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Spacecraft must withstand rigorous mechanical environment experiences such as acceleration, noise, vibration, and shock during
the process of launching, satellite-vehicle separation, and so on. In this paper, a new spacecraft multifunctional structure concept
designed by us is introduced.Themultifunctional structure has the functions of not only load bearing, but also vibration reduction,
energy source, thermal control, and so on, and we adopt a series of viscoelastic parts as connections between substructures.
Especially in this paper, a vibration antiresonance design method is proposed to realize the vibration reduction. The complex
zero-point equations of the vibration system are firstly established, and then the vibration antiresonance design for the system is
achieved. For solving the difficulties due to viscoelastic characteristics of the connecting parts, we present the determining formulas
to obtain the structural parameters, so that the complex zero-point equations can be satisfied. Numerical simulation and ground
experiment demonstrate the correctness and effectiveness of the proposed method. This method can solve the structural vibration
control problemunder the function constraints of load bearing and energy supplying andwill expand the performance of spacecraft
functional modules.

1. Introduction

Before getting into orbit and carrying out the normal work,
spacecraft should undergo rigorous prelaunch environment.
As we know, large level mechanical vibration connected
with noise field and structural vibration will be generated
during the launch process of rocket, and strong acceleration
and severe noise will be accompanied during the ascending
period of rocket. Furthermore, intensive mechanical shock
will be caused by the satellite-vehicle separation and the oper-
ation of initiating explosive device and release mechanism,
such as the deployment of solar arrays. Such vibration and
shock loads will directly transfer to the spacecraft through
the structure and hence bring a potential risk of damage of
critical components or structures on spacecraft and accuracy
reduction and functional degeneration of spacecraft system
or payloads [1, 2]. Therefore, adopting efficient structural
vibration control skills to make sure the spacecraft can
withstand the rigorousmechanical environment experiences,
such as acceleration, noise, vibration, and shock in the boost

phase of carrier rocket, is always an inevitable and close
concerned problem in the field of aerospace engineering.

In recent two decades, with the development of multi-
chip module technology, high performance composite mate-
rial technology, flexible circuit connection technology, and
advanced thermal control technology, the spacecraft multi-
functional structure technology breaks away from cocoon
and gets rapid development [3–6]. Such technology organ-
ically combines the functions of data processing, radiation
protection, thermal control, electric power storage, and so
on as a whole and achieves an integrated design of structure,
function, and material, which can eliminate the redundant
mass and volume of traditional satellite, improve the available
free space and payload mass ratio of satellite, shorten the
time period of satellite design and fabrication substantially,
and extend the life of satellite effectively. Up to date, several
researchers have developed such multifunctional structure
technology, prompted a series of fundamental researches,
and conducted spaceflight test verification on some key
techniques. For example, NASA, Lockheed Martin Space
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Systems, and the U.S. Air Force Research Laboratory have
performed a large number of studies on the multifunctional
structure, which highly integrates structure, electron, thermal
control, and radiation protection, and have produced such
multifunctional structure.

In addition, some structural vibration control technolo-
gies such as particle damper, impact damper, particle tuned
mass damper, and viscoelastic damper [7–10] are used in the
aerospace field at present. A reaction wheel isolator assembly
[11] made up of a set of six machined spring elements
with bonded viscoelastic material was designed to reduce
microvibration transmitted to the optical payload of Chan-
dra Observatory. A 1Hz isolator [12] based on constrained
layer viscoelastic damping technology is used between the
spacecraft bus and the optical payload for the James Webb
Space Telescope. An active vibration isolation system [13],
which consists of a piezoelectric stack actuator, is used to
isolate sensitive spacecraft payloads from the spacecraft in
satellite ultra-quiet isolation technology experiment. Particle
impact dampers (PIDs) [14–16] are enclosures/containers or
structural voids partially filled with one or more particles
(e.g., small balls of metals, sand, ceramics, and glass), which
work on by dissipating energy through collisions and fric-
tions between the particles or between the particles and the
wall of the enclosure. Such PIDs also have effective vibration
absorption effect on the spacecraft.

In summary, the state of the art of spacecraft multi-
functional structure technology has taken the functional-
integrations such as structure/battery, structure/electron,
structure/cable, structure/thermal control, and structure/
protection into consideration. Most often the existing vibra-
tion control strategies are designed and applied to spacecraft
in an independent way. However, the function integration
of structure and vibration reduction and the functional-
integration design on structure have not beenwell considered
as yet. In our research, we designed a new spacecraft multi-
functional structure (MFS) concept, which incorporates the
functions of load bearing, vibration reduction, energy source,
thermal control, and so on. This paper briefly introduces
such a multifunctional structure concept. In the design of
such structure, we adopt a series of viscoelastic parts as
connections between substructures. Considering the signif-
icance of structural vibration reduction for spacecraft or
their payloads, a vibration antiresonance design method is
especially proposed to realize the vibration reduction in the
paper. This proposed method can give a new way to solve
the structural vibration control problem under the function
constraints of load bearing and energy supplying and will
expand the performance of spacecraft functional modules.

The paper is organized as follows. Firstly, the structural
composition and functions of the new-concept spacecraft
multifunctional structure designed by us are described
in brief, and its structural equivalent simplified model is
established. Secondly, the complex zero-point equation of
the vibration system is derived, and the principle of the
vibration antiresonance design method is explained. Thirdly,
for solving the difficulties due to viscoelastic characteristics of
the connecting parts, the determining formulas of unknown
structural parameters are given based on the obtained
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Figure 1: A spacecraft multifunctional structure combining load
bearing, vibration reduction, and energy source.

complex zero-point equation, where the stiffness and damp-
ing parameters of the viscoelastic connecting parts are
obtained by using the nonlinearmechanical constitutive rela-
tion model of the rubber materials. Finally, the effectiveness
of the vibration control method proposed in this paper
is verified by both the numerical simulation and ground
experiment.

2. System and Its Equivalent Simplified Model

In order to improve the payload ratio of spacecraft and
increase the available space in the spacecraft, we have pro-
posed a new spacecraft MFS design concept. Such structure
mainly consists of a frame structure, four powermodules, and
multiple viscoelastic connecting parts, as shown in Figure 1.

The frame structure, made of carbon fiber composite
materials, is acting as the primary force bearing structure and
has the function of load bearing. The power modules use all-
solid-state polymer Li-ion batteries and have the functions of
electric power supplying and storage. In addition, each power
module can behave as an oscillator in a vibration control sys-
tem to consume the system vibration energy.The viscoelastic
connecting parts form a ring-shaped discontinuous cluster as
shown in Figure 1. Each viscoelastic connecting parts mem-
ber can provide an elastic structural support for the power
modules and meanwhile provide a good vibration protection
for the power modules by generating elastic deformation
to dissipate part of the vibration energy. Furthermore, the
viscoelastic connecting parts have the capacities of insulation
and heat-sinking, since they are made from a kind of high
polymer material that is known as silicone rubber.

From Figure 1, we can see that the global configuration of
the frame structure is taken on a crisscross shape and thus the
frame structure forms four squared cavities. In the center of
each squared cavity, there exists a power module. The whole
multifunctional structure is symmetric about the x-, y-, and𝑧-axis. Here, coordinate system o-xyz denotes the rectangular
inertial coordinate system of the multifunctional structure,
where the 𝑥-axis and 𝑦-axis are perpendicular to each other
and are in a plane parallel to the power module surface; the𝑧-axis is perpendicular to xoy plane and determined by the
right-hand rule. The viscoelastic connecting parts are used
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Figure 2: A quarter of the spacecraft multifunctional structure.

to connect the frame structure and the power modules at
a precompressed way, and this connection is just surface-
contact, which means the viscoelastic connecting parts are
not fixed or limited in determined positions.

By embedding the power modules into the interior of
structure at an elastic restraint way, the spacecraft multi-
functional structure achieves a highly combination of mul-
tifunction such as structural load bearing, electric power
supplying, vibration reduction, and thermal control. At the
same time, by applying a variety of lightweight materials such
as carbon fiber composite materials in the fabrication of such
multifunctional structure, the total structuralmass is reduced
drastically. Since the original space used for mounting the
electric power systems is totally saved, the available space
of spacecraft payloads is improved largely. Consequently, the
multifunctional structure technology used in such structure
has improved the payload mass ratio, the payload volume
ratio, and the function structure ratio of the system platform
significantly.

For convenience of subsequent discussions, we just
choose a quarter of the structure model shown in Figure 1 as
the analysis object according to the axial symmetry properties
of the structure.The final-obtained simplified physical model
is shown in Figure 2.

In Figure 2, because the stiffness of the power module is
far greater than that of the viscoelastic connecting parts and
thus the powermodule almost cause no elastic deformation in
the vibration process, the power module could be equivalent
as a seismic mass (denoted by 𝑚2), which just has a mass
property influence on the structural dynamic responses. The
frame structure is the primary load bearing structure with
high stiffness and high strength; thus, it can also be taken
as a seismic mass (denoted by 𝑚1). Since the viscoelastic
connecting parts members are made from a high elasticity
material and can be acting as the energy-sapping components
that perform the function of vibration suppressing, they are
equivalent as an assembly of a springwith certain stiffness and
a damper with certain damping.The action effects ofmultiple
viscoelastic connecting parts used for supporting the power

a

x

y

o

m1

ax(t)
ksx

k∗1xk∗1x

k∗1y

k∗1y

c1xc1x

c1y

c1ym2

ay(t)

ksy

b

Figure 3: Equivalent vibration reduction model.

module are equal to that of connecting multiple springs and
dampers in parallel. In this way, the equivalent model of
the spacecraft multifunctional structure can be viewed as a
constrained system with damping, as shown in Figure 3.

In Figure 3, 𝑚1 and 𝑚2 denote the mass of the frame
structure and the power module, respectively; subscripts 𝑥
and 𝑦 denote the component of one physical variable in the 𝑥
direction and 𝑦 direction, respectively; 𝑘∗1 and 𝑐1 denote the
complex stiffness and the damping of the viscoelastic con-
necting parts, respectively; 𝑘𝑠 denotes the structural stiffness
of the spacecraft multifunctional structure; 𝑎(𝑡) denotes the
external acceleration excitation, while 𝑎 and 𝑏 denote the
distance between the edge of the powermodule and the frame
structure in the 𝑥 and 𝑦 direction, respectively. According to
the equivalent vibration reduction model, the frame struc-
ture, the powermodule, and the viscoelastic connecting parts
constitute a vibration reduction system, which is the same as
a spring-oscillator model, where the viscoelastic connecting
parts are equal to elastic supports with certain stiffness and
damping, and the power module is equal to an oscillator
with certain mass.This vibration reduction system can partly
absorb the vibration energy by the damping properties of
viscoelastic connecting parts on the one hand and can partly
consume the vibration energy by transferring the structural
vibration energy to the kinetic energy of the oscillator on the
other hand. The result of integration of the two factors above
leads to a significant attenuation of vibration transmission
in the structure and makes an efficient management for the
mechanical environment of the power module.

3. Complex Zero-Point Equation of System

In this section, we discuss the detailed analysis of the
equivalent simplified vibration reduction model shown in
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Figure 4: Equivalent simplified model in the 𝑥 direction.

Figure 3. Taking the axial symmetry of the model into
consideration, and meanwhile supposing that the stiffness
and damping provided by the spring and damper in the 𝑦
direction can be merged into those in the 𝑥 direction, we
can thus obtain a more simplified system model in which the
mechanical behaviors in the𝑥 direction and in the𝑦direction
are decoupled, as shown in Figure 4.

In Figure 4, 𝑘∗1𝑥 and 𝑐1𝑥 denote the equivalent complex
stiffness and damping in the 𝑥 direction, respectively. For this
simplified model shown in Figure 4, the equations of motion
of the vibration system can be written as

𝑚1�̈�1 + 𝑐1𝑥 (�̇�1 − �̇�2) + 𝑘∗1𝑥 (𝑥1 − 𝑥2) + 𝑘𝑠𝑥𝑥1
= 𝑓1 (𝑎𝑥) ,

𝑚2�̈�2 − 𝑐1𝑥 (�̇�1 − �̇�2) − 𝑘∗1𝑥 (𝑥1 − 𝑥2) = 0,
(1)

where 𝑓1(𝑎𝑥) is the external acceleration exciting force acting
in the 𝑥 direction.

It can be further written in matrix form as

[𝑀] {�̈�} + [𝐶] {�̇�} + [𝐾] {𝑥} = {𝑓} , (2)

where [𝑀] = [𝑚1 00 𝑚2 ] is the mass matrix, [𝐶] = [ 𝑐1𝑥 −𝑐1𝑥−𝑐1𝑥 𝑐1𝑥
]

is the damping matrix, [𝐾] = [ 𝑘∗1𝑥+𝑘𝑠𝑥 −𝑘∗1𝑥
−𝑘
∗

1𝑥
𝑘
∗

1𝑥

] is the stiffness

matrix, {𝑥} = { 𝑥1𝑥2 } denotes the input, and {𝑓} = { 𝑓1(𝑎𝑥)
0

}
denotes the response.

Make the Fourier transformation for (2); we obtain

([𝐾] + 𝑗𝜔 [𝐶] − 𝜔2 [𝑀]) {𝑋 (𝜔)} = {𝐹 (𝜔)} , (3)

where 𝑗 = √−1.
In (3), the term of [𝐾]+𝑗𝜔[𝐶]−𝜔2[𝑀] has the property of

stiffness, which hinders the movement of the system and can
be called dynamic stiffness. Under the same excitation, the

larger the dynamic stiffness is, the smaller the response will
be. Hence, it is also known as impedance. For simplicity, we
omit the subscript 𝑥 in the subsequent analysis: namely, we
use 𝑘∗1 , 𝑐1, and 𝑘𝑠 to substitute 𝑘∗1𝑥, 𝑐1𝑥, and 𝑘𝑠𝑥, respectively.
Thus, the impedance matrix of the system can be expressed
as

[𝑍 (𝜔)] = [𝐾] + 𝑗𝜔 [𝐶] − 𝜔2 [𝑀]
= [
[
𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1 −𝑘∗1 − 𝑗𝜔𝑐1

−𝑘∗1 − 𝑗𝜔𝑐1 𝑘∗1 + 𝑗𝜔𝑐1 − 𝜔2𝑚2
]
]
. (4)

The frequency response function of the system is the
inverse matrix of the impedance matrix; namely,

[𝐻 (𝜔)] = [𝑍 (𝜔)]−1

= [ 𝑘∗1+𝑘𝑠+𝑗𝜔𝑐1−𝜔2𝑚1 𝑘∗1+𝑗𝜔𝑐1
𝑘
∗

1
+𝑗𝜔𝑐1 𝑘

∗

1
+𝑗𝜔𝑐1−𝜔

2𝑚2
]

(𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1) (𝑘∗1 + 𝑗𝜔𝑐1 − 𝜔2𝑚2) − (𝑘∗1 + 𝑗𝜔𝑐1)2
. (5)

It further can be written as

[𝐻 (𝜔)] = [𝐻11 (𝜔) 𝐻12 (𝜔)
𝐻21 (𝜔) 𝐻22 (𝜔)] . (6)

Therefore, the system equation can be expressed as
follows:

{𝑋 (𝜔)} = [𝑍 (𝜔)]−1 {𝐹 (𝜔)} = [𝐻 (𝜔)] ⋅ {𝐹 (𝜔)} (7)

or

{𝑥1 (𝜔)𝑥2 (𝜔)} = [𝐻11 (𝜔) 𝐻12 (𝜔)
𝐻21 (𝜔) 𝐻22 (𝜔)]{

𝑓1 (𝜔)
0 } . (8)

In (6), each element 𝐻𝑙𝑝(𝜔) in the frequency response
function matrix has a specific physical meaning and plays a
different role in the system transfer characteristics. Generally,𝐻𝑙𝑝(𝜔) is referred to as the frequency response function of
point 𝑙 on the input of point 𝑝. When l = p, it is also known as
the origin frequency response function; when l ̸= p, it is called
the cross-point frequency response function.

It can be obtained from (8) that

𝑥1 (𝜔) = 𝐻11 (𝜔) 𝑓1 (𝜔) , (9)

where the origin frequency response function𝐻11(𝜔) is

𝐻11 (𝜔) = 𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1
(𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1) (𝑘∗1 + 𝑗𝜔𝑐1 − 𝜔2𝑚2) − (𝑘∗1 + 𝑗𝜔𝑐1)2

= 𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1
(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2 + 𝑗𝜔𝑐1 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)] .

(10)
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Figure 5: Log magnitude-frequency characteristic curve of system.

The origin frequency response function 𝐻11(𝜔) is a
complex number. Its real part and imaginary part can be,
respectively, written as below

𝐻𝑅11 (𝜔) = (𝑘∗1 + 𝑘𝑠 − 𝜔2𝑚1) [(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2] + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]
[(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]2 + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]2

, (11)

𝐻𝐼11 (𝜔) = 𝜔𝑐1 [(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2] − 𝜔𝑐1 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)] (𝑘∗1 + 𝑘𝑠 − 𝜔2𝑚1)
[(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]2 + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]2

= −𝜔𝑐1 (𝑘𝑠 − 𝜔2𝑚1)2
[(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]2 + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]2

.
(12)

We have analyzed the amplitude-frequency characteristic
of the origin frequency response function 𝐻11(𝜔), to get its
logarithmic amplitude-frequency characteristic curve, which
is shown in Figure 5.

The following can be seen from Figure 5:
(1) When the denominator of 𝐻11(𝜔) is equal to zero,

namely, |𝐻11(𝜔)| → ∞, the system reaches a resonance state.
(2) When the numerator of 𝐻11(𝜔) is equal to zero,𝐻11(𝜔) gets the minimum value 1/𝑘𝑠. It can be known from

(9) that the vibration response (i.e., displacement 𝑥1) of mass𝑚1 in the system becomes a minimum value, so the system is
in the antiresonance state. The so-called antiresonance refers
to the fact that, under the action of harmonic excitations
with some specific frequencies, the elastic system causes the
situation that the harmonic response of some parts of system
is approximate to zero. In other words, the antiresonance
situationmeans that the dynamic compliance of some parts of
the system is approximate to zero at certain frequencies [17–
20]. Here, we called the equations

𝐻11 (𝜔) =


𝑘∗1 + 𝑘𝑠 + 𝑗𝜔𝑐1 − 𝜔2𝑚1
(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2 + 𝑗𝜔𝑐1 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]


= 0 (13)

or
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𝐻𝑅11 (𝜔) = (𝑘∗1 + 𝑘𝑠 − 𝜔2𝑚1) [(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2] + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]
[(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]2 + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]2

= 0,

𝐻𝐼11 (𝜔) = −𝜔𝑐1 (𝑘𝑠 − 𝜔2𝑚1)2
[(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]2 + 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)]2

= 0
(14)

as the basic complex zero-point equations of two-degree-
of-freedom constrained system with damping, where super-
scripts 𝑅 and 𝐼 denote for the real part and imaginary part,
respectively.

It is easy to derive that the conditions formaking (14) hold
are

𝜑1 (𝜔) ≜ (𝑘∗1 + 𝑘𝑠 − 𝜔2𝑚1)
⋅ [(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]
+ 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)] = 0,

𝜑2 (𝜔) ≜ 𝑘𝑠 − 𝜔2𝑚1 = 0.

(15)

Antiresonance is an important parameter reflecting the
local characteristics of vibration system (or the dynamic
characteristics of excitation points), which is related to the
physical parameters of some substructures in the system.
The principle of vibration antiresonance design is that the
structural parameters in the system should be reasonably
designed to ensure that the complex zero-point equation of
the vibration system will be satisfied: namely, the transfer
function 𝐻11 is satisfied to the minimum value condition;
thus, the vibration of the concerned position in the system
achieves a minimum level.

4. Vibration Antiresonance Design

For the spacecraft multifunctional structure described in
this paper, the result that the frame structure will almost
generate no vibration under external excitations is desired.
According to the principle of antiresonance explained in
the above section, we can choose appropriate parameters
to make (13) or (14) hold, so that the vibration of the
frame structure of the multifunctional structure remains at
a minimum level under external exciting force 𝑓1 and thus
the purpose of vibration reduction is achieved. Supposing
that the structural stiffness of the multifunctional structure𝑘𝑠 and the mass of the frame structure𝑚1 are already known
preliminarily, the main unknown parameters existing in the
complex zero-point equation of the system mainly include
the mass of the supported structure 𝑚2, the stiffness of
the viscoelastic connecting parts 𝑘∗1 , and damping of the
viscoelastic connecting parts 𝑐1. The following context will
give a detailed discussion on the determiningmethod of these
parameters.

4.1. Stiffness and Damping of the Viscoelastic Connecting Parts.
Theviscoelastic connecting parts in the spacecraftmultifunc-
tional structure are an elastic member made of a rubber-like
material, which has both the characteristics of an elastic solid
and a viscous liquid under dynamic loadings. The elasticity
demonstrates the stiffness characteristic of themember, while
the viscous property demonstrates the damping characteristic
of themember. Because the viscoelastic connecting parts have
the anelasticity phenomenon, its stress-strain relationship is
not linear. Therefore, it needs accurate viscoelastic constitu-
tive model to predict its dynamic mechanical response. In
this section, the Havriliak-Negami model (referred to as H-
N model) is used to model the constitutive properties of the
viscoelastic connecting parts in spacecraft multifunctional
structures.

By combining the complex modulus of the viscoelastic
material 𝐸∗, with the low-frequency rubbery state modulus𝐸0 and the high-frequency glass state modulus 𝐸∞, the
viscoelastic constitutive model based on the H-N model is
obtained as below [21]:

𝐸∗ (𝜔) = 𝐸0 − 𝐸∞
[1 + (𝑖𝜔𝜏)𝛼]𝛽 + 𝐸∞ = 𝐸 (𝜔) + 𝑖𝐸 (𝜔) , (16)

where 𝜔 is the angular frequency, 𝜏 is the relaxation time
related to the temperature, and 𝑖 is the imaginary unit;𝐸0,𝐸∞,𝛼, and 𝛽 are model parameters independent of temperature,
and 0 < 𝛼, 𝛽 < 1, 𝐸(𝜔) is the storage modulus of viscoelastic
material, 𝐸(𝜔) is the loss modulus of viscoelastic material.
When 𝜔 → 0, 𝐸∗ = 𝐸0; when 𝜔 → +∞, 𝐸∗ = 𝐸∞.

The relationship curve between 𝐸(𝜔) and 𝐸(𝜔) is com-
monly known as the Cole-Cole curve, as shown in Figure 6,
where𝑂𝐸 denotes the storagemodulus axis and𝑂𝐸 denotes
the loss modulus axis.

The parameters 𝐸(𝜔) and 𝐸(𝜔) in the viscoelastic
constitutive model based on H-N model can be determined
by an iterative method given in [21].Thus, for the viscoelastic
connecting parts structure with known shape, the computing
formula of the stiffness coefficient 𝑘∗1 and the damping
coefficient 𝑐1 can be given. In the paper, the viscoelastic
connecting parts structure shown in Figure 2 is a solid cubic
structure with length L, width𝑊, and height𝐻, respectively;
thus, we have

𝑘∗1 = 𝑛𝐸 (𝜔)𝐴𝐿 = 𝑛𝐸 (𝜔)𝑊𝐻𝐿 ,
𝑐1 = 𝑛𝐸 (𝜔)𝐴𝜔𝐿 = 𝑛𝐸 (𝜔)𝑊𝐻𝜔𝐿 ,

(17)
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Figure 6: Cole-Cole curve.

where 𝑛 is the number of viscoelastic connecting parts at one
side of the power module.

It can be seen from (17) that, when the parameters of
the viscoelastic constitutive model are determined based on
the H-N model, the material storage modulus 𝐸(𝜔) and
loss modulus 𝐸(𝜔) of viscoelastic connecting parts can be
obtained, and thus the stiffness coefficient 𝑘∗1 and damping
coefficient 𝑐1 of viscoelastic connecting parts can be obtained.
4.2. Mass of the Power Module. According to the analysis
result of Section 4.1, we think the stiffness and damping
parameters of the viscoelastic connecting parts are already
obtained by using the nonlinear mechanical constitutive
relationmodel of the rubber materials. Based on the complex
zero-point equation of the vibration system, the mass of the
power module must be satisfied to the following equation:

(𝑘∗1 + 𝑘𝑠 − 𝜔2𝑚1)
⋅ [(𝑘𝑠 − 𝜔2𝑚1) (𝑘∗1 − 𝜔2𝑚2) − 𝑘∗1𝜔2𝑚2]
+ 𝜔2𝑐12 [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)] = 0,

(18)

where 𝜔 is the vibration angular frequency of the system; we
can use the antiresonance frequency need to be concerned in
the calculation, which is the frequency under the antireso-
nance state.

By substituting (17) into (14), we can get the final complex
zero-point equations of the spacecraft multifunctional struc-
ture with the viscoelastic material properties as follows:

(𝑛𝐸 (𝜔)𝑊𝐻𝐿 + 𝑘𝑠 − 𝜔2𝑚1)

⋅ [(𝑘𝑠 − 𝜔2𝑚1)(𝑛𝐸 (𝜔)𝑊𝐻𝐿 − 𝜔2𝑚2)

− 𝑛𝐸 (𝜔)𝑊𝐻𝐿 𝜔2𝑚2] + (𝑛𝐸 (𝜔)𝑊𝐻𝐿 )2 [𝑘𝑠
− 𝜔2 (𝑚1 + 𝑚2)] = 0,
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Figure 7: Acceleration response curve of the power module under
harmonic excitation.

(𝑘𝑠 − 𝜔2𝑚1)(𝑛𝐸 (𝜔)𝑊𝐻𝐿 − 𝜔2𝑚2) − 𝑛𝐸 (𝜔)𝑊𝐻𝐿
⋅ 𝜔2𝑚2 − [𝑘𝑠 − 𝜔2 (𝑚1 + 𝑚2)] (𝑛𝐸 (𝜔)𝑊𝐻𝐿 + 𝑘𝑠
− 𝜔2𝑚1) = 0,

(19)

where the physical dimensions including length L, width𝑊,
and height𝐻 and the number 𝑛 of the viscoelastic connecting
parts are the structural parameters need to be determined in
the design of the spacecraft multifunctional structure.

5. Verification of the Effectiveness
of the Method

In this section, both the numerical simulation and ground
experiment are used to verify the effectiveness of the vibration
antiresonance design method proposed in this paper.

5.1. Numerical Simulation Analysis. It is assumed that the
frame structure of the spacecraft multifunctional structure is
made of M40J composite material, whose Equivalent Young’s
modulus is 76.88GPa, Poisson ratio is 0.319, andmass density
is 1510 kg/m3. We suppose that the spacecraftmultifunctional
structure is under the action of a harmonic acceleration
excitation. Here we analyze the structural response under
harmonic excitation in the condition of 𝑓 = 400Hz. The
results of acceleration response of the power module and the
frame structure in the 𝑥 direction are shown in Figure 7,
respectively.

We can know from Figure 7 that the response amplitude
of the power module is less than that of the exciting loads,
and the larger the frequency is, the smaller the response
amplitude of the power module will be. Moreover, there is an
obvious phase difference between the response amplitude of
the power module and the exciting loads, and the higher the
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Figure 8: Energy dissipation characteristics of spacecraft multifunctional structure under harmonic excitation.

exciting frequency, the more obvious the nonlinearity of the
acceleration response of the power module.

Make a further analysis on the energy dissipation of
the spacecraft multifunctional structure under harmonic
excitation. Let the harmonic acceleration excitation be 𝑎 =𝑎0 sin(𝜔𝑡), where 𝑎0 = 0.1 g (1 g = 9800mm/s2) and 𝜔 = 2𝜋𝑓.
We conduct a numerical simulation of the viscous dissipation
energy and the dissipation rate on the conditions of 𝑓 =100Hz, 𝑓 = 200Hz, 𝑓 = 400Hz, and 𝑓 = 800Hz, and the
time duration used in the simulation is set to be 0.02 s. The
viscous dissipation energy and the dissipation rate of the
spacecraft multifunctional structure under harmonic excita-
tion in the x direction are shown in Figures 8(a) and 8(b),
respectively.

We can see from Figure 8 that the energy dissipation rate
on the condition of 𝑓 = 200Hz (close to the resonance fre-
quency of system) is much larger than that on the conditions
of 𝑓 = 100Hz, 𝑓 = 400Hz, and 𝑓 = 800Hz. When the excit-
ing frequency is 𝑓 = 200Hz, the viscous dissipation energy
increases monotonically with time and reaches a maximum
of 0.0001238 J (in the x direction) and 0.0001376 J (in the y
direction) at the time of 0.02 s. As to the viscous dissipation
rate, it tends to change periodically with the increasing of
time.

5.2. Ground Experimental Verification. The satellite is located
in the fairing of rocket and will be subjected to the vibration
load transmitted by the transition section during rocket
launch. In order to analyze the dynamic characteristics of
the spacecraft multifunctional structure under sinusoidal
vibration loads, we conduct a sinusoidal vibration experiment
research. The sinusoidal vibration experimental conditions
are shown in Table 1, and the sinusoidal vibration experimen-
tal photo is shown in Figure 9.

In the dynamic test of the spacecraft multifunctional
structure, the distribution of the acceleration pick-up sen-
sors A, B, C, and D is shown in Figure 10. The type of
the acceleration pick-up sensors used in the experiment is
BK4517 (Denmark Bruel & Kjaer Ltd.), their physical sizes
are 11.48mm × 6.35mm × 3.8mm, the sensitivity is 10mV/g,

Table 1: Sinusoidal vibration experimental conditions.

Direction Frequency (Hz) Level (0-p∗)
x/y 5Hz∼17Hz 10.3mm

17Hz∼100Hz 12 g
∗: “0-p” denotes single peak value.

Spacecraft
multifunctional
structureVibrating table

Test fixtureCables

Figure 9: Live photo of the sinusoidal vibration experiment.

A
B

C

D

XO

Y

−X measuring point

+X measuring point

−Y measuring point

+Y measuring point

Figure 10: Distribution of acceleration measuring points.

the frequency range is from 1Hz to 20000Hz, the resonance
frequency is 55 kHz, the working temperature range is from−55∘C to 121∘C, and the mass is 0.6 × 10−3 kg.
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Figure 11: Sinusoidal vibration response spectrum in the 𝑥 direc-
tion.

The vibration response of the spacecraft multifunctional
structure in the 𝑥 direction as measured by sensors A and B
is shown in Figure 11.

From Figure 11, we can see that the acceleration output
amplitude of measuring point B is obviously lower than
that of measuring point A. Hence, we can conclude that
the external vibration is attenuated significantly through the
transmission of the spacecraft multifunctional structure.

6. Conclusions

For the new spacecraft multifunctional structure design
concept mainly composed of the frame structure, the power
modules, and the viscoelastic connecting parts, a vibration
antiresonance design method is proposed in this paper to
reduce the vibration transmission through the structure. The
basic complex zero-point equation of the vibration system
is established. As to the special difficulties caused by the
viscoelastic characteristics of the connecting parts, we deduce
the determining formulas to obtain the structural parame-
ters, such as the stiffness and damping of the viscoelastic
connecting parts, which will make the complex zero-point
equations hold. Furthermore, we get the final complex zero-
point equations of the spacecraft multifunctional structure,
which has taken the viscoelastic material properties into
account. Therefore, the vibration of the frame structure
decreases under the action of external exciting forces and
thus the wanted result of structural vibration reduction
is achieved. Numerical simulation and ground experiment
results show that the vibration reduction function of such
spacecraft multifunctional structure is achieved successfully
by using this vibration antiresonance design. The method
proposed in this paper solves the structural vibration control
problem under the function constraints of load bearing and
energy supplying and expands the performance of spacecraft
functional modules.
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