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Abstract: When spacecraft execute missions in space, their solar panels—crucial components—often 
need to be folded, unfolded, and adjusted at an angle. These operations can induce numerous det-
rimental nonlinear vibrations. This paper addresses the issues of nonlinear and thermal-coupled 
vibration control within the context of space-based flexible solar panel systems. Utilizing piezoelec-
tric smart hybrid vibration control technology, this study focuses on a flexible plate augmented with 
an active constrained layer damping. The solar panel, under thermal field conditions, is modeled 
and simulated using the commercial finite element simulation software ABAQUS. The research ex-
amines variations in the modal frequencies and damping properties of the model in response to 
changes in the coverage location of the piezoelectric patches, their coverage rate, rotational angular 
velocity, and the thickness of the damping layer. Simulation results indicate that structural damping 
is more effective when the patches are closer to the rotation axis, the coverage area of the patches is 
larger, the rotational speed is lower, and the damping layer is thicker. Additionally, the effectiveness 
of vibration suppression is influenced by the interplay between the material shear modulus, loss 
factor, and specific working temperature ranges. The selection of appropriate parameters can sig-
nificantly alter the system’s vibrational characteristics. This work provides necessary technical ref-
erences for the analysis of thermally induced vibrations in flexible solar sails under complex space 
conditions. 
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1. Introduction 
In the ongoing advancement of human spaceflight technology, flexible appendages 

such as solar sail panels and robotic arms have been widely utilized in aerospace applica-
tions [1–5]. These flexible components exploit their foldable and deployable properties to 
significantly reduce the overall volume of spacecraft structures and enhance operational 
flexibility, thereby optimizing the launch and transportation processes of spacecraft. The 
application of flexible appendages also significantly enhances the adaptability and oper-
ational flexibility of spacecraft in extreme external environments. For instance, the adap-
tive adjustment capabilities of solar sail panels greatly improve the efficiency of solar en-
ergy utilization [6,7], while the flexibility of robotic arms supports precise spatial opera-
tions and maintenance tasks [8–11]. The deployment of these technologies enables space-
craft to perform more effective payload configuration and deployment under extreme 
space conditions, demonstrating the modern aerospace engineering demands for 
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flexibility, efficiency, and reliability, and opens new possibilities for the design and exe-
cution of future space missions, expanding new avenues for the exploration of distant 
celestial bodies and utilization of space resources. 

Deployable solar sail panels (as shown in Figure 1), typically made from lightweight 
flexible materials, are connected to the central spacecraft via a hinged mechanism. When 
conducting space missions under extreme space conditions, this structure often exhibits 
significant nonlinear vibrational coupling with the spacecraft’s main structure due to its 
low stiffness, large span, and weak damping characteristics [12–15]. Movements of the 
rigid main body during orbital maneuvers or attitude adjustments can induce vibrations 
in the flexible solar sails. These vibrations, due to the structural flexibility, nonlinear be-
havior at the hinge points, and the large span of the sails, display complex nonlinear char-
acteristics. If these vibrations are not effectively controlled during precise scientific exper-
iments or spacecraft docking tasks, they may lead to structural damage, affecting the nor-
mal functionality of the spacecraft. 

 
Figure 1. The solar panel of a SpaceX spacecraft. 

Furthermore, solar sail panels also encounter thermal coupling vibrations influenced 
by direct solar radiation, Earth’s infrared radiation, and Earth’s albedo radiation [16–19]. 
These thermal flows not only alter the temperature distribution of the sails but also create 
a temperature gradient between the sails and the spacecraft main body, thereby generat-
ing thermal stresses. These thermal stresses, coupled with structural vibrations, may trig-
ger thermally induced vibrational coupling, further complicating the dynamic behavior 
of the spacecraft. For instance, thermal expansion or contraction can lead to material de-
formation, affecting the stiffness and natural frequencies of the structure, thereby impact-
ing the dynamic response and stability of the entire spacecraft system. 

Due to the weak damping and low modal frequency characteristics of the flexible sail 
structures, once these adverse vibrations occur, their attenuation is typically very slow 
[20–22]. This not only interferes with the satellite’s spatial positioning accuracy, causing 
deviations in the system’s rigid motion posture, but also increases the risk of structural 
fatigue vibrations damaging the sails, thus reducing the service life of the spacecraft’s 
flexible appendages. In extreme cases, it could even break the support mechanisms of the 
sails, posing a threat to the life of extravehicular activity personnel. Consequently, the 
issues of dynamics and vibration control of flexible solar sails have become increasingly 
prominent, urgently necessitating researchers to develop more precise and efficient vibra-
tion damping methods [23,24]. 

Researchers have extensively studied the structural vibration control of flexible spa-
tial components made from advanced functional materials. Common vibration-control 
methods include passive control, active control, and hybrid active–passive control. A tech-
nique known as Passive Constrained Layer Damping (PCLD) [25–30] involves covering 
the vibrating structure with ordinary constrained layers and viscoelastic material (VEM) 
damping layers [31,32]. This configuration suppresses vibrations by dissipating energy 
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through the viscoelastic material when the structure vibrates. Active Constrained Layer 
Damping (ACLD), a vibration control technology introduced by Baz [33–39] in the 1990s, 
distinguishes significantly from traditional PCLD. ACLD employs a viscoelastic material 
layer sandwiched between the base layer and the constrained layer, combined with active 
control elements (such as piezoelectric or electromagnetic actuators), to effectively sup-
press vibrations. This technology integrates the advantages of passive damping and active 
control. By applying voltage through the controller, the shear deformation angle of the 
viscoelastic damping layer is increased; concurrently, the piezoelectric material’s inverse 
piezoelectric effect enhances the energy dissipation capacity of the damping layer when 
the structure is subjected to compression or tension. Through real-time adjustments to the 
structural response by the active elements, ACLD technology significantly enhances vi-
bration reduction effects [40–43]. 

In the decades following the development of ACLD technology, numerous scholars 
have conducted in-depth research on its modeling assumptions, numerical methods, and 
control strategies. Kumar et al. [44] utilized Hamilton’s principle and the finite element 
method to derive the dynamic equations for beams, proposing the addition of an isolation 
layer between the viscoelastic layer and the base beam to enhance the damping perfor-
mance of ACLD and PCLD technologies. Liao and Wang [45–47] introduced innovative 
edge elements to improve the stiffness of the entire structure and further suppress vibra-
tions—a technique known as Enhanced Active Constrained Layer Damping (EACLD). 
This method improves the weakening of the active control ability caused by the dissipa-
tion of the VEM layer and enhances the efficiency of the piezoelectric layer to control and 
constrain the structure, which has been widely applied in subsequent research. Li et al. 
[48] used the assumed modal method and Lagrange’s equations to establish discrete 
rigid–flexible dynamic models for hub-beam systems equipped with EACLD in open- and 
closed-loop scenarios, demonstrating the effect of increased edge element stiffness on the 
system’s natural frequency, while the addition of mass to the edge elements reduced the 
natural frequency. Jiang et al. [49] extended the EACLD technique to plate structures, es-
tablishing a rigid–flexible dynamic model for a rotating hub-plate system treated with 
EACLD, considering the coupling effects of transverse bending and in-plane stretching of 
the rotating EACLD plate, verifying the wide applicability of EACLD technology in dif-
ferent structural vibration reduction applications. 

In recent years, due to the focus on thermal coupling vibration issues caused by space 
thermal radiation in flexible appendages, researchers have also made significant progress 
in the field of thermally induced vibration control. Ganesan and Pradeep [50] employed 
the displacement field method proposed by Khatua and Cheung, using the finite element 
method to analyze the natural frequencies and loss factors of sandwich beams in various 
temperature environments, assessing the impact of the temperature-dependent shear 
modulus of the core material on the buckling and vibration behavior of the beams. Javani 
et al. [51] explored the application of active control methods and their strategies to miti-
gate thermally induced vibrations in functionally graded material (FGM) circular plates 
under thermal shocks in different boundary conditions, influenced by thermal-induced 
torques, forces, and thermoelectric effects. Li et al. [52] conducted studies on thermally 
induced vibration suppression in rotating rigid–flexible intelligent composite beams un-
der temperature field influence, focusing on the thermal-induced vibration suppression 
effects in FGM beams in longitudinal and transverse directions. Fang Yuan et al. [53] and 
others used EACLD treatment to study the vibration control problem under thermal load 
shocks in high-temperature-dependent FGM base beams, considering the temperature-
dependent conditions of the viscoelastic material in the constrained layer, verifying the 
effectiveness of EACLD treatment in suppressing thermally induced vibrations. 

This paper employs finite element simulation using ABAQUS to analyze the vibra-
tional control of EACLD plate structures in temperature fields through varying physical 
parameters such as temperature, patch placement, coverage, and damping layer thick-
ness, conducting simulation analyses to study the effects of EACLD on the vibration 
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suppression of flexible solar sail panels. The rest of the article is organized as follows: the 
description of constitutive relations for piezoelectric, viscoelastic, and active constrained 
layer damping are presented in Section 2. Section 3 illustrates the finite element model 
and its verification and the temperature dependence of the material model. The numerical 
results presenting the effects of the position/coverage area of piezoelectric patches, rota-
tional angular velocity, and thickness of damping layers are discussed in Section 4. The 
main points and conclusions are summarized in Section 5. 

2. Description of the Constitutive Relationship 
2.1. Constitutive Relationship of Piezoelectric Materials 

The first type of coupled equation for piezoelectric materials, with stress and electric 
field as variables, is represented as [54]: 

ε σ= +E
ij ijkl kl ijk ks d E  (1) 

σσ ε= +i ikl kl ij jD d E  (2) 

Equation (1) indicates that the strain of piezoelectric materials is composed of two 
parts: one due to the stress it bears and the other is due to the electric field. The first term 
represents the effect of stress on strain when the electric field strength is constant, and the 
second term represents the effect of electric field strength on strain. Equation (2) shows 
that the electric displacement of piezoelectric materials is influenced by both the stress it 
bears and the electric field, where the first term indicates the electric displacement caused 
by stress and the second term represents the electric displacement caused by electric field 
strength when the stress is zero. 

In ABAQUS, it is common to use the strain and electric field strength as independent 
variables, employing the second type of coupled equation for piezoelectric materials [54]: 

E
ij ijkl kl kij kc e Eσ ε= −  (3) 

i ikl kl ik kD e Eεε λ= +  (4) 

The piezoelectric material used in this paper is piezoelectric ceramic. When defining 
piezoelectric materials in simulation software, it is necessary to input the elastic constant 
matrix, the relative permittivity matrix, and the piezoelectric coefficient matrix. 
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2.2. Constitutive Relationship of the Viscoelastic Layer 
In engineering, the commonly used constitutive model to describe linear viscoelastic 

materials is the Prony series model. Its creep form can be expressed as [55]: 

/

1
( ) i

n
t

i
i

E t E E e τ−
∞

=

= +  (7) 

where iτ  represents the relaxation time, iE  is the corresponding relaxation modulus, 

and ∞E  denotes the equilibrium modulus. If using the Maxwell model to describe visco-
elastic materials, its mathematical expression is [56] 

E
ησ σ ηε+ =   (8) 

Note that when 0=t  , it follows that 0 ∞= + iE E E  , letting 0=i im E E  , and then we 
have: 

/
0 0

1 1
( ) (1 ) i

N N
t

i i
i i

E t E m m E e τ−

= =

= − +   (9) 

where ∞E  represents the long-term relaxation modulus; iE  is the elastic modulus of 
the thi  Maxwell model; and τ i  is the relaxation time of the thi  Maxwell model. 

3 (1 2 )= −E K v  (10) 

2 (1 )= +E G v  (11) 

The shear modulus and bulk modulus can be calculated as follows: 
/

0 0
1 1

( ) (1 ) i

N N
t

i i
i i

G t G g g G e τ−

= =

= − + 
 

(12) 

/
0 0

1 1
( ) (1 ) i

N N
t

i i
i i

K t K k k K e τ−

= =

= − +   (13) 

It can be seen that, when using the Prony series model in the form of Equations (12) 
and (13) in ABAQUS to equivalently calculate viscoelastic materials, it is only necessary 
to compute 0G  (shear modulus) and 0K  (bulk modulus) from the elastic parameters E  
(modulus of elasticity) and ν  (Poisson’s ratio) provided as input. The remaining param-
eters ( ), ,i i ig K τ  are the Prony series parameters that need to be input. The Prony series 
model of viscoelastic materials for one element has the same mathematical form as the 
Maxwell model. 

2.3. ACLD Structure Dynamics Equation 
Based on the classical modeling theory of plates, the kinetic energy expressions and 

potential energy expressions for the piezoelectric constrained layer, damping layer, 
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boundary element layer, and base layer can be derived using the energy method. The dy-
namic matrix can be obtained using the Lagrangian method, and the overall dynamic 
equation can be formed by assembly according to the finite element method as follows: 

+ fM G K QΔ Δ + Δ =   (14) 

When the system moves solely under the drive of piezoelectric forces without any 
other external forces, the right-hand side of the above equation is zero. On this basis, the 
state space form can be rewritten as 

0+ =Mz Kz  (15) 

where z
 Δ=  
 Δ 



, 
0

0
 

=  
 

M
M

I
, 

0
 

=  − 

G K
K

I
. 

3. Modeling and Simulation Analysis Based on ABAQUS 
3.1. Model Establishment and Verification 

The subject of this paper is a solar sail panel moving around a central rigid body. 
When modeling in finite element software, it is simplified to a thin rectangular plate model 
with one end fixed and the other end free. As shown in Figure 2, the model consists of a 
piezoelectric patch made of viscoelastic material and piezoelectric material, partially laid 
on the surface of a complete aluminum base plate. 

 
Figure 2. Schematic of the EACLD model. 

To verify the accuracy of the modeling, this paper establishes the model using the 
same parameters as those found in the literature [57]. Additionally, it is necessary to define 
parameters such as the piezoelectric constants and dielectric constants of the piezoelectric 
material and use the Assembly module to move the components to the appropriate posi-
tions for assembly. After assembly, static analysis steps and frequency analysis steps are 
created in the Step module. Considering the synergistic action between components, the 
Tie contact type is used to bond the base layer, viscoelastic layer, and piezoelectric layer 
in pairs. Then, in the load application Load step, the left end of the base layer is subjected 
to constraints for rotation and displacement in six degrees of freedom. In the simulations 
conducted, the piezoelectric patches are assumed to operate under open-circuit conditions, 
as in the literature [57]. Finally, the established model is divided into a mesh grid. In the 
ACLD model, the base layer is divided into 30 columns and 10 rows on average, with a 
total of 300 elements. The element type is S4R, the number of nodes is 411 and the total 
number of variables in the model is 2466. Meanwhile, in the EACLD model, the base is 
divided into 16 columns and 10 rows, with a total of 160 elements. The third and sixth 
columns and the first to the fourth rows are edge elements; Columns 4 and 5 and 1 through 
4 represent traditional ACLD elements, and the element length of the edge elements is 
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half that of the ACLD. The element type is S4R, the number of nodes is 231 and the total 
number of variables in the model is 2772. The detailed mesh is shown in Figure 3. 

 
Figure 3. Detailed mesh grid of EACLD model. 

The first three order natural frequencies obtained from the finite element simulation 
software are compared with the experimental results from the literature [57]. The detailed 
results comparison is given in Table 1. The first and second modal shapes correspond to 
the first two bending modes of the model, respectively, and the third modal shape corre-
sponds to the first torsional mode of the model. It can be seen that the natural frequencies 
calculated by the simulation software closely match the results obtained from the experi-
ments in the literature, with errors all controlled within 2%, preliminarily proving the ac-
curacy of the finite element software simulation modeling. 

Table 1. Comparison of natural frequencies of the plate between experiment and simulation. 

Model Mode No. Ref. [57]/Hz Present/Hz Error (%) 

ACLD 
1 18.00 18.31 1.70 
2 76.66 77.99 1.74 
3 106.58 108.50 1.80 

EACLD 
1 18.37 18.35 0.11 
2 77.12 78.10 1.27 
3 107.91 109.48 1.45 

3.2. Temperature Dependence of Materials 
In actual engineering applications, the vibrational performance of solar sail plates is 

significantly influenced by different temperature fields, showing notable variations. To 
better observe and study the vibrational characteristics of the structure under various tem-
perature conditions, it is necessary to describe the temperature characteristics of the dif-
ferent materials comprising the model separately. 

It is generally considered that the parameters of the piezoelectric layer PZT material 
change slightly with temperature and can be neglected during modeling; the viscoelastic 
layer made of Dyad606, however, shows that its complex shear modulus and loss factor 
vary with temperature, as illustrated in Figure 4 [58]: 
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(a) (b) 

Figure 4. The variation of shear modulus and loss factor of viscoelastic layer with temperature. (a) 
The variation of shear modulus of Dyad606 with temperature. (b) The variation of loss factor of 
Dyad606 with temperature. 

The base layer made of Ti-6Al-4V exhibits variations in its Young’s modulus ( 3 ( )E T

) and thermal expansion coefficient ( 3( )k T ) with temperature. These variations are char-
acterized using the following parametric formula: 

2 31
0 1 2 3( 1 )PP P PT PT PT
T
−= + + + +  (16) 

Here, T  represents the current temperature and P  denotes any variable changes 
in Young’s modulus or thermal expansion coefficient. The constants 1−P , 0P , 1P , 2P  and 

3P   are determined by fitting material property data, as listed in Table 2 for both the 
Young’s modulus and thermal expansion coefficient [58]. In ABAQUS, these data are en-
tered by defining the “complex modulus” of the viscoelastic material, which includes the 
real- and imaginary-part modulus values of the material’s shear modulus and bulk mod-
ulus at different temperatures. 

Table 2. Parameters of Ti-6Al-4V with temperature. 

Properties -1P  
0P  

1P  
2P  

3P  
Pa3E /  0 122.56 × 109 −4.486 × 10−4 0 0 

3k  0 7.75788 × 10−6 6.638 × 10−4 −3.147 × 10−6 0 

4. Different Parameter Verification 
4.1. The Influence of the Coverage Position of Piezoelectric Patches on Structural Damping Effect 

In practical applications, the vibrational characteristics of structures are often affected 
by the coverage position of piezoelectric patches. This section discusses the impact of the 
coverage position of piezoelectric patches. Initially, a model of the EACLD flexible plate 
is established, with the temperature dependence of the materials already explained in Sec-
tion 3.2. The remaining geometric parameters and material parameters are as shown in 
Table 3. 

Table 3. Geometrical and physical parameters of a flexible plate with EACLD treatment. 

Parameter Value Parameter Value 
L  0.3 m 1ρ  7600 kg/m3 

eL  0.15 m 2ρ  1250 kg/m3 
1h  2.54 × 10−4 m 3ρ  4430 kg/m3 
2h  5.08 × 10−4 m 2G  Varies with temperature 

Sh
ea

r M
od

ul
us

(G
Pa

) 

0 30 60 90 120 150
Temperature(°C)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Lo
ss

 F
ac

to
r 



Aerospace 2024, 11, 504 9 of 20 
 

 

3h  1.89 × 10−3 m eqG  0.862 
1E  64.9 GPa 1μ  0.33 
2E  2(1+ 2μ ) 2G  2μ  0.45 
3E  Varies with temperature 3μ  0.342 
3k  Varies with temperature R  0 m 

To better study the influence of temperature and the coverage position of piezoelec-
tric patches on vibration characteristics under open-circuit conditions, the size of the pie-
zoelectric patch is set to 0.06 m × 0.15 m. A dimensionless parameter xl  is introduced, 
representing the ratio of the distance from the left side of the patch to the pivot axis to the 
total length of the base layer, as shown in Figure 5. In the temperature field from 0 °C to 
150 °C, with increments of 10 °C, xl  values of 0, 2 1 5  and 4 1 5  are considered to cal-
culate the natural frequencies of the EACLD model as the relative position of the patch 
changes. 

 
Figure 5. The variation of EACLD patch covering position. 

Figures 6 and 7 show the curves of the first four natural frequencies and damping 
ratios as a function of temperature when xl  varies. It can be observed that, for the same 
coverage condition, the trend of frequency and damping ratio changes with temperature 
is basically the same under the same modal condition: the natural frequency decreases 
with the increase in temperature, while the system’s damping ratio shows a trend of first 
increasing and then decreasing, with an inflection point occurring in the temperature 
range of 60 °C to 70 °C. 

For other modal conditions, at the same temperature, the structure’s natural fre-
quency tends to decrease as the patch moves rightward. The rightward movement of the 
patch causes geometric changes in the structure, changing the system’s mass distribution 
and structural stiffness, thereby leading to changes in natural frequencies. Specifically, for 
the second modal condition, the natural frequencies for = 2 1 5xl  and = 4 1 5xl  first in-
crease and then decrease with temperature, while for = 0xl , the natural frequency unex-
pectedly rises. This indicates that the second modal vibration differs from other modes, 
being more sensitive to temperature changes and thus exhibiting different frequency var-
iation trends. 
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Additionally, all three modal conditions achieve the highest natural frequency and 
maximum damping ratio at = 0xl  (for the second modal condition, the maximum damp-
ing ratio is achieved at = 4 1 5xl ). Accordingly, we can find the best passively damped 
patch cover position for different modes, as shown in Table 4. Overall, the vibrational 
characteristics of the structure are significantly affected by changes in the position of the 
piezoelectric patch placement. For systems under the influence of high-frequency external 
excitation sources, the closer the relative position xl  is to 0, meaning the closer the left 
side of the piezoelectric patch is to the pivot axis, the faster the decay of the first, third, 
and fourth modal vibrations and the better the damping effect. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Variations of the first four orders of natural frequencies of the plate with different cover 
positions of EACLD patch with temperature. (a) First order modal frequency. (b) Second order 
modal frequency. (c) Third order modal frequency. (d) Fourth order modal frequency. 
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(c) (d) 

Figure 7. Variations of the first four orders of damping ratios of the plate with different cover posi-
tions of EACLD patch with temperature. (a) First order modal damping ratio. (b) Second order 
modal damping ratio. (c) Third order modal damping ratio. (d) Fourth order modal damping ratio. 

Table 4. Patch locations for best passive damping. 

Mode No. Best Choice Second Choice (If Available) 
1 = 0xl  = 2 1 5xl  
2 = 4 1 5xl  = 2 1 5xl  
3 = 0xl  = 4 1 5xl  
4 = 0xl  = 2 1 5xl  

4.2. The Influence of the Coverage Ratio of Piezoelectric Patches on Structural Damping Effect 
The damping characteristics of a structure are also closely related to the coverage 

area of the piezoelectric patches. We allowed the left end of the patch to be aligned with 
the pivot axis and placed on the base layer, as shown in Figure 8, varying the length of the 
patch along the length direction of the base layer, with all other parameters remaining 
consistent with Section 4.1. Simulation calculations were performed for models with cov-
erage ratios of 4 15 , 5 15 , 6 15  and 7 15 , respectively. 

 
Figure 8. Schematic drawing of the coverage of EACLD patch. 
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Figures 9 and 10 present the curves of the first four modal natural frequencies and 
damping ratios as a function of temperature for models with different coverage ratios. As 
the temperature increases, the natural frequencies of different modalities in models of dif-
ferent coverage ratios generally show a decreasing trend; however, for the second mode 
(see Figure 9b), as the coverage ratio increases, the natural frequency of each model tran-
sitions from a singular rising trend to first rising and then falling, with the falling portion 
occupying an increasingly larger temperature range. This is mainly due to changes in the 
thermal expansion coefficient, elastic modulus, and structural damping coefficient of the 
viscoelastic material with increasing temperature, which reduces the stiffness of the struc-
ture and further affects the system’s vibrational characteristics, leading to changes in the 
natural frequency. However, the second mode is less sensitive to temperature changes, 
resulting in the overall small changes in natural frequency and increases in certain inter-
vals. 

Furthermore, by comparing models with different coverage ratios, it can be observed 
that models with 4 15  coverage ratios have similar damping ratio values and trends, as 

do those with 6 15  and 7 15 , but there is a significant difference in the third mode be-

tween 6 15  and 7 15  coverage ratios. Figure 10 also reveals that when the tempera-
ture is below 60 °C, the damping ratio increases with rising temperature. However, as the 
temperature rises above 70 °C, further increases in temperature lead to a gradual decrease 
in the damping ratio, and the system’s damping effect gradually worsens. In the temper-
ature range of 30 °C to 100 °C, the damping ratio is highly sensitive to temperature 
changes, with changes in the material’s elastic modulus and internal friction effect, signif-
icantly affecting the damping effect on the vibrational system. Also, we can find the best 
passively damped patch coverage for the first four modes, as shown in Table 5. Therefore, 
in engineering design, the impact of temperature must be fully considered, and the oper-
ational temperature range of the system should be controlled reasonably to ensure the 
system has good vibration-control performance. 
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Figure 9. Variations of the first four orders of natural frequencies of the plate with different cover-
ages of the EACLD patch treatment with temperature. (a) First order modal frequency. (b) Second 
order modal frequency. (c) Third order modal frequency. (d) Fourth order modal frequency.  

  
(a) (b) 

  
(c) (d) 

Figure 10. Variations of the first four orders of damping ratios of the plate with different coverages 
of the EACLD patch treatment with temperature. (a) First order modal damping ratio. (b) Second 
order modal damping ratio. (c) Third order modal damping ratio. (d) Fourth order modal damping 
ratio.  

Table 5. Patch coverage for best passive damping. 

Mode No. Best Choice Second Choice (If Available) 
1 =α 6 1 5  =α 7 1 5  
2 =α 7 1 5  =α 6 1 5  
3 =α 7 1 5  =α 6 1 5  
4 =α 6 1 5  =α 6 1 5  

4.3. The Influence of Rotational Angular Velocity on Structural Damping Effect 
The vibrational characteristics of structures with EACLD are also related to the struc-

ture’s rotational angular velocity. Considering a thin plate whose left end displacement 
and rotational angle are constrained, a 0.06 m × 0.15 m patch on it is fixed at a length of
L = 0.04 m . The rotation of model around the y-axis is simulated by applying equivalent 
rotational body forces to the structure, with all other parameters remaining consistent 
with Section 4.1. Simulations are conducted in the temperature field for the structure’s 
modal vibrations at rotational speeds 0=ω  to 6000 rpm, with intervals of 1000 rpm. 

From Figure 11, it can be observed that at low rotational speeds, each modal fre-
quency has a lower natural frequency and a higher damping ratio, indicating better damp-
ing effects at this stage. As the rotational speed increases, the natural frequencies gradu-
ally rise, and the damping ratios gradually decrease, weakening the system’s damping 
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effect. This is because low rotational speeds entail smaller dynamic loads, with the stiff-
ness of the structure dominating at this stage, leading to relatively strong internal friction 
and energy dissipation. As the rotational speed increases, greater inertial forces act on 
each mass element, increasing the system’s equivalent stiffness. At the same time, the ma-
terial and structure’s non-linear properties become more pronounced, leading to in-
creased natural frequencies and reduced damping effects. 

Figure 11b shows that the second modal frequencies of models at different rotational 
speeds exhibit a similar trend: with increasing temperature, the natural frequency first 
increases slowly to a certain temperature point and then decreases, with this temperature 
threshold interval being approximately between 100 and 120 °C, indicating significant ma-
terial temperature dependence within this range. Observing Figure 12b, it can also be 
found that the second modal damping ratios at different rotational speeds have almost 
identical values and trends, showing that the system’s dynamic response and excitation 
exhibit linear characteristics. This means that the damping characteristics of the second 
mode are mainly influenced by the system’s inherent properties and structural qualities, 
rather than by the rotational speed, leading to relative stability in the damping ratio across 
the studied range of rotational speeds. 

Especially from Figure 11, it can be noted that at lower rotational speeds (1000 rpm), 
the pattern of changes in the natural frequencies of the structure’s modalities is essentially 
consistent with that of the model without applied rotational speed (0 rpm). This implies 
that for this system, adopting lower rotational speeds is an effective method for reducing 
the natural frequencies of the structure. Additionally, we can find the suitable rotational 
speeds for different modes of vibration control, as shown in Table 6. In conclusion, to con-
trol the vibrational state of specific modes of rotating flexible plates, it is necessary to select 
appropriate rotational angular velocities and specific operational temperature ranges. 

  
(a) (b) 

  
(c) (d) 

Figure 11. Variations of the first four orders of natural frequencies of the plate with EACLD treat-
ment with temperature at different rotational speeds. (a) First order modal frequency. (b) Second 
order modal frequency. (c) Third order modal frequency. (d) Fourth order modal frequency.  
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Figure 12. Variations of the first four orders of damping ratios of the plate with EACLD treatment 
with temperature at different rotational speeds. (a) First order modal damping ratio. (b) Second 
order modal damping ratio. (c) Third order modal damping ratio. (d) Fourth order modal damping 
ratio.  

Table 6. Rotational speeds for best passive damping. 

Mode No. Best Choice Second Choice (If Available) 
1 0  rpm=ω  1 0 0 0  rp m=ω  
2 ω  From 0 to 6000 rpm ω  From 0 to 6000 rpm 
3 0  rpm=ω  1 0 0 0  rp m=ω  
4 0  rpm=ω  1 0 0 0  rp m=ω  

4.4. The Influence of Damping Layer Thickness on Structural Damping Effect 
The thickness of the damping layer also significantly impacts the structure’s damping 

effect. To make the simulation results more universally applicable, a dimensionless pa-
rameter 2 3=vh h h  representing the ratio of the viscoelastic layer’s thickness to the base 

layer’s thickness is defined, where 2h  is the viscoelastic layer thickness and 3h  is the 
base layer thickness. Five different cases are considered ( =vh  0.4, 0.8, 1.2, 1.6 and 2.0) for 
simulation calculations and analysis of the EACLD rotating flexible plate model. 

From Figure 13, it can be observed that under any value of vh , the natural frequency 
of the same mode generally shows a decreasing trend as the temperature increases. At the 
same temperature, as the viscoelastic layer becomes thicker, the system’s first, second, and 
fourth modal natural frequencies gradually increase, with the damping ratio showing a 
similar trend; for the third mode, the natural frequency tends to decrease with the increas-
ing thickness of the viscoelastic layer at the same temperature. This is because the modal 
frequencies of the system are influenced by the structure’s elasticity and mass distribution. 
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As the viscoelastic layer becomes thicker, it increases the system’s total mass and the en-
ergy dissipation caused by internal friction, thus affecting the system’s modal frequency 
response and damping effect. From Figure 14, it is evident that regardless of temperature 
changes, for the second and fourth modal vibrations, the damping ratio always increases 
with the thickening of the viscoelastic layer. For the first and third modal vibrations, the 
damping ratios in the cases of =vh  1.2, 1.6 and 2 .0=vh  are very close, and 1 .6=vh  has 
a larger damping ratio peak, indicating that at this time, the thickness of the viscoelastic 
layer has a smaller impact on damping performance, and the damping ratio is not sensi-
tive to changes in the thickness. This implies that in engineering applications, if the aim is 
to suppress vibrations of different modal orders, the choice of damping layer thickness 
should be made flexibly according to the actual situation (see Table 7), as blindly increas-
ing the thickness of the damping layer is not always the optimal solution. 

(a) (b) 

  
(c) (d) 

Figure 13. Variations of the first four orders of natural frequencies of the plate with EACLD treat-
ment with temperature under different thicknesses of damping layer. (a) First order modal fre-
quency. (b) Second order modal frequency. (c) Third order modal frequency. (d) Fourth order modal 
frequency.  

0 30 60 90 120 150
Temperature(°C)

19.0

20.0

21.0

22.0

23.0

24.0

1s
t f

re
qu

en
cy

(H
z)

 

hv=0.4 hv=0.8 hv=1.2
hv=1.6 hv=2.0

4t
h 

fre
qu

en
cy

(H
z)

 



Aerospace 2024, 11, 504 17 of 20 
 

 

  
(a) (b) 

(c) (d) 

Figure 14. Variations of the first four orders of damping ratios of the plate with EACLD treatment 
with temperature under different thicknesses of damping layer. (a) First order modal damping ratio. 
(b) Second order modal damping ratio. (c) Third order modal damping ratio. (d) Fourth order modal 
damping ratio.  

Table 7. Thickness of damping layer for best passive damping. 

Mode No. Best Choice Second Choice (If Available) 
1 1.2=vh  or 1.6=vh  2.0vh =  
2 2.0vh =  1.6=vh  
3 1.6=vh  1.2=vh  or 2.0vh =  
4 2.0vh =  1.6=vh  

5. Conclusions 
This paper conducted a vibration analysis of EACLD plate structures considering the 

temperature field using ABAQUS. By simulating the model through variations in physical 
parameters such as temperature, patch position, coverage ratio, and damping layer thick-
ness, the study investigated the vibration-damping effect of EACLD on flexible solar sail 
panels, leading to the following conclusions: 
1. Position and Coverage Area of Piezoelectric Patches: The research indicates that in-

creasing the coverage area of piezoelectric patches near the rotation axis by 20% can 
enhance the damping efficiency by up to 15%. 

2. Temperature Effects: The results demonstrate that as the ambient temperature in-
creases from 20 °C to 100 °C, the system’s natural frequency may decrease by 5% to 
10%, while the damping ratio significantly increases in certain modes, particularly 
peaking between 60 °C and 70 °C. 
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3. Effects of Rotational Speed: With an increase in rotational speed from 1000 rpm to 
5000 rpm, the modal frequency rises approximately 3% to 7%, whereas the corre-
sponding damping ratio decreases by 5% to 10%. 

4. By increasing the thickness of the damping layer from 0.76 mm to 2.27 mm, the struc-
ture exhibits improved damping performance in the temperature range of 40 °C to 
100 °C, with nearly a 20% increase in the damping ratio. 
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