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Abstract— A vibration suppression method of 

tethered flexible space structures as the tethered 
SSPS (Space Solar Power Satellites) by employing 
tether tension is developed and examined 
experimentally. The vibration behavior of the 
flexible panel system is described mathematically 
by a partial differential equation. A feedback 
controller is designed based on the Mission 
Function control algorithm. The tether becomes 
ineffective when tether slacks, i.e., when the 
tension of the tether falls in negative value, this 
kind of unilateral nonlinearity of the flexible tether 
is taken into account in the present vibration 
control. A tether actuator is designed to generate 
the micro tension in the tether and used in the 
ground simulation experiment. The experimental 
results show the excellent performance of the 
designed tether actuator and have verified the 
validity of the proposed control scheme. 

 
Index Terms—Tethered space solar power 

satellite, vibration control, tether actuator, mission 
function method 

 

1. INTRODUCTION 

PACE solar power satellites(SSPS) can 

provide us eternal and natural energy without 

the exhaust of the carbon dioxide in the process of 

energy production and thus are attracting much 

public interest for the preservation of the Earth 

environment
[1]

. A wide range of space-based solar 

power architectural and systems options have 

been studied over the past 30-40 years by many 

international organizations and institutes including 

NASA
[2-7]

. The Japan Aerospace Exploration 

Agency (JAXA) and Unmanned Space Experiment 

Free Flyer (USEF) have been studying a kind of 

tethered SSPS as an alternative energy supply 

mode in the near future
[8-10]

, and proposing a 

project to launch a commercial tethered SSPS 

around 2040. A prototype model of tethered SSPS 

which consists of a large power 

generation/transmission panel suspended by 
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multi-tether wires from a bus system above the 

panel is shown in Fig.1.  

The tethered SSPS is a highly practical SSPS 

model, which has a number of advantages in the 

production, integration, construction, and 

operation as compared with the other SSPS 

models, for example: 

 The weight of the SSPS system will be 

reduced and the hardness of the SSPS 

system will be reinforced by using tethers in 

its structural element.  

 The tethered SSPS is able to obtain the 

gravity-gradient stabilization by regulating 

the length of tethers. 

 Tethers are also desired for the vibration 

suppression of the flexible solar panel by 

actuating their tension. 

 

Fig. 1 Tethered SSPS prototype model 

As a complex spacecraft, SSPS combines the 
large and light weight design, which results in the 
solar panel of SSPS being extremely flexible and 
having low fundamental vibration modes. These 
modes might be excited during the on-orbit 
operations by a variety of space disturbances. 
Therefore, the technologies for the structural 
vibration control will play a major role for such 
flexible spacecraft. Although some smart 
materials, such as shape memory alloys, 
piezoelectric materials, and so forth, are often 
used as actuator/sensor to suppression the 
vibration of the flexible structures

 
and the 

outstanding control effect has been achieved
 [11-14]

, 
to this kind of the large scale flexible structure (like 
SSPS), a large spatially distributed actuators 
arrays made up of a plenty of smart materials has 
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to be used for the vibration control of the huge 
solar panel, these smart materials inevitably 
increase the lunch mass and cost; furthermore, 
with the development of the new materials, the 
membrane is to become the form of the solar 
panel in the future, it is very difficult to embed or 
bond these smart materials in the structure of the 
membrane. However, considering the feature of 
the tethered SSPS that tethers are designed in its 
structural element, through actuating the tether 
tension for the vibration suppression of the flexible 
solar panel will become an effective and feasible 
scheme. 

In this paper, a tether technology for active 
vibration control is proposed and a feedback 
controller is designed by using the Mission 
Function algorithm to suppress the vibration of the 
tethered flexible space structure. Tether becomes 
ineffective when the tether slacks, this feature is 
regarded as the unilateral nonlinearity of the tether 
and is taken into account in the controller design. 
An experimental system is set up to verified the 
validity of the proposed vibration control approach.  
In the experiment, a tether actuator is designed to 
generate the control tension in the tether. 

2. MATHEMATICAL MODEL AND CONTROLLER 

2.1 Mathematical Model 

In the present study, the flexible solar panel of 

the tethered SSPS is treated as a Kirchhoff plate.  

Tether is assumed to be attached at four corner 

points of the panel to control the vibration of the 

plate. The dynamics of a transversely vibration 

plate is described by the following partial 

differential equation. 
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where 
3 212(1 )D Eh v   is the bending rigidity 

of the plate, h、  and E represent the thickness, 

Young’s elastic modulus and Poisson ratio, 

respectively;   represents the mass density of 

the plate; and ( , , )w x y t  denotes the displacement 

at any point of the flexible plate. 

The following boundary conditions, associated 

with Eq.(1), are presented for a controlled 

rectangular plate with the tethers attached at its 

four corner points.  
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0,x a , 0,y b : x iV T  or y iV T , 1,2,3,4i   

where a and b  represent the length and the width 

of the plate, xM and yM  represent the bending 

moment intensities per unit length, 

xyM represents the torsional moment intensity per 

unit length, and 
xQ and yQ represent the shear 

force intensities per unit length, iT is the control 

force generated by the tether at the corner point of 

the flexible plate. 

2.2 Control Algorithm 

Mission Function (MF) control algorithm
 

is 

employed as the method for the controller design 

in the present study. The validity of MF method has 

been examined through the application to slew 

maneuver of a spacecraft with a flexible 

appendage using numerical simulation and 

experimental demonstration in Ref. 15 and 16. 

This algorithm adopts the partial differential 

equation, which describes most precisely such a 

distributed parameter system as large flexible 

space structures (LFSS), as the mathematical 

description of the motion of the flexible structures. 

This mathematical model evidently includes the 

information of all modes in comparison with those 

cases where the usual modal expansion method is 

applied, and is free from the crucial truncation 

effect. This algorithm also employs the Lyapunov 

generalized energy functions that embody the 

dynamical features of LFSS. This fact leads to a 

physically meaningful reduction of the algorithm in 

an analytical manner. 

According to the MF method, the vibration 

control of the flexible plate can be defined by the 

following mission: The mission is to change the 

dynamical state of the system from the initial state 

with vibration into a desired state with no vibration 

(mission state). 

The Hamiltonian which is zero in non vibration 

state is employed to be the mission function as 

follows 
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Using boundary conditions(2) and assuming 

that the mass density  and the bending rigidity D  

are constant along the plate, one obtains the 

derivative of the mission function with respect to 

time as 

4

1

i i

i

M T v


                         (4) 

where  1 0,0,v w t t   ,  2 0, ,v w b t t   ,

 3 ,0,v w a t t    and  4 , ,v w a b t t    are the 

vibration velocities of the four corner points of the 
flexible plate. 

The mission function is positive definite and is 

zero when the mission state is obtained, i.e., when 

all of the vibration motion are stabilized to be zero. 
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The mission function control is to reduce the value 

of the mission function, i.e., the time derivative of 

the mission function, equation (4), is forced to be 

negative definite through the control process. This 

can be obtained by choosing iT , for example, as 

i i iT k v                            (5) 

As a matter of fact, iv is the velocity of the 

corner point of the flexible plate, thereby, which is 

same as the control algorithm called to be “Direct 

Velocity Feedback
 [17]

 (DVFB)”.  

Considering the nonlinear feature of the tether 

that the tether becomes slack when tension falls 

into negative value, i.e., the tether can pull in 

positive tension but the tether cannot push in 

negative tension. The tether tension control must 

manage this kind of the unilateral nonlinearity of 

the tether to avoid generating negative tension, 

thereby, the controller (5) is modified as 

0 0
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3. EXPERIMENT 

3.1 Actuator Design 

As a result of small structural damping and the 

low modal frequencies of the actual solar panel, 

the control force for the vibration suppression of 

flexible space structure is extremely small. It is not 

easy to generate such minute tension by using the 

conventional actuators. Moreover, In view of the 

unilateral nonlinearity of the tether, when the tether 

tension comebacks from zero or negative one, the 

tether may induce a sharp tension profile as an 

impulse. The modes higher than the controlled 

vibration mode will inevitably be excited by any 

sharp change in the actuator motion which may 

occur to pull the tether after slack. Taking these 

features into account in the present study, a tether 

actuator is designed to generate the arbitrary 

minute tension and also to weaken sharp profile of 

the tether tension in the actuator motion, which 

consists of the flexible leverage, the strain gauges 

and the linear actuator. The schematic description 

and the block diagram of the tether actuator are 

shown in Figures (2) and (3), respectively. 

 

Fig. 2 Schematic of the tether actuator 

 

Fig. 3 Block diagram of the tether actuator 

In  Figure (3), cT and T represent the 

command force and the output force, respectively. 

A PD controller is used to implement the control of 

the tether actuator. 

The vibration of the flexible space structure is 

controlled by the tension of the tethers connected 

at the corner points of the flexible structure. The 

tension of the tether is sensed by the flexible 

leverage connected to the tether and is measured 

in the manner of voltage by the full-bridge strain 

gauges bonded at the root of the flexible leverage. 

The output voltage of the strain gauges, as the 

feedback signal, is transmitted to computer after 

being amplified and A/D converted. The error 

voltage is fed as the control signal for the linear 

actuator. 

The performance of the tether actuator are seen 
to be satisfactory from the calibration results as 
shown in figure (4) where the output tension of the 
tether actuator is small as the order of 0.001N and 
has an excellent linearity in the range of 0N to 
0.3N. 

 

Fig. 4 Calibration curve of the tether actuator 

3.2 Experimental Setup 

On the ground, it is very difficult to eliminate the 
effect of the gravity for the vibration control 
experiment of a flexible plate with large size and 
small rigidity. For the purpose of verifying the 
validity of the proposed vibration control method by 
using tether technology, in the ground experiment, 
a aluminum beam is designed as the experimental 
model to simulate the dynamic behavior of large 
flexible space structures. Many weights are 
equipped on the flexible beam in order to ensure 
the first modal frequency of the flexible beam to be 
same order of 1 Hz as that of the flexible solar 
panel. The beam is set to move in the horizontal 
plane so as to eliminate the effect of the gravity. 

The velocity sensor, the tether actuator, the 
computer and the experimental model are 
assembled into the experimental system. The 
center of the beam is fixed and the tether is 
attached at one end of the beam for the vibration 
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control. The photograph of the experiment system 
is shown in Fig. (5). 

Necessary data for the vibration control are 
sensed by a full-bridge strain gauges located at the 
root of the flexible leverage and a camera hanged 
directly over the end of the beam. The strain 
gauges are used to measure the bending moment 
at the root of the flexible leverage and the camera 
is used to measure the position of the end of the 
beam. Data from these sensors are sent into the 
central processing unit(computer) through the A/D 
and D/A boards. The displacement and the 
velocity of the end of the beam are calculated by 
an image analyzing software. The sampling 
interval of the control process is set to be 2.5ms in 
view of the fact that the first modal frequency of the 
beam is lower than 1Hz.  

 

Fig. 5 Photograph of experimental setup 

As is stated above, when the tether tension 
comebacks from zero or negative one, the tether 
might induce a sharp tension profile, which 
inevitably causes an impulse. Although the flexible 
leverage designed in the tether actuator is 
favorable for relieving the impulse, this impulse 
could not be removed. A predetermined positive 
tension or minute pretension acting on the tether is 
indispensable for eliminating this kind of impulse 
since  the pretension ensure the tension of the 
tether should not decrease less than zero even 
when the real-time velocity of the end of the beam 
becomes positive, i.e., when the end of the beam 
moves towards the actuator.  The command 

tension cT  is then applied as follows: 

0
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T v
T

T k v v
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where preT is the pretension acting on the tether. 

3.3 Experimental Results 

The initial displacement of the end of the flexible 
beam is set to be 120 mm and the pretension is 
select as 0.04N in the present experiment. The 
maximum velocity of the linear actuator is selected 
to be 2m/s so as to avoid the possibility of the 
system instability since the higher velocity will 
excite the oscillation of the flexible leverage and 
the lower velocity will bring long-time delay. The 
velocity feedback gain and the parameters of the 

PD controller are selected properly. The 
experimental results are shown in Figs.6~8. 

 

Fig.6 Time response of displacement 

 

Fig.7 Time response of velocity 

 

Fig.8 Control force 

Figure 6 is the time response of the 
displacement of the end of the flexible beam, and 
Fig.7 is the time response of the velocity of the end 
of the flexible beam. These two figures show that 
the structural vibration of the experimental model 
can be control successfully by the present control 
algorithm and the tether actuator. It is seen in Fig.8 
that the tether actuator acts effectively to output 
the continuous minute tension. The command 
tension is generated only when the tether tension 
is positive and not when it is negative, and the 
output tension of the tether is tracking the 
command tension commendably. It should also be 
noted that the sharp input is transformed into a 
smooth input through the effect of the flexibility of 
the flexible leverage, which avoid the excitation of 
second and higher order modes of the beam. 
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4. CONCLUSION 

The active vibration control of the flexible space 
structure based on the tether technology is studied 
in this paper. The continuous system model to 
descript the vibration behavior of the flexible solar 
panel is presented. A feedback controller for 
suppressing the structural vibration of the flexible 
solar panel is developed according to the given 
continuous system model by using the Mission 
Function method. In view of the unilateral 
nonlinearity of the tether, i.e., the tether only can 
provide the pulling force but not provide pushing 
force, the proposed controller is adjusted to adapt 
to the feature of the tether. In the ground 
experiment, the flexible beam equipped with some 
weights is used to simulate the vibration behavior 
of the flexible space structure. The tether actuator 
is designed to generate very small tension and 
control the structure vibration. A flexible leverage 
is specially designed in the tether actuator for 
relieving the impulse arising from the motion of the 
actuator which may occur to pull the tether after 
slack, and a pretension is acted on the tether so as 
to further eliminate this effect. Results of the 
experiment show the excellent performance of the 
tether actuator for the vibration suppression and 
have verified the validity of the proposed control 
strategy. 
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