analytical 2-DOF model were developed with the aim of obtaining simple mathematical
expressions to get preliminary designs of space systems whose main modes meet the requirements of minimum
frequencies in case of modal coupling. These analytical expressions can be useful to estimate the limits imposed to the
natural frequencies of secondary subsystems derived from the requirements imposed to the entire system.

In this paper, the phenomenon of modal coupling is numerically investigated with the design of the microsatellite
UPMSat-2 [11]. The main lateral modes in the launch configuration of the entire system can be altered by the
mechanical design of the communication antennas, which are four thin beams located vertically on top of the satellite
and with very small mass compared with the rest of the satellite. Despite the small mass fraction of these secondary
elements, the changes on the values of the natural frequencies of the entire system and on their modal effective masses
can be significant. The structural responses obtained under a sine vibration environment such as forces and stresses are
also modified due to the modal coupling between antennas and main structure. In section 2, a general description of
the UPMSat-2 satellite is presented. In sections 3 and 4, the numerical finite element model (FEM) is described and
the obtained numerical results are detailed to evaluate the impact of the modal coupling between antennas and satellite
on the dynamic behaviour of the entire satellite and on the changes of the structural responses. The design parameters
of the antennas are modified to have different grades of modal coupling, what allows the assessment of their influence
on the results such as natural frequencies, modal effective masses, interface forces and local stresses. Finally, the
conclusions of this work are summarized in section 5.

2. UPMSat-2 description

UPMSat-2 is a microsatellite of 50 kg developed by the research institute Ignacio Da Riva (IDR), which belongs to the
Spanish university Universidad Politécnica de Madrid (UPM). The technicians, investigators and professors of the
research institute, as well as some students of the engineering schools of aerospace and informatics of UPM, have
participated in the design, assembly and testing of this satellite and its equipment, whose main purposes are the space
qualification of new technologies, the acquisition of knowledge and experience in the development of a satellite by all
participants and the demonstration of the capability of the UPM in the field of space technology [11,12]. Many works
have been published related to different aspects of the design and development of the UPMSat-2, such as the design of
its magnetic attitude control subsystem [13-15], the design and tests of the power system [16,17] and of the
communications subsystem [18]. The UPMSat-2 satellite will be fly to the space together with other small satellites in
a multiple payload launch of the Vega in August 2019.

The UPMSat-2 project was conceived with the aim of developing a multipurpose satellite capable of transporting
different payloads and performing missions in a variety of scenarios, while the structure and the basic subsystems are
simple and with standard designs. With this philosophy, the mechanical design selected for UPMSat-2 is based on its
predecessor UPMSat-1, getting a quadrilateral prism structure composed by four horizontal trays, which supports the
main payloads, attached laterally at the corners to four L-shape vertical beams and at the side edges to four double-sheet
panels (Figure 1). Furthermore, there are a total of eight vertical shear panels located inside between the lower trays,
which stiffer the entire structure. All these structural parts are made of the aluminium alloy 7075-T6. This concept was
chosen by its simplicity and robustness, with the aim of having a standard design that can be suitable for a wide variety
of missions and payloads. Furthermore, the main structure has been designed to withstand the most severe load cases
extracted from the mechanical environments defined by a great number of launchers in order to have the possibility of
being launched by any of these launch vehicles. Finally, the selected launcher has been Vega.
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Figure 1: (a) UPMSat-2 CAD design. (b) Structural composition.

At the top of the satellite, four communication antennas are located near the corners, where each one is a thin vertical
beam made of a copper — beryllium alloy and clamped by its lower end to the satellite structure. Therefore, each antenna
is considered as a vertical cantilevered beam from a mechanical point of view, where the first modes are mainly bending
and torsional motions. The dimensions of each antenna in the final design are 167 mm of length, 8 mm of wide and
0.2 mm of thickness, giving a first bending mode of approximately 4 Hz, much lower than the first global mode of the
satellite, which is 92 Hz. In this work, the value of the thickness of two opposite antennas is to be modified in the
numerical model of the satellite to increase the natural frequency of the local bending modes and therefore, to achieve
a higher degree of modal coupling caused by the smaller difference in frequency terms between local and global modes.
In this way, the calculated results with the different design configurations will allow the numerical evaluation of the
modal coupling between the two antennas and the main structure of the satellite.

3. UPMSat-2 Finite element model

The finite element model (FEM) of the UPMSat-2 are mainly composed by quadrilateral planar elements (QUADA4),
which represent the thin-walled structural pieces (Figure 2). Each payload is represented by a point mass attached to
the structure by a rigid element, while the mass of the solar cells is taken into account in the model by the non-structural
mass (NSM) parameter defined in the elements that represent the external lateral panels. To join the different structural
pieces, a set of CBUSH elements together with RBE2 rigid elements has been created to represent the screws that
connect these parts. These CBUSH elements allow the calculation of the interface forces that are generated as a result
of the application of the different load cases. The antennas are modelled with 1D beam elements located vertically on
top of the UPMSat-2 FEM, whose lower ends are attached to the main structure by rigid elements.

The FEM used in this study includes an adaptor under the lower tray of the satellite, which is the mechanical interface
between the satellite and the separation system. The boundary conditions of the satellite in the launch configuration
are modelled by the constraints of the 6 DOF applied to the lower nodes of the CBUSH elements that represent the
bolts between adaptor and separation system. The upper nodes of these CBUSH elements correspond the centre nodes
of the RBE2 rigid elements defined in each hole of the adaptor (Figure 3). The results described in this paper have
been calculated with this boundary condition in the different proposed analyses.
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Figure 2: Finite element model of UPMSat-2

(b)

Figure 3: (a) FEM of the adaptor and the lower stiffened tray at the bottom face of the UPMSat-2. (b) Detail of the
modelling of one interface bolt of the adaptor.

4. Numerical analyses and results

In this section, the results obtained from the normal modes analyses and from the sine vibration simulations with the
FEM of the UPMSat-2 are presented, where the thickness of two opposite antennas is modified to have different grades
of modal coupling. The selected antennas whose thicknesses will be changed in this study are those in which the
thickness direction is perpendicular to the global X-axis. These antennas are located in the corners X+ Y+ and X- Y-
(see Figure 2). Therefore, the global mode of interest in this investigation is the main lateral mode of the satellite in
X-axis, whose motion is in the same direction as the first bending mode of the selected antennas.

4.1 Normal modes analyses

Some of the numerical results of this work are compared with the analytical solutions of an equivalent 2-DOF model,
as the described in [10]. In the development described in [10] for the 2-DOF system, a reference configuration is
defined, consisting of the primary structure without the analysed secondary part. Therefore, the first numerical
simulation is a normal modes analysis of the FEM of the UPMSat-2 without the two antennas previously mentioned
to obtain the reference natural frequency considered in this study. This analysis provides a fundamental natural
frequency of the satellite of f, = 94.8 Hz, where the corresponding mode shape can be seen in Figure 4. The mass of
the satellite in this reference configuration is 45.950 kg.
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Figure 4: Mode shape of the reference main global mode of UPMSat-2 satellite without two opposite antennas
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Figure 5: (a) Variation of the mass of two antennas with their thickness. (b) Variation of the mass ratio f with the
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Figure 6: Variation of the numerical results with the thickness of the antennas: (a) Dimensionless eigenfrequencies.
(b) Modal Effective Mass (MEM) Fractions.
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The results shown in this work have been obtained with the completed FEM of the satellite that includes the four
antennas, where the thicknesses of the two selected antennas are varied from 3 mm to 6 mm with steps of 0.1 mm. The
linear variation of the mass of these two antennas with their thicknesses can be seen in Figure 5(a). The mass ratio j is
defined in [10] as the fraction between the masses of the secondary part and the primary part. In this case, the secondary
part of the numerical model corresponds to the sum of the two studied antennas and the variation of # with respect to
the thickness is linear, as can be seen in Figure 5(b). It can be observed that the mass fraction of both antennas with
respect to the rest of the satellite is very low, with values ranging from 0.15% to 0.32%.

The dimensionless eigenfrequency parameter X; described in [10] is the square of the ratio between one natural
frequency f; of the model and the reference natural frequency f;, as is defined in the next equation.

2
,
{8

The evolution with the thickness of the two dimensionless eigenfrequencies of interest of the complete model and their
associated MEM fractions are shown in Figure 6, where the variation step of the thickness is 0.1 mm. These two modes
of interest are the global mode of the satellite in X direction and the first bending mode of the two antennas in the same
direction. These results have been extracted from the normal modes analyses, where more modes are obtained from
this complex model that are not taken into account in this work, but that may influence the presented results.

Both natural frequencies increase with the thicknesses of the antennas, where the frequency of the Mode 1 is always
lower than that of the Mode 2. Particularly, the first dimensionless eigenfrequency is below the unit for all range of
thickness values, while the second dimensionless eigenfrequency is above the unit, which is the minimum asymptotic
limit for low thicknesses.

The dependency of the MEM fractions for both modes shown in Figure 6(b) indicates a monotonous increase of this
value for the first mode and a monotonous decrease for the second mode. It is appreciated that there are three ranges
of thickness values depending on the values and variations of the MEM fractions. It can be deduced that for the first
range of thickness values, between 3 and 4.5 mm, the first mode corresponds to the local bending mode of the antennas
with a MEM fraction below 10% and where the increment of the dimensionless eigenfrequency with the thickness
presents a quasi linear trend. In this range, the second mode corresponds to the main global mode of the satellite with
a MEM fraction value that decreases from 44 to 36%, but that is clearly higher than that of the first mode. The rest of
the MEM fraction corresponds to the rest of modes of the model that are not taken into account in this study. There is
a slight increment of the dimensionless eigenfrequency of the main mode in this first range as a consequence of the
small effect of the modal coupling between the antennas and the primary structure. This effect will increase with the
thickness due to the increment of the degree of modal coupling.

The second range of thickness values, which comprises from 4.6 to 5.2 mm, corresponds to the maximum degree of
modal coupling between secondary and primary structure. One of the effects of the modal coupling is the higher
variation of the MEM fractions for both modes compared to the other ranges. Precisely, with 4.9 mm, the values of the
MEM fractions are practically the same between both modes, making it impossible to distinguish which is the local
and which is the global one. Therefore, the main global mode that appeared for the first design range has been split
into two similar global modes. One mode with a natural frequency below the reference one, and the second mode with
a natural frequency above. This is one of the most interesting effects of the modal coupling, which in this example has
been provoked by a secondary part with a practically negligible mass fraction compared to the entire satellite. There
are also other effects on the structural results that will be discussed in the next section.

When the thickness of the antennas is higher than 5 mm, the MEM fraction of the first mode overpasses the MEM
fraction of the second mode. From this design configuration, the modal behaviour is inverted and the first mode
becomes the main global mode, while the second mode is still a global mode, but with a lower MEM fraction than that
of the first mode and whose value decreases for higher thickness. For the third range of thickness values (5.3 — 6 mm),
the MEM of the second mode is reduced below 10%, and therefore, it can be considered as the local bending mode of
the antennas. In this case, the situation is similar to that of the first range, where there are one local mode and one
global mode. The difference is that the natural frequency of the local mode is higher than that of the global mode in
this third range.
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Figure 7: Comparison between the FEM numerical results and analytical equation of the relationship of the relative
MEM fraction with the dimensionless eigenfrequency

One of most interesting aspects observed in the numerical results is the relationship that exists between the obtained
dimensionless eigenvalue x; and the relative MEM fraction mes rer,i for the two considered modes. By comparing these
numerical results with the analytical equations of the 2-DOF model (see Figure 7), it has been found that the numerical
results follow with small deviation the next analytical equation extracted from [10], where a correction factor Kj that
multiplies to the mass ratio $ has been added in this work to match the numerical results.

K 1
Mett reti = ﬂ'B 2 > 2
1+ KpB Kypx, +(L-x)

The relative mass fraction is defined as the ratio between the numerical MEM fraction of any of the modes and the
sum of the MEM fractions of the two considered modes. The value for the correction factor Kz found for the first mode
of this numerical model is 2.68, while for the second mode is 3. As can be seen in Figure 7, the curves calculated with
Eqg. (2) interpolate accurately the numerical results for both modes.

The mode shapes for the three different cases are shown in Figure 8. For the first case, with 3 mm of thickness, the
first mode is clearly the local bending mode of the two considered antennas (Figure 8(a)), while the second mode is
the global mode of the satellite (Figure 8(b)). These results agree with the solutions of the analytical 2-DOF model
described in [10], where for the first mode, the motion of the secondary part is much higher than the primary mass,
while for the second mode, the motions of both masses are similar in intensity but out of phase, as can also be
appreciated in the FEM results shown in Figure 8(b). However, for the third case, the first mode is the global mode of
the satellite (Figure 8(e)), where the motions of the secondary and primary parts are on phase and with similar intensity,
while the second mode is the local mode of the secondary part (Figure 8(f)), with much more intensity on the motion
of the antennas. These numerical results also agree the analytical solutions of the 2-DOF system described in [10].

The mode shapes for the situation of the maximum degree of modal coupling correspond to the design case where the
thickness of the antennas is 4.9 mm. The first mode shape (Figure 8(c)) is similar to that of the second mode
(Figure 8(d)), where the motions of the antennas are amplified to the maximum level as an effect of the modal coupling.
This result agrees with the conclusion extracted from the 2-DOF system in [10], where the amplitude of the motion of
the secondary mass is much higher than for the primary mass for both modes in the case of modal coupling, and where
this difference of intensity is higher for lower values of the mass ratio £. Due to this fact, the motion of the primary
structure cannot be appreciated in the FEM figures for this design case, but theoretically is in phase with the motion of
the antennas for the first mode and out of phase for the second mode.
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(a) Design case: 3 mm. Mode 1 shape. (b) Design case: 3 mm. Mode 2 shape.

(c) Design case: 4.9 mm. Mode 1 shape. (d) Design case: 4.9 mm. Mode 2 shape.

(e) Design case: 6 mm. Mode 1 shape. (f) Design case: 6 mm. Mode 2 shape.

Figure 8: FEM mode shapes for different configurations
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4.2 Sine vibration analyses

In this section, the numerical results obtained from the sine vibration analyses applied to the different proposed
configurations of the UPMSat-2 FEM are presented. The vibration consists in a forced acceleration defined to a base
node that is attached via a rigid element to all the interfaces nodes of the UPMSat-2 adaptor, transmitting the input
acceleration to the structure of the satellite. The input acceleration is defined with a constant 0 — peak amplitude of
2.5 g between 5 to 130 Hz. The modal viscous damping for these analyses is a constant value of 0.02 for all the
frequency range.

The results considered for this study are the maximum bending stresses calculated at the lower section of the antennas
and the lateral forces in the global X direction obtained in the CBUSH elements that represent the interface bolts of
the satellite. The bending stresses represent the most severe structural effect on the antennas, while the interface forces
are appropriated results to evaluate the impact of the variation of the modal effective masses on the structural results
of the main structure.

The variation of the lateral forces on the 20 interface elements are shown in Figure 9. These results are the 0 — peak
amplitudes of the dynamic lateral forces calculated when the frequency of the excitation corresponds to the natural
frequency of the global mode in each design case, that is to say, of the mode with the highest value of MEM fraction.
The differences in the forces among these elements depend on their location with respect to the direction of the input
acceleration. For all elements, the maximum force is reached for the minimum considered thickness of 3 mm. The
forces decrease as the degree of modal coupling becomes higher and reach their minimum value just at the design point
when the degree of modal coupling is maximum, with a thickness value of 4.9 mm. From this point, there is a change
in the trend and the forces increase for higher values of thickness due to the reduction of the degree of the modal
coupling. The comparison between the maximum and minimum values of these interface forces is shown in Table 1.
The modal coupling of the antennas achieves a reduction between 57.1 and 63.7% of these values, which is a
remarkable conclusion taking into account the small mass of the antennas compared to the entire satellite. From this
point of view, the modal coupling seems to be a positive effect for the main structure because it achieves a reduction
of the maximum loads supported by the interface bolts, which in turn decreases the risk of bolt failures. But it has also
its negative consequences such as the increment of the bending stresses generated in the base sections of the affected
antennas, as can be seen in the curve depicted in Figure 10. In this graph, the amplitude of the bending stress increase
initially with the thickness due to that the effect of having a higher degree of modal coupling is more influential than
the fact of having a more rigid beam. The maximum stress is reached for the design case of 4.9 mm of thickness, which
coincides with the maximum degree of modal coupling. Then, the stress decreases with the thickness due to combined
effect of reducing the degree of modal coupling and the increase of the rigidity of the antennas. Taking into account
that the tensile strength limit of the antennas material (copper — beryllium alloy) is about 330 MPa, it is probable a
mechanical failure of these elements under the considered sine vibration excitation for the configurations from 3.8 to
5.9 mm of thickness. Therefore, from the secondary part point of view, the modal coupling is an undesirable effect that
can provoke the break of these elements and, thus, must be avoided.
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Figure 10: Variation of the maximum bending stress on the lower section of the antennas with their thickness

Table 1: Comparison of the maximum and minimum interface forces obtained from sine vibration analyses

= 0 — Peak Lateral Force (N) Max — Min

Maximum Minimum Ratio
IF1 774 444 57.3%
IF2 494 282 57.1%
IF3 730 417 57.1%
IF4 1031 589 57.1%
IF5 222 132 59.4%
IF6 317 185 58.2%
IF7 937 534 57.0%
IF8 569 326 57.3%
IF9 507 291 57.3%
IF10 818 468 57.2%
IF11 793 455 57.3%
IF12 494 282 57.2%
IF13 702 402 57.3%
IF14 958 550 57.4%
IF15 137 87 63.7%
IF16 216 130 60.1%
IF17 889 509 57.2%
IF18 541 311 57.6%
IF19 496 285 57.5%
IF20 786 450 57.2%

5. Conclusions

The effects of the modal coupling between a secondary element and the primary structure have been studied in this
work with the numerical model of the UPMSat-2 satellite. The results calculated from the normal modes analyses and
sine vibration simulations have allowed the investigation of this phenomenon in a case where small components can
remarkably change the dynamic behaviour of the entire system. In particular, the secondary elements are two
communication antennas located vertically like cantilevered beams at the top of the satellite and whose masses do not
overpass the 1% of the mass of the satellite. In spite of this very small mass fraction of the antennas, they can
substantially modify the structural parameters of the entire system, such as the natural frequencies and their associated
modal effective masses, to the point of converting one global mode into two global modes for the case of maximum
degree of modal coupling. The numerical results exposed in this paper have been compared with the analytical
equations of the undamped 2-DOF system showing similarities between both approaches. This agreement is interesting
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to validate the analytical approach in the evaluation of the modal coupling of space systems in the early design phases,
when a detailed model is not available.

Other structural results are also affected due to the modal coupling, such as the forces generated on the interface
elements under a sine vibration load, which in the UPMSat-2 model are reduced about 57% with the maximum degree
of modal coupling. These results show the benefits of the modal coupling on the main structure, but it has also its
negative consequences for the secondary parts. In the example presented in this paper, these negative effects are
materialized in the increment of the maximum bending stresses generated in the antennas that exceed their maximum
allowable limit, which in turn can provoke the structural collapse of these elements.

Therefore, it is important to take into account all these effects, both positive and negative, of the modal coupling for
the mechanical design of space systems. These structures will be subjected to intense dynamic loads, especially during
the launch phase, which will generate high forces and stresses in all involved components. Depending of the dynamic
design of these systems, these forces and stresses can be intensified or mitigated. Modal coupling is an important aspect
that must also be taken into account due to its determining influence on these structural responses.
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