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A multi‑point decentralized control 
for mitigating vibration of flexible 
space structures using reaction 
wheel actuators
Chen Bifa 1,2*, Jianbin Liao 1,2, Jin Yan 1,2, Hanlin Li 1,2 & Chaoming Huang 1,2

The vibration with large amplitude and low frequency of the flexible space structures is prone to 
affect the attitude stability and pointing precision of the spacecraft. To mitigate the vibration of 
the flexible space structures, a multi-point decentralized control strategy using reaction wheel 
(RW) actuators is proposed and investigated in this paper. The motion equations of the solar array 
with multiple RW actuators are derived in modal coordinate representation. To suppress the overall 
response of the structure, the decentralized control strategy using RW actuators is designed based 
on the natural frequencies and mode shapes. The stability and the effect of closed-loop dynamic 
system is theoretically proved. The comparative studies under sun-pointing of the solar array and the 
rest-to-rest orbital maneuver conditions are presented to show the control performance of the RW 
actuators. The results indicate that, with 2% increase in total mass from the addition of the actuators, 
the vibration attenuation time can be decreased by 85.25% and 94.16% for the vibration excited 
by the sun-pointing and the rest-to-rest orbital maneuver, respectively. The experimental results 
demonstrate the effectiveness of the proposed decentralized control method. Theoretical analysis, 
numerical simulation and experimental study are conducted to demonstrate the validity of the 
proposed vibration mitigation approach and its potential application in the spacecraft design.
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To meet the increasing demands of deep space exploration and applications, the space flexible appendages/
structures, such as solar array, truss antenna, and robotic manipulators are tending to be light-weighted and have 
large deployed scale and low stiffness1,2. The low-frequency vibrations the flexible structures are likely to be 
excited by the various on-orbit operations. Due to the lack of the air and the weak friction under the low gravity 
environment in space, it takes a long time for the vibrating structures to be sufficiently attenuated. The long-term 
vibrations not only influence the pointing stability and precision of the spacecraft but also lead to the structural 
damage accumulation3,4. Therefore, it is urgently needed to consider the vibration suppression problems of the 
flexible space structures.

For decades, many scholars have proposed various methods for the vibration issue of the flexible space 
structures. The methods can primarily be divided into the passive control and the active control5–7. The passive 
control is applied by adding damping elements or modifying the physical properties of the structure to reduce 
vibration7,8. Owing to the advantages of cost-effectiveness and non-interference with the system stability, the pas-
sive control was firstly applied to the vibration suppression of spacecraft flexible appendages. A classical case was 
the installation of passive dampers between the drive mechanism and the root of the solar panels on the Hubble 
Space Telescope9. However, for the low-frequency vibration of the flexible structures, the natural frequencies 
are extremely low, and the additional damping of the passive control can be limited. The effect of passive control 
on reducing vibration attenuation time is not significant. Balas and Shepherd10 had concluded that the active 
control was necessary for the vibration suppression of spacecraft flexible structures.

The active control system is formed by combining the sensors, controllers, and actuators. The process involves 
acquiring the dynamic signals by sensors, solving the control signals by the designed algorithms, and supplying 
the appropriate magnitude and direction of actuating forces to the vibrating structure by actuators. Selecting the 
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suitable actuators for different application situation is a key issue in active vibration control. The piezoelectric 
materials are a kind of the most frequently-used actuators in active control11–14. For example, Tarazaga et al.15 
achieved a good vibration reduction effect by using the MFC as sensors and actuators in the space truss struc-
tures. But for the large-scale flexible appendages, the vibration suppression effect of the piezoelectric materials 
is not obvious due to their limited actuating capability. This is because the allowed adhesive area of piezoelectric 
materials is very small compared to the large-sized flexible appendages, which leads to limiting the actuation 
effect. Sun et al.16 proposed an active vibration control scheme for solar panels by using the cable-driven actuators. 
The control law was established by making a trade-off between the actuating force and the vibration suppression 
effects. It should be noted that, for the deployable space structures, the involved cables require reconsideration 
of their deployment process design and its robustness. D’Eleuterio et al.17 used the control moment gyroscope 
(CMG) as the actuator. The CMG actuators were mounted on the vibrating structure to form the so-called 
gyroelastic body. The actuating force, i.e., the gyroscopic torque, was induced by changing the orientation of the 
CMG and applied to the structure for vibration suppression. The optimization of the control strategies and the 
dynamic modeling methods were continuously proposed and improved for vibration suppression of the flexible 
space structures18–20. However, such methods need to control the rotation speed of CMG and its orientation 
simultaneously, which requires a relatively complex control system in real application. Moreover, the mounted 
CMG actuator induce a significant impact on the modal vibration of the controlled structure21,22. Wu et al.23 uti-
lized a reaction wheel to suppress vibration of the solar array by the reaction torque induced by the wheel speed 
change. This control method has the advantage of simplifying the actuator structure, system dynamic modeling, 
as well as the control procedure. Meanwhile, they achieved a good vibration reduction result.

The trend of larger size, lower stiffness, and more complex configuration in spacecraft flexible appendages has 
led to a focus on how to suppress the overall system response24,25. While the aforementioned literatures mainly 
focused on the lateral bending vibration in single direction of flexible space structures. Few focused on the 
strategies to suppress vibrations of the whole system with multi-point actuation. The distributed control provides 
an effective solution for suppressing the systematic vibration with multi-point actuation. The key aspect in the 
distributed control design is to build the information interaction between various control submodules. Zhou 
et al.26 conducted studies on application of the distributed control in the vibration suppression of solar panels. 
Researchers have considered the scalability of control and adopted a mode of adjacent submodules exchanging 
measurement information with each other. Omidi et al.27 developed an Integral Consistency Controller (ICC) 
for the vibration control of flexible structures embedded with piezoelectric stacks. This controller consists of N 
independent controllers corresponding to N control submodules on the structure. By connecting these control 
submodules under a specific directed communication graph, the ICC eliminates disagreements between con-
trollers and enhances their fault tolerance. Tian et al.28 proposed a actuator location optimization criteria, and 
adopted a distributed cooperative control mode with multiple actuators. The effectiveness of the method was 
verified through simulations. Due to the requirement of information interaction between different submodules 
in distributed control, it not only increases computational costs and affects control efficiency in practice, but also 
puts higher requirements on control robustness and stability. Once a submodule failure occurs, it is likely to dis-
rupt the overall collaborative action of distributed control. The decentralized control can have better robustness 
and achieve overall system vibration suppression through independent feedback control with multiple actuators.

The previous paper focused on the lateral bending mode vibration of solar array, and the single actuator 
used was suitable for this type of problem. This paper aims to seek a multi-actuator control method to solve 
the complex modal vibration modes and their overall response vibration. Therefore, this article promotes and 
upgrades the aforementioned method, introducing complex modal vibration control based on the decentralized 
multi-point actuation, and applying the method to the overall bending and torsional modal vibration response 
of more complex multi-panel deployable solar array. The reaction torque, induced by the wheel speed change, 
is controlled to damp the vibration of the solar array for multi-point actuation with decentralized control. For 
the sake of implementation, the control of the reaction torque of RW actuator is transformed to the control of 
its rotating speed through integral. A multi-panel deployable solar array with RW actuators is investigated to 
validate the effectiveness of the proposed method.

The rest of the paper is organized as follows. In "Mechanical principles of vibration suppression with multi-
point actuation" section, The mechanical principles of the solar array actuated by multiple RW actuators are elu-
cidated theoretically. In "Multi-point decentralized control strategy for RW actuators" section, the decentralized 
controller of the RW actuators is designed, and the stability of the closed-loop dynamic system is demonstrated 
based on the Lyapunov function. A real-scale multi-panel deployable solar array is taken as the object to verify 
and evaluate the effectiveness of the proposed method through numerical simulations in "Numerical simulation 
and verification" section. Experimental results are presented in "Experimental research" section to illustrate the 
effectiveness and feasibility of the presented method. Conclusions are drawn in "Conclusion" section.

Mechanical principles of vibration suppression with multi‑point actuation
Taking a solar array with the RW actuator as the object, the solar array is corresponding to an elastic cantilever 
plate with the clamped root, as shown in Fig. 1. Denote the mounted position of the k th RW stator as (xk , yk) . 
According to the theorem of moment of momentum, the reaction torque is induced by changing the rotor speed. 
Thus. the reaction torque applied to the solar array by the k th RW can be written as:

where I is the moment of inertia of the wheel rotor. �k , �̇k are the rotational speed and corresponding angular 
acceleration of the rotor, respectively.

(1)Tk
a (t) = −I�̇k ,
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Once disturbed, the vibration of the cantilever plate is dominated by the mode shape laterally perpendicular 
to the xy surface. The number of the RW actuators mounted on the solar array is K . The direction of the wheel 
rotation axis is parallel to the x-axis. The Dirac δ−function is used to express the actuating placement of the 
RW actuators. According to the theory of transverse vibration of plates29, the deflection function w(x, y, t) of the 
cantilever plate satisfies the partial differential equation:

where ∇2 = ∂2

∂x2
+ ∂2

∂y2
 is the Laplace operator; Ds =

Eh3

12(1−υ2)
 is the bending stiffness of the plate; h, ρ,E, υ are 

the thickness, mass density, elastic modulus, and Poisson’s ratio of the plate, respectively. δ(x) is the Dirac δ−
function, and a single prime point ′  represents the first derivative with respect to x.

By separating variables, the deflection function can be expressed as a function of the modal coordinate ξmn:

in which, Wmn(x, y) is the spatial function subjected to the boundary conditions. Especially, for the cantilever 
plate shown in Fig. 1, Wmn(x, y) can be written as the product of the free beam mode function Xm(x) along 
the x-axis and the cantilever beam mode function Yn(y) along the y-axis30, i.e., Wmn(x, y) = Xm(x)Yn(y) . For 
convenience of illustration, the two-dimensional subscript is represented by a one-dimensional subscript, that 
is, the mn th order mode of the overall vibration of the cantilever plate is denoted as the i th order mode, and the 
spatial function using a one-dimensional subscript is denoted as ϕi(x, y) = Wmn(x, y) . Therefore, Eq. (3) can 
be rewritten into:

Substitute Eq. (4) into Eq. (2), and considering the characteristic equation D∇2∇2
� = ρh��, � = diag{ω2

i } , 
in which, ωi is the i th natural frequency. One can obtain:

Multiplying � on both sides of Eq. (5) and integrating along the surface of the plate lead to:

where

(2)

Ds∇
2∇2w + ρhẅ

=

K
∑

k=1

δ(y − yk)δ
′(x − xk)T

k
a (t),

(3)w(x, y, t) = Wmn(x, y)ξmn(t),

(4)w(x, y, t) =

∞
∑

i=1

ϕi(x, y)ξi = �
Tξ.

(5)

ρh�T(ξ̈ +�ξ)

=

K
∑

k=1

δ(y − yk)δ
′(x − xk)T

k
a (t).

(6)ξ̈ +�ξ = M
−1

f(t),

(7)M =

∫∫

ρh��Tdxdy � diag{Mi},

Figure 1.   Structural diagram of the solar array with RW actuators.
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Introduce the damping matrix expressed by � = diag2{ωiζi} . Preserve the first nK order modal coordinates 
of Eq. (6). The differential equation of motion represented by the i th modal coordinate ξi can be expressed as:

where

According to Eq. (9), if the modal parameter ϕk
θ ,i is not equal to zero, it is theoretically possible to suppress the 

i th order principle vibration by designing the reaction torque Tk
a through the control law. Furthermore, Eq. (9) 

also indicates that, to obtain the modal force ϕk
θ ,iT

k
a  as much as possible and maximize the vibration suppres-

sion effect, it is critical to place the RW actuator in a region of large displacement. As derived above, the present 
vibration control method is applied to the flexible structures conform to the assumption of isotropy.

Multi‑point decentralized control strategy for RW actuators
For the large flexible structures, the vibrations are basically dominated by the low-order modes31. Therefore, in 
this paper, the undesired vibration mode to be suppressed is designated as the i th mode of the overall vibration 
of the solar array. Based on the motion differential Eq. (9), the control law of the RW actuators is designed for 
vibration suppression.

Controller design and stability analysis
It is preferred to consider as many modes as possible to control vibration when designing the controller. However, 
this will require more controller resources and reduce the computational efficiency. The independent modal con-
trol method is adopted, and the i th mode is utilized for controller design without loss of generality. To achieve 
the vibration reduction effect, the generalized force ϕk

θ ,iT
k
a on the right side of Eq. (9) can be designed to act as 

the artificial damping. Therefore, the control law for the reaction torque of the RW actuator can be designed to 
be proportional to the time derivative of modal coordinate ξ̇i , which is written as:

where χk is a positive proportion coefficient, the negative symbol makes ϕk
θ ,iT

k
a in the opposite direction of ξ̇i . 

For a better suppression effect, the control gain χk should be increased as much as possible on the premise that 
the actuators are not overloaded. The reaction torque of k th RW actuator is thus given by:

The Eq. (12) is the control law implemented in this paper.
Overall, the control law (12) is employed for the RW actuators to suppress vibration of the solar array. When 

Tk
a = 0 , the open-loop system is asymptotically stable, as it is lightly damped. The proposed feedback control 

law given in Eq. (11) is to increase the structural damping effect, hence the closed-loop system stability can be 
guaranteed. It is worth noting that, although the controller is designed using reduced-order models, it is applied, 
in the numerical simulation, to full-order mode based on finite element method for verification. Meanwhile, to 
minimize the impact on higher-order modes, a bandpass filter is utilized to filter out the residual modal signal 
components. For the linear structures, the modal coordinate ξi can be solved by measuring physical quantities, 
such as displacement, bending moment, or strain, etc., as the input of the control system.

Transfer function model of RW actuators
Let Mb be the measured bending moment of the solar array by sensors. In numerical simulation, the torsion 
spring elements are used to model the torque sensors to measure the bending moment. Thus, the relative angular 
displacement at both ends of the element is proportional to the bending moment. The bending moment Mb can 
be expressed by the local rotational angle θr in the same direction, or approximately by the modal coordinate 
as Mb = kbθr ≈ ϕMξi . Here, ϕM is a constant related to the modal function. Combining Eqs. (1) and (12), the 
angular acceleration of the wheel can be obtained as follows:

in which

(8)

f(t) =

∫∫

�

K
∑

k=1

δ(y − yk)δ
′(x − xk)T

k
a (t)dxdy

=

K
∑

k=1

Tk
a (t)

∂�(xk , yk)

∂x
.

(9)ξ̈i + 2ζiωi ξ̇i + ω2
i ξi =

K
∑

k=1

ϕk
θ ,iT

k
a ,

(10)ϕk
θ ,i =

∂ϕi(xk , yk)

∂x
/Mi .

(11)ϕk
θ ,iT

k
a = −χk ξ̇i (χk > 0),

(12)Tk
a = −

χk

ϕk
θ ,i

ξ̇i

(13)�̇k = ηṀb,
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It is favorable for engineering application to achieve angular speed control of the RW actuators rather than 
angular acceleration control. Thus, integrating Eq. (13) on both sides about time t  leads to:

It can be seen from Eq. (15) that the control law, expressed in Eq. (12), can be transformed into the control 
of the wheel speed �k to induce needed torque.

In real application, the measured bending moment should be filtered to decrease the undesired high-fre-
quency and the zero-drift noise. Thus, the digital signal denoising process with a specific filter is considered. In 
this paper, a second-order Butterworth bandpass filter with a passband of ωi × [0.6, 1.4] is adopted. As given 
in Eq. (18), a proportional factor is used to establish the control relationship between the bending moment Mb 
and the wheel rotation speed �.

As mentioned, the measured signal is filtered to obtain the component containing unexpected modal natural 
frequencies. However, it leads to the phase delay of the filtered signal. When using the modal truncation method 
to design the controller, the phase delay may poses a risk of high-order modal divergence in the control process. 
Therefore, the derivative link is involved for phase compensation of the filtered signal. For linear time-invariant 
structures, the natural frequency of the unexpected mode is constant, and thus, the phase angle does not change 
over time. The derivative gain D is given by:

Here γ is the phase angle of filter; ω̃ is the natural frequency of the vibration mode to be suppressed.
The controller for vibration suppression is therefore a PD (proportional-derivative) controller. The transfer 

function between the reaction torque Tk
a  and the measured bending moment Mb in Laplace domain can be 

expressed as:

where, L[·] represents the Laplace transform; s is the Laplace variable; Gc(s) is the transfer function of the filter. 
Equation (17) can be supplemented to the finite element model of the solar array to establish the closed-loop 
control system.

Numerical simulation and verification
In this section, the proposed method is verified by using a multi-panel deployable solar array as the application 
object. The modal analysis of the solar array is firstly performed to acquire the natural modes and their corre-
sponding frequencies. The numerical simulation of the vibration response of the solar array under the on-orbit 
loads are conducted by finite element method. The vibration characteristics of the solar array are identified 
from the frequency response. The aforementioned controller design method is implemented for RW actuators 
to achieve vibration suppression. Finally, the effectiveness of the proposed method is evaluated and verified.

Finite element model and vibration characteristics analysis
The multi-panel deployable solar array consists of 5 rectangular panels and 1 trapezoidal panel is taken as the 
object, as shown in Fig. 2. The span dimension along the deploying direction is 10.2 m, and the area of the 
single rectangular solar panel is 3.55 m× 2.12 m . A Cartesian coordinate system O − XYZ is established, with 
the origin O located at the root where the solar array connects to the spacecraft. The Z-axis is aligned with the 
deploying direction, the Y-axis is perpendicular to the panel surface, and the X-axis follows the right-hand rule.

The corresponding finite element model of the solar array is constructed for numerical study and it is shown 
in Fig. 3. The solar panels are modeled using shell elements. The panel-to-panel connected structures and the 

(14)η =
χk

IϕMϕk
θ ,i

.

(15)�k = ηMb.

(16)D = −
tan γ

ω̃
.

(17)L[Tk
a ] = ηIs(1+ sD)Gc(s)L[Mb],

Figure 2.   The spacecraft with multi-panel deployable solar array.
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supported framework are modeled with beam elements. The total mass of the solar array, including non-struc-
tural mass, is 181.61 kg. At the connection between the root of the solar array and the spacecraft body, the torsion 
spring elements with a modulus kb=106 N m/rad are used to simulate moment sensors around the X-, Y-, and 
Z-axis, respectively. The other directions are assumed to be rigidly connected.

Modal analysis is performed for the solar array to obtain the first four natural frequencies and their corre-
sponding mode shapes, as shown in Fig. 4. The transient response of the finite element model of the solar array 
is analyzed through numerical simulations. Thus, a Rayleigh damping model is employed, and expressed as:

The coefficients α,β can be acquired according to:

(18)� = αI+ β�.

Figure 3.   The diagram of the finite element model of the multi-plate deployable solar array with RW actuators.

Figure 4.   Natural frequencies and the corresponding modes of solar array (a) First bending (0.153 Hz), (b) first 
torsional (0.179 Hz), (c) second torsional (0.519 Hz) and (d) second bending (0.542 Hz).
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Based on the testing experience of the similar structures in engineering, let m = 1, n = 2 and the damping 
ratios of the first two modes of the solar array are taken as ζ1,2 = 0.005 , respectively. The damping parameters 
are solved by Eq. (19), and one can obtain α= 4.6× 10−3, β= 5.4× 10−3.

The mass of the RW actuator is limited within 2 kg, which accounts for approximately 1% of the total mass 
of the solar array. Referring to the relevant motor product, the concrete parameters of RW actuators mentioned 
in simulation are listed as follows, the moment of inertia of the rotor is I = 0.005 kg m2 , and the maximum 
rotational speed is �max= 261.7994 rad/s . As illustrated in Eq. (9), to provide the modal forces ϕk

θ ,iT
k
a as much 

as possible, the stators of the RW actuators are mounted at two corner nodes, i.e., Node 208 and Node 209, 
respectively. The bearing axis of the RW actuators are parallel to the X-axis, as shown in Fig. 3.

Vibration suppression of solar array under on‑orbit loads
Case 1: Sun‑pointing of solar array condition
The solar array is in full-deployed configuration when on orbit. To maximize the effective insolation area and 
make the normal direction of the panel surface aligned with the direction of incident sunlight, the solar array 
can rotate around the Z-axis through the driving mechanism at its root. The sun-pointing orientation is a highly-
frequently used on-orbit operation.

In this simulation, the driving mechanism is administrated by the "uniform acceleration-uniform velocity-
uniform deceleration" trapezoidal function, as shown in Fig. 5. The rotating speed of the driving mechanism 
around the Z-axis is given by:

It should be noted that, Eq. (20) guarantees the whole sun-pointing process lasts for 20 s, and the solar array 
rotates 60◦ around the Z-axis.

The residual vibration response analysis of the solar array excited by the sun-pointing process is shown as 
Fig. 6. The corresponding frequency response is shown as Fig. 7. Figure 7 illustrates that, the excited vibration 
is dominated by the first-order torsional mode (see in Fig. 4b).

Referring to Eq. (11), the reaction torques of the RW actuators can be designed in equal magnitude and 
opposite direction, which is written as:

Here, T208
a  and T209

a  represent the reaction torques induced by the RW actuators mounted at Node 208 and 
Node 209, respectively. It should be noted that, the equal magnitude and opposite direction of T208

a  and T209
a  are 

determined by its modal characteristics, and the control law can be designed independently.
Considering the signal-to-noise ratio of the sensing signals and the results of modal analysis, the measured 

bending moment is arranged at the connection position between the root of the solar array and the spacecraft 
body around the Z-axis. The measured bending moment is designated as Mb,z , and utilized as the input of the 
control system (17).

Denote the displacements of the Node 208 and Node 209 along the Y− axis as y208d ,y209d  , respectively. Here, 
the root bending moment Mb,z of the solar array, as well as y208d  and y209d  are focused and plotted to analyses the 
response of the solar array. After completing the transient response calculation and data processing, the variation 

(19)

{

α + βω2
m = 2ωmζm

α + βω2
n = 2ωnζn

, m �= n.

(20)Rotating speed =











0.01396t, 0 ≤ t < 5

0.0698, 5 ≤ t < 15

0.0698− 0.01396t, 15 ≤ t < 20

0, t < 0 or t ≥ 20

(21)T208
a = −T209

a = −
χ208

ϕ208,θ
ξ̇2.
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Figure 5.   The rotating speed of the driving mechanism in sun-pointing.
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Figure 6.   Time-domain response of the root bending moment of the solar array in sun-pointing.
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curves of Mb,z , y208d ,y209d  over time are obtained, as shown in Figs. 8 and 9a, b, respectively. The black dashed and 
the black solid lines represent the vibration attenuation curves without control and with control, respectively. 
Taking the root bending moment as an example, let the threshold value be M∗

b,z= 2 N m . The time required for 
the root bending moment Mb,z of the solar array to attenuate to the threshold M∗

b,z is 244.8 s without control, and 
36.1 s with control. Compared to the state without control, the vibration attenuation time with control is reduced 
by 85.25%, which demonstrates the effectiveness of the multi-point actuation method through RW actuators. The 
variation curves of the wheel speed � and the reaction torque T208

a  in the control process over time are shown 
as the dashed and solid lines in Fig. 10, respectively. The peak value of the wheel speed is 196.9 rad/s , and the 
maximum reaction torque is 0.9 N m , both of which are within the rated range.

Case 2: Rest‑to‑rest orbit maneuver condition
The forced displacement at the root of the solar array along the Y-axis is adopted to simulate the rest-to-rest 
orbit maneuver condition by using a triangular function. The forced root displacement function over time is 
shown in Fig. 11 with a period of 8 s and an amplitude of 0.015 m. The transient response of the solar array under 
the excitation is calculated, and the root bending moment response curve around the X-axis Mb,x is obtained. 
The time-domain response data in Fig. 12 is employed for frequency spectrum analysis, and the corresponding 
frequency-domain response curve of the bending moment Mb,x is shown in Fig. 13. The analysis reveals that 
under the orbit maneuver condition, the vibration of the solar array is dominated by the bending mode, especially 
the first bending vibration. The mode shape is shown in Fig. 4a.
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Figure 9.   The translational displacement responses along Y-axis at reaction wheel mounted node with and 
without control in sun pointing (a) displacement response of Node 208 and (b) displacement response of Node 
209.
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Figure 11.   The root translational displacement function in orbital maneuver.
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According to modal symmetry ϕ208,θ=ϕ209,θ �= 0 , the reaction torques are designed to be of equal magnitude 
and in the same direction:

Here, the input of the control system (17) is the root bending moment Mb,x around the X-axis. The measured 
point of Mb,x is arranged at the connection position between the root of the solar array and the spacecraft body.

The transient response analysis is conducted after applying control and data processing. The variation curves 
Mb,x,y208d ,y209d  respect to time are obtained and shown as Figs. 14 and 15a, b respectively. The black dashed and 
solid line represent the vibration attenuation curve without and with control, respectively. It takes 556.3 s for the 
root bending moment Mb,x to decay to the threshold value 2 N ·m without control. While it takes 32.5 s after 
applying control. The vibration attenuation time is reduced by 94.16%, which verifies the effectiveness of the 
multi-point actuation method for vibration suppression The variation curves of the wheel speed � and reaction 
torque T208

a  with respect to time during the control process are shown by the dashed line and solid line in Fig. 16, 
respectively. Both the wheel speed and reaction torque remain within the rated range.

Experimental research
Experimental setup
In this section, the experiment study is carried out for verification of the vibration mitigation measure. Due to 
the gravity and air on the ground have a significant impact on large deployable flexible structures, a small-sized 

(22)T208
a = T209

a =
χ208

ϕ208,θ
ξ̇1.
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Figure 14.   The root bending moment response with and without control in orbital maneuver.
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and simplified experimental model is used in the laboratory to verify the control method of vibration suppression 
of solar array. The U-shaped elastic panel made of spring steels is used as the test object. The basic dimensions 
of the panel are shown in Fig. 17. Figure 18 shows the components of the experimental setup.

As shown in Fig. 18, the elastic panel is laterally placed to reduce the influence of gravity. One side of the 
panel is fixed on a 2-DOF excitation table through a rigid connector. The excitation table excites the U-shaped 
elastic panel from the translation along the X-axis and the rotation around the Y-axis, respectively. The other side 
is mounted with two brush-DC motors (BDCMs), which serve as RW actuators to supply reaction torques. In 
this case, the total mass of the DC motor is 17 g, and its rotor and stator mass are 5.4 g and 11.6 g, respectively. 
Namely, the mass ratio of the rotor to stator is 0.465. Additional weight and anti-shock sponge with a mass of 
97.4 g and a thickness of 0.5 mm are installed on the panel to adjust the vibration frequency and damping of 
the experiment model, respectively. The first two order frequencies of the experimental model are 0.89 Hz and 
1.03 Hz, corresponding to the bending and torsional vibration modes, respectively.

In the experiment, the strain gauges with a resistance of 350� are bonded on the elastic panel to acquire 
the local bending moment signal. As shown in Fig. 18, there are the upper and the lower channels of bending 
moment signal to capture the local dynamic responses. The input voltage of the full-bridge strain circuit is 10 V. 
The output voltage is amplified 1000 times linearly by strain amplifier and sampled by the A/D (Analog-to-
Digital) module. Let strain voltages Vu

ε
,Vl

ε
 be the strain amplifier’s output voltage changes of the upper and the 

lower channels, respectively. Through the A/D module, the corresponding digital values of the strain voltages 
are input to the control system.

When the elastic panel is disturbed, Vu
ε

 and Vl
ε
 change with the vibration of the elastic panel. According to 

the pre-designed control law algorithm, the signal voltages, which command the speed of the DC motors, are 
solved and output to the motor driver through a D/A (Digital-to-Analog) module. There are two channels of 
signal voltage, as well, i.e., the upper and the lower channels, which are denoted as Vu

dri and Vl
dri . In this research, 

the speed signal voltage range of the motor driver is ±6 V corresponding to the speed ±4000 RPM of DC motor.
To simulate the disturbance from the spacecraft body, the excitation is exerted as follows. The excitation direc-

tions are along the direction perpendicular to the panel surface and around the extension direction, respectively. 
The speed functions of the sliding and rotating table are given by:

respectively. The excitation period is 2/0.9 s.
The bending moment signals are measured by strain gauges during the entire time period, i.e., from the 

beginning of the excitation to the end of the experiment. In order to verify the effectiveness of the active control 
strategy, the vibration attenuation with and without control are both measured. It should be noted that, for the 
linear structures, to reflect the structural vibration attenuation process with and without control in the experi-
ment, respectively, the measured the dynamic response, i.e., the strain voltages Vu

ε
,Vl

ε
 , are plotted.

Experimental result
The measured strain voltage of the elastic plate Vu

ε
 and Vl

ε
 are shown in Fig. 19. The solid line is corresponding 

to the response with control. The dashed line is corresponding to the response without control. As can be seen, 
the vibration attenuation with control is faster than the one without control. This result illuminates the validity 
of the multi-point actuating control scheme by using RW actuators. The measured speed signals Vu

dri,V
l
dri are 

given in Fig. 20, which reveals that the actuators can operate in the rated operating range during control. Vu
dri,V

l
dri 

converge to zero with the attenuation of vibration.

(23)
{

vt = 0.01 sin(2π × 0.9t) m/s

vr = 2π/180 sin(2π × 0.9t) rad/s
,
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Figure 19.   The measured strain voltages of the elastic plate.



14

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10326  | https://doi.org/10.1038/s41598-024-60702-6

www.nature.com/scientificreports/

Conclusion
In this paper, a multi-point decentralized control method using multiple RW actuators is proposed for mitigat-
ing the overall vibration of the flexible space structures with complex mode shape. Both the simulation results 
and the experimental data are provided to demonstrate that the effect of the multi-point decentralized control 
is significant for suppressing vibration of the flexible space structures. The actuating forces induced by the wheel 
speed change are designed and applied to the structures to suppress the undesired vibration. Based on the plate 
theory and Dirac delta function, the motion equations of the dynamic system represented in modal coordinates 
are derived for controller design. By controlling the actuating forces to be proportional to the time derivative 
of the modal coordinates, the proposed decentralized control for increasing the structural artificial damping is 
proved to be stable theoretically. The criterion of the control parameter calculation is determined based on the 
modal characteristics of the flexible space structures. Especially, it is found from the simulation results that, for 
a real-scale multi-panel deployable solar array under on-orbit load, the vibration attenuation time is decreased 
by 85.25% and 94.16% for sun-pointing and orbit maneuver conditions, respectively. The proposed methodol-
ogy provides the new possibilities to the vibration, where an effective and synchronized suppression is needed.

Data availability
Data will be made available on request from the corresponding author (Bifa Chen: 202361000021@jmu.edu.cn).

Received: 27 December 2023; Accepted: 26 April 2024

References
	 1.	 Cao, K. et al. Dynamic modeling and distributed control of asymmetric flexible spacecraft. J. Guid. Control Dyn. 46(1), 141–151 

(2022).
	 2.	 Callipari, F. et al. Active vibration control of large space structures: Modelling and experimental testing of offset piezoelectric stack 

actuators. Acta Astronaut. 198, 733–745 (2022).
	 3.	 Boulouma, S., Labiod, S. & Boubertakh, H. Direct adaptive control of a flexible spacecraft with disturbances and uncertain actuator 

failures. Mech. Syst. Signal Process. 110, 73–89 (2018).
	 4.	 Khodaverdian, M. & Malekzadeh, M. Fault-tolerant model predictive sliding mode control with fixed-time attitude stabilization 

and vibration suppression of flexible spacecraft. Aerosp. Sci. Technol. 139, 108381 (2023).
	 5.	 Fuller, C. R., Elliott, S. J. & Nelson, P. A. Active Control of Vibration (Academic Press, Cambridge, 1996).
	 6.	 Preumont, A. Vibration Control of Active Structures: An Introduction 4th edn. (Springer, Berlin, 2018).
	 7.	 Lee-Glauser, G. J., Ahmadi, G. & Layton, J. B. Satellite active and passive vibration control during liftoff. J. Spacecr. Rocket 33(3), 

428–432 (1996).
	 8.	 Enríquez-Zárate, J. et al. Passive vibration control in a civil structure: Experimental results. Meas. Control 52(7–8), 938–946 (2019).
	 9.	 Maly J., Pendleton S., Salmanoff J., et al. Hubble Space Telescope solar array damper: Symposium on Smart Structures and Materials. 

SPIE, Newport Beach, CA, USA, (1999).
	10.	 Balas G., Shepherd R. Dynamics and control of a large deployable reflector. In Proceedings of the 26th Structures, Structural Dynam‑

ics, and Materials Conference, Orlando, FL, U.S.A (1985).
	11.	 Bruant, I., Gallimard, L. & Nikoukar, S. Optimal piezoelectric actuator and sensor location for active vibration control, using 

genetic algorithm. J. Sound Vib. 329(10), 1615–1635 (2010).
	12.	 Qiu, Z.-C., Chen, G.-H. & Zhang, X.-M. Trajectory planning and vibration control of translation flexible hinged plate based on 

optimization and reinforcement learning algorithm. Mech. Syst. Signal Process. 179, 109362 (2022).
	13.	 Sun, Y., Song, Z. & Li, F. Theoretical and experimental studies of an effective active vibration control method based on the deflec-

tion shape theory and optimal algorithm. Mech. Syst. Signal Process. 170, 108650 (2022).
	14.	 Kelley, C. R., Lopp, G. K. & Kauffman, J. L. Optimizing piezoelectric material location and size for multiple-mode vibration reduc-

tion of turbomachinery blades. J. Vib. Acoust. 143(2), 021 (2020).
	15.	 Tarazaga, P., Inman, D. and Wilkie, W. Control of a space rigidizable-inflatable boom using embedded piezoelectric composite 

actuators. In 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, Newport, Rhode 
Island, USA (2006).

0 5 10 15 20 25 30 35 40 45

t (sec)

-4

-3

-2

-1

0

1

2

3

4

V
d
ri

u
(v
o
lt
)

0 5 10 15 20 25 30 35 40 45

t (sec)

-4

-3

-2

-1

0

1

2

3

4

V
d
ri

l
(v
o
lt
)

Figure 20.   The speed signal voltages of the motors.



15

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10326  | https://doi.org/10.1038/s41598-024-60702-6

www.nature.com/scientificreports/

	16.	 Sun, H. et al. Vibration suppression for large-scale flexible structures based on cable-driven parallel robots. J. Vib. Control 27(21–
22), 2536–2547 (2020).

	17.	 D’eleuterio, G. M. T. & Hughes, P. C. Dynamics of gyroelastic continua. J. Appl. Mech. 51(2), 415–422 (1984).
	18.	 Damaren, C. J. & D’eleuterio, G. M. T. Optimal control of large space structures using distributed gyricity. J. Guid. Control Dyn. 

12(5), 723–731 (1989).
	19.	 Damaren, C. J. & D’eleuterio, G. M. T. Controllability and observability of gyroelastic vehicles. J. Guid. Control Dyn. 14(5), 886–894 

(1991).
	20.	 Guo, J., Damaren, C. J. & Geng, Y. Space structure vibration suppression using control moment gyroscope null motion. J. Guid. 

Control Dyn. 42(10), 2272–2278 (2019).
	21.	 Hu, Q., Guo, C. & Zhang, J. Singularity and steering logic for control moment gyros on flexible space structures. Acta Astronaut. 

137, 261–273 (2017).
	22.	 Yang, L.-F., Mikulas Jr, M., Park K., et al. Slewing maneuvers and vibration control of space structures by feedforward/feedback 

moment-gyro controls. In Proceedings of the 34th Structures, Structural Dynamics and Materials Conference, La Jolla, CA, U.S.A. 
American Institute of Aeronautics and Astronautics (1993).

	23.	 Wu, S., Tang, G. & Chen, B. Envelope-based variable-gain control strategy for vibration suppression of solar array using reaction 
wheel actuator. Int. J. Aerosp. Eng. 2022, 6055819 (2022).

	24.	 Hu, Y., Geng, Y. & Wu, B. Flexible spacecraft vibration suppression by distributed actuators. J. Guid. Control Dyn. 43(11), 2141–2147 
(2020).

	25.	 Liu, X. et al. Distributed active vibration cooperative control for flexible structure with multiple autonomous substructure model. 
J. Vib. Control 26(21–22), 2026–2036 (2020).

	26.	 Zhou, W. et al. Distributed cooperative control for vibration suppression of a flexible satellite. Aerosp. Sci. Technol. 128, 107750 
(2022).

	27.	 Omidi, E. & Mahmoodi, S. N. Vibration suppression of distributed parameter flexible structures by Integral Consensus Control. 
J. Sound Vib. 364, 1–13 (2016).

	28.	 Tian, D., Guo, J. & Guo, Z. Multi-objective optimization of actuators and consensus ADP-based vibration control for the large 
flexible space structures. Aerosp. Sci. Technol. 137, 108280 (2023).

	29.	 Leissa, A. W. & Qatu, M. S. Vibrations of Continuous Systems (The McGraw-Hill Companies, Inc, New York, 2011).
	30.	 Qiu, Z.-C. et al. Optimal placement and active vibration control for piezoelectric smart flexible cantilever plate. J. Sound Vib. 

301(3), 521–543 (2007).
	31.	 Wu, S. & Zhou, W. Vibration control for large space truss structure assembly using a distributed adaptive neural network approach. 

Acta Astronaut. 212, 29–40 (2023).

Author contributions
Bifa Chen performed the data analysis and wrote the first draft of the manuscript. Jianbin Liao conducted the 
simulation and prepared all the figures. Jin Yan, Hanlin Li and Chaoming Huang performed the experiment 
research. All authors commented on previous versions of the manuscript and reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A multi-point decentralized control for mitigating vibration of flexible space structures using reaction wheel actuators
	Mechanical principles of vibration suppression with multi-point actuation
	Multi-point decentralized control strategy for RW actuators
	Controller design and stability analysis
	Transfer function model of RW actuators

	Numerical simulation and verification
	Finite element model and vibration characteristics analysis
	Vibration suppression of solar array under on-orbit loads
	Case 1: Sun-pointing of solar array condition
	Case 2: Rest-to-rest orbit maneuver condition


	Experimental research
	Experimental setup
	Experimental result

	Conclusion
	References


