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A B S T R A C T

Some flexible appendages, such as solar panels, communication antenna and other large structures are mounted
on the base of the space robot. The structure flexibilities will cause vibration during the operation of manip-
ulators. Due to complicated dynamic coupling among manipulators, the rigid base and flexible appendages, it is
very challenging to control the end-effector to track inertial trajectories, especially when the target states are
constantly changing. This paper proposes a vibration suppression method for autonomous target capturing
during the preimpact phase without controlling the base. Firstly, we derive the rigid-flexible coupling dynamics
of a space robot system with flexible appendages. Then, the relationship among joint rates, elastic motion and
the end-effector velocities is established by using the linear momentum and angular momentum conservation
equations. Secondly, a closed-loop control system is designed based on the dynamic coupling model. And the
control system is composed of target motion prediction, autonomous trajectory planning, energy-based joint
controllers and so on. Thirdly, the energy-based joint control is detailed, which is proved to be stable by
Lyapunov direct method. Finally, simulations of a planar space robot with two flexible appendages and a 3D
space robot with single flexible appendage are provided to verify the effectiveness of the presented approach.
The effectiveness of energy-based joint control for vibration suppression is verified by a single-degree-of-freedom
space robot experimental system. The simulation and experimental results show that the space manipulator can
successfully capture the moving target while suppressing the structure vibration.

1. Introduction

Robotic systems are expected to play an increasingly important role
in future space activities such as repairing, upgrading, refueling and re-
orbiting spacecraft. The autonomous target capturing, which has been
successfully demonstrated by the Engineering Test Satellite VII (ETS-
VII) [1] and Orbital Express [2], is the key to on-orbit servicing. Some
autonomous behaviors are necessary to perform complex and difficult
tasks in space. Yoshida and Umetani developed on-line control scheme
with vision feedback, using the Generalized Jacobian Matrix (GJM)
concept for motion control and Guaranteed Workspace (GWS) for path
planning [3]. Nagamatsu et al. designed a control system for the au-
tonomous capture of a target satellite in space using a predictive tra-
jectory based on the target satellite dynamics [4]. Xu et al. also pro-
posed autonomous path planning and control methods to capture a
noncooperative target based on the binocular stereo vision [5]. G Dong

et al. [6] developed a hybrid approach based on adaptive extended
Kalman filter and photogrammetry for the real-time pose and motion
estimation of noncooperative targets. Benoit [7] presented a framework
for autonomous capture operation of a non-cooperative mobile target in
a 3-dimensional workspace using a robotic manipulator with visual
servoing. The tracking and capture performance was improved sig-
nificantly by using the Kalman filter. Huang et al. conducted a large
number of studies on the capture of non-cooperative targets [8,9].

For the above works, the space robot is assumed to be a multi-rigid
system. Actually, some flexible appendages [10,11] such as solar panels
and communication antenna, will be mounted on the base of the space
robot. For example, due to that large power is consumed to complete
complex or long-term on-orbit servicing tasks, long solar arrays are
mounted on the spacecraft. When a space robot with flexible appen-
dages is deployed in space, structure flexibilities will easily cause vi-
bration during orbit and/or attitude maneuvers of the base, and
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operation of manipulators. Since there are little atmospheric damping
in the orbit, the generated vibration will last a long time, even after the
motion of the base and the manipulator stops. The modeling, planning
and control of space robots with flexible appendages are very challen-
ging. In the previous work, many scholars focused on flexible link or
flexible joint manipulators [12–17]. Recently, some researchers de-
voted to study space robots with flexible appendages. Hirano et al.
[18,19] developed a simple dynamic model of a space robot with a rigid
manipulator and a flexible appendage, which was modeled using a
virtual joint model. Kojima and Kasai [20,21] applied the input-shaping
technique to control the link motion of a planar space robot equipped
with single flexible appendage. Gasbarri and Pisculli [22] proposed a
mixed NE/EL modeling formulation for a space robot with flexible solar
arrays. Then two control strategies based on this dynamic model are
addressed to compensate the structure vibrations. Zarafshan et al. [23]
derived the dynamics model by virtually partitioning the whole system
into rigid and flexible portions. An adaptive hybrid suppression control
algorithm is then developed. For the controller design, the two portions
are assembled together to form a proper model. Zhang et al. [24]stu-
died a spatial dynamics and control of a 6-DOF space robot with flexible
panels and the computed torque control method was used to design
active controller to suppress the spacecraft drift caused by the impact.
Xu et al. [25] developed a dynamic model and a closed-loop simulation
system of a space robot with two flexible appendages for capturing
large flexible spacecraft. Meng et al. [26] proposed a hybrid control
method combining wave-based control and PD control to control the
motion of a manipulator while suppressing the vibration of appendages.

Dubowsky and Torres [27,28] analyzed the dynamics behaviour
between the base and the manipulator, then proposed the dynamic
coupling map concept. Xu et al. [29,30] proposed the coupling factor to
illustrate the motion and force dependencies and represent the degree
of the dynamic coupling between the end-effector and the rigid base.
Meng et al. [31] studied the dynamic coupling of space robots with
flexible appendages and proposed a trajectory planning method to
suppress structure vibration based on the coupling map. With flexible
appendages, the dynamic behaviors of space robot become more com-
plicated. The position and attitude of the end-effector will lose the
desired values due to the structure vibration of flexible appendages
[32]. It may cause the on-orbital task fails, even destroys the spacecraft.
Thus, it is very important to control the vibration of flexible appen-
dages. Due to the pose of target spacecraft changing from moment to
moment, real-time autonomous adjustment is needed in the trajectory
planning of space robots. For this reason, the methods applied to cap-
ture stationary targets such as off-line control and open-loop control,
are not suitable for capturing moving targets.

In this paper, we focus on the vibration suppression control when
space robots with flexible appendages automatically approach moving
targets. For this purpose, a closed-loop control system of space robots is
proposed to track the target trajectory while suppressing the vibration
of the flexible appendages. Moreover, we design an energy-based joint
control law for time-varying trajectories. The stability of the system is
proved by Lyapunov direct method. Finally, we validate the proposed
control method by simulation and experiment respectively.

The remainder of this paper is organised as follows. Section 2 es-
tablishes the dynamic and differential kinematic equations of a space
robot with flexible appendages. In Section 3, we construct a closed-loop
control system for autonomous target capturing. Section 4 details the
energy-based joint control method for suppressing the structure vibra-
tion of flexible appendages. Section 5 presents simulation studies of
typical cases using a 3-DOF planar space robot with two flexible solar
paddles and a 7-DOF 3D space robot with a flexible appendage. In

Section 6, we validate the effectiveness of the vibration control method
using the space robot experiment system. The final section summarises
and concludes the paper.

2. Modeling the space robot with flexible appendages

A common space robotic system with flexible appendages used for
the on-orbit servicing mission is shown as Fig. 1.

It is composed of a central rigid body (called robot base), a serial
manipulator (called space manipulator) with n degrees of freedoms (n
DOFs), and m flexible appendages. Each flexible appendage is con-
nected to the robot base through a rotating hinge with a degree of
freedom. Hence, the space robot system can be described using (n + m
+2) bodies (including the inertial frame) and (n + m+1) hinges.

2.1. Dynamics modeling of the space robot with flexible appendages

To derive the dynamics equations, the symbols (shown in Fig. 2) of
the space robot with flexible appendages are defined. Σ0, ΣE are the
inertia frame and the end-effector frame, respectively; Σi (i=1,⋅⋅⋅, n
+1) is the body fixed frame of rigid body Bi; Σi (i= n+2,⋅⋅⋅, n + m+1)
is the floating frame of flexible body Bi; Ci (i=1, …, n+1) is the po-
sition of rigid body Bi's CM (center of mass); Ci (i= n+2, …, n + m+1)
is the position of flexible body Bi's CM; ri∈R3 (i=1, …, n+1) is the
position vector of Ci; rg∈R3 is the position vector of the system's CM;
pe∈R3 is the position vector of the end-effector; ai∈R3 (i=2, …,n+1)
is the position vector from Hi-1 to Ci; bi∈R3 (i=1, …,n) is the position
vector from Ci to Hi; bi∈R3 (i= n+1) is the position vector from Ci to
origin of ΣE; bi∈R3 (i= n+2, …,n + m+1) is the position vector from
C1 to Hi; pi∈R3 (i=2,…,n+1) is the position vector of Hi; ki∈R3 (i=2,
…,n+1) is unit vector representing the rotation direction of Hi; Θ∈Rn is
the manipulator joint angle vector, i.e. Θ=[θ2 ⋅⋅⋅ θn+1]T; Ψ1∈R3 is the
base attitude represented by x-y-z Euler angles; ẋb∈R6 is the linear
velocity and angular velocity of B0, i.e. =x v ω˙ [ ]Τ Τ Τ

b 1 1 ; ẋe∈R6 is the
linear velocity and angular velocity of the end-effector, i.e.

=x v ω˙ [ ]Τ Τ Τ
e e e . It should be pointed out that, a vector is generally

written as jri, where, the left superscript “j” denotes the frame in which
the vector is described. When it denotes the inertia frame, the left su-
perscript can be deleted.

Fig. 1. The space robot system.
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As is shown in Fig. 3, the inertial position of any point P of the
flexible body Bi is:

= + + + = + … + +i n n ms r b u η ( 2, , 1)iP 1 P P (1)

where uP is the position vector of point P (which coincides with point p
for the undeformed configuration) from point Oi, ηP is a measure of
elastic displacement. Oi is the origin of the floating coordinate system of
the flexible body Bi. uP and ηP are described in the inertial frame.

= ⋅η A ηi
i

P P (2)

Matrix Ai represents the orientation of the floating frame of flexible
body Bi with respect to the inertial frame. The elastic displacement iηP
can be represented as a linear combination of the deformation modes of
flexible body Bi as

∑= =
=

x y z t tη φξ φ ξ( , , , ) ( )i

j

s

j jP
1

i

(3)

The modal matrix φ is a constant matrix which can be obtained by the
structure dynamics analysis using the finite element method. ξj (j=1,
⋅⋅⋅, si) is the elastic displacement coordinates of flexible body Bi. And si is
the number of modal coordinate for flexible body Bi.

The dynamic equation of the compounded system with flexible
appendages is as follows [25]:
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In the equation above, Hbb, Hbθ, Hbξ, Hθθ, Hθξ and Hξξ denote sub-mass

matrices. C (xb, Θ, ξ, x Θ ξ˙ , ˙ , ˙
b ) denotes the coupling matrix including

Coriolis force and centrifugal force. Additionally, Kφ denotes the stiff-
ness matrix of the flexible appendages, and τm∈Rn is a vector composed
of the driving torques of the manipulator joints.

2.2. Differential kinematics in free-floating mode

The kinematic equation of the end-effector of the space robot with
flexible appendages is as follows:

⎡
⎣⎢

⎤
⎦⎥

= ⎡
⎣⎢

⎤
⎦⎥

+
v
ω J

v
ω J Θ̇e

e b
1
1 m

(5)

where, ve∈R3 and ωe∈R3 are respectively the linear and angular velo-
cities of end-effector with respect to the inertial frame. Jb∈R6×6 is the
Jacobian matrix dependent on the base motion and Jm∈R6×n is the
Jacobian matrix dependent on the manipulator motion.

⎜ ⎟= ⎛
⎝

− ⎞
⎠

∈ = −×J E p
O E

p p rR ,
͠

b
1e 6 6

1e e 1
(6)
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∈+ +
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k k
R

( ) ( )n n
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n
m

2 e 2 1 e 1

2 1

6

(7)

To facilitate description, the generalized variables of the system are
combined as follows:

=y x Θ ξ[ , , ]Τ
b (8)

Assuming that the system is initially motionless and no external
forces/torques act on the system, the following relationship holds on:

Fig. 2. The model of the space robot with flexible appendages.

Fig. 3. The flexible appendage Bi.
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+ + =H x H Θ H ξ˙ ˙ ˙ 0θ ξbb b b b (9)

According to equation (9), ẋb can be solved as follows:

− −− −=x H H Θ H H ξ˙ ˙ ˙
θ ξb bb

1
b bb

1
b (10)

Substituting equation (10) into (5), the following relationship is
given:

= +x J Θ J ξ˙ ˙ ˙
ξe g (11)

where,

= − ∈− ×J J J H H Rθ
n

g m b bb
1

b
6 (12)

= − ∈− ×J J H H Rξ ξ
s

b bb
1

b
6 (13)

In above equations, Jg is the so-called Generalized Jacobian Matrix
(GJM) [33]. It represents the dynamic interaction between the joint
motion and the end-effector motion. Jξ represents the dynamic inter-
action between the appendage elastic motion and the end-effector
motion. In this paper, Jg and Jξ are called Generalized Rigid Jacobian
Matrix and Generalized Flexible Jacobian Matrix, respectively.

3. The closed-loop control for autonomous target capturing

The target capture process includes three specific phases: the pre-
impact phase, the contact/impact phase and the post-impact phase.
During the preimpact phase, the space manipulator's end-effector tracks
and approaches the target spacecraft to its capturing box. In the impact
phase, the contact/impact between the manipulator hand and the ob-
ject is established, and a force impulse is generated. After the space
robot captures the target successfully (i.e., post-impact phase), a com-
pounded system is formed, which includes the space robot and the
grasped target. In this paper, we focus on researching the vibration
suppression of flexible appendages during the preimpact phase.

3.1. The closed-loop control framework

The whole closed-loop control system used during the preimpact
phase is mainly composed of four modules (shown in Fig. 4): Relative
pose measurement and target motion prediction, Autonomous trajec-
tory planning, Energy-based vibration suppression controller and Dy-
namic model. The main processes of autonomous target capturing are
shown in Fig. 4 as following:

(1) Set the stopping criteria, i.e. position error εp, orientation error εo,
and the allowed maximal time tmax;

(2) Measure the pose of the handle of the target relative to the end-

effector. Get the pose error (i.e. ep, eo), and judge whether the
target is within the capturing box (i.e. the grasp area, ||ep||≤εp
and ||eo||≤εo). If so, the manipulator closes its gripper and grasps
the target; else, go to step 3;

(3) Autonomous trajectory planning includes two sub-steps:
(a) Plan velocities of the end-effector, and drive the end-effector to

track and approach the target along the shortest path (i.e.
straight line);

(b) Calculate the desired joint rates Θ̇d with the autonomous sin-
gularity avoiding. Then the desired joint angle Θd is determined
by integrating Θ̇d;

(4) Generate the driving torques of the manipulator joints based on
energy-based joint control to follow Θd and Θ̇d, simultaneously
suppress the vibration of flexible appendages. The joint control law
will be detailed in Section 4.

(5) = +t t Δt , if t < tmax, go to step 2; else, the algorithm stops, which
means the space robot can't capture the target in the prescribed
time, i.e. this capture failed.

3.2. Target motion predicting

The relative position is provided by cameras mounted on the end-
effector and represented by the following formula:

= = −e p p pp et t e (14)

where, pe represents the position of the origin of the end-effector co-
ordinate system in the inertial coordinate system; pt represents the
position of the origin of the target handle coordinate system in the
inertial coordinate system.

The relative attitude angle measured by hand-eye camera is the
handle coordinate system relative to the end-effector coordinate
system. It can be represented by the following formula:

= −e Ψ Ψto e (15)

where, Ψt is the posture of the handle coordinate system relative to the
inertial coordinate system; Ψe is the posture of the end-effector co-
ordinate system relative to the inertial coordinate system.

The target motion state can be estimated using the Kalman filter or
other similar methods [6,7] and it is not studied in this article. We
suppose that the motion velocities of the target are known, and the
linear velocity and angular velocity of the target are defined as vt and ωt

respectively.

3.3. Autonomous trajectory planning

3.3.1. End-effector velocity planning
The desired velocities of the end-effector are calculated with

Fig. 4. The architecture of closed-loop control system during the preimpact phase.
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proportional - differential form:

⎧
⎨⎩

= +
= +

v K e K v
ω N Ψ K e K ω( )

v vv

Euler ω vω

ed p p t

ed e p o t (16)

where, Kpv, Kpω are proportional coefficients, the values of them limit
the velocity of end-effector. Kvv, Kvω are differential coefficients. NEuler

(Ψe) is the transformation matrix for transforming the time derivation
of Euler angles to the attitude angular velocity.

To avoid excessive velocity of the end-effector, the following con-
straints are adopted:

= ⎧
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≥ v
v

v v
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, if

, else

v
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ed
ed ed em

ed

em
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, else

ω
ω

ed
ed ed em

ed

em
ed

(18)

where, vem, ωem are the maximum allowable linear velocity and the
maximum allowable angular velocity of the end-effector respectively.
The values of coefficients mentioned in equation (16) are used to limit
the velocity of the end-effector. After the velocity of the end-effector is
constrained by formulas (17) and (18), the values of these coefficients
can be taken as Kpv=Kvv=Kpω=Kvω=diag [1,1,1].

3.3.2. Joint motion planning
The kinematics equation of the space robot with flexible appendages

in free-floating mode is given in (11). Considering the modal co-
ordinates are uncontrolled, the desired angular velocity of joints can be
calculated as following:

= − xΘ J˙ ˙̂d g
1

ed (19)

where, Θ̇d is the desired angular velocity of the manipulator joint. ẋ̂ed is
the desired motion of the end-effector after vibration compensation,

= −x x J ξ˙̂ ˙ ˙
ξed ed .

The influence of vibration on the joints velocity planning can be
eliminated through the compensation mentioned above [32]. But it is
difficult to obtain the modal variables. And this influence can be cut
down only by reducing the value of J ξ̇ξ in actual engineering applica-
tions. Thus, the vibration suppression of flexible appendages is neces-
sary during autonomous target capturing.

The singularities of Jg exist in most workspace. Dynamic singularity
is functions of the system mass properties and cannot be predicted from
its kinematics. Thus, in this paper a damped least-squares method [34]
is adopted to avoid dynamic singularity. Replace (Jg)−1 by (Jg)#:

=Θ J x˙ ˙d g ed
# (20)

where, (Jg)# is the minimum variance inverse of the Jacobian matrix.

= + −λJ J J I J( )g g
T

g g
T# 2 1 (21)

In equation (21), λ is damping coefficient and can adaptively adjust
it's value as following:

Fig. 5. A 3-DOF planar space robot with two flexible solar paddles.

Table 1
Mass parameters of rigid bodies.

Parameters Rigid body

B1 B2 B3 B4 Target

m (kg) 1530 30 30 60 5000
ai(m) 0 1.15 1.15 0.2 –

0 0 0 0 –
bi(m) 0.882 1.15 1.15 0.64 –

0.297 0 0 0 –
⋅kg mI ( )i 2 177.16 2 2 7.41 900

Table 2
The control parameters.

Trajectory tracking control Vibration suppression control

kp2= kp3= kp4= 0.01
kd2= kd3= kd4= 1600

= = =α α α 500002 3 4
= = =β β β 0.12 3 4
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≥

−( )( )λ
σ ε

λ

0, if ˆ

1 , other

n

σ
ε

2
ˆ 2

m
2n

(22)

where, σ̂n is the estimated value of the minimum singular value; ε is the
threshold to judge the singularity; λm is the maximum damping value.

In order to prevent the excessive angular velocities of the joint, the
angular velocity of the joint is limited as following:

=
⎧
⎨
⎩

≥
=θ

θ θ θ

θ
i n˙

˙ , if ˙ ˙

˙ , else
( 1,2, ..., )i

θ
θ i i i

i

d

˙
˙ d d m

d

i
i
m
d

(23)

Fig. 6. The trajectory of the manipulator end-effector.

Fig. 7. The vibration curve of solar panel at point G.

Fig. 8. The vibration curve of solar panel at point H.

Fig. 9. The curves of the joint angles.

Fig. 10. The pose of the space robot base.
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The desired joint angles are obtained by integrating the joint an-
gular velocity:

= + ΔtΘ Θ Θ̇d d (24)

After the desired joint angle and angular velocity are gotten, the
driving torques of the manipulator joint can be calculated by the en-
ergy-based vibration suppression controller proposed in section 4.
Then, the driving torques are used in the dynamic equation (4) to get
the states of the space robot system in the next moment.

4. Energy-based joint control for vibration suppression

For a free-floating space robot with flexible appendages, the motion
of the space manipulator will cause vibration of flexible appendages
under the effect of dynamic coupling. Similarly, the vibration of flexible
appendages can be eliminated by control of the space manipulator. The
aim of this control scheme is ensuring a good trajectory tracking of the
manipulator and suppressing vibrations of flexible appendages. In Refs.
[35,36] an energy-based control method is studied for flexible links and

only suitable for tracking the constant desired joint angles. In this
paper, an energy-based controller is designed to solve the vibration
suppression for tracking time-varying desired joint angles.

Fig. 11. The target displacement curve.

Fig. 12. The posture changing of target.

Table 3
The control parameters.

Trajectory tracking control Vibration suppression control

kp1= kp2= kp3= 2000
kd1= kd2= kd3= 160

= = =α α α 500001 2 3
= = =β β β 0.11 2 3

Fig. 13. The vibration curve of solar panel at point G.

Fig. 14. The vibration curve of solar panel at point H.

Fig. 15. The curves of the joint angles.
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4.1. Joint control law

The adaptive controller that provides the joint torques is described
by the following law:

∑= + − = + = + + +
= +

+ +
τ k e t k e t k t f t i n j n n m( ) ˙ ( ) ( ) ( ) ( 2, ..., 1; 2, ..., 1)i i i i i

j n

n m

ij ijp d
2

1

(25)

where kpi and kdi are positive constant parameters for the (i-1)th ma-
nipulator joint; ei(t) and e t˙ ( )i represent the error in the joint angle and
velocity for the (i-1)th link as follows:

= −e t θ t θ t( ) ( ) ( )i i id (26)

In equation (25), kij(t) is a time-varying parameter and is calculated
by the following formula:

= − − −k t α f t θ t β k t
α k
k t

e t θ t α k
k t

e t θ t˙ ( ) ( ) ˙ ( ) ( )
( )

( ) ˙ ( )
( )

˙ ( ) ˙ ( )ij i ij i i ij
i i

ij
i i

i i

ij
i i

p
d

d

(27)

where, αi and βi are positive parameters. From equation (27) we can
know that kij(t) depends on θ t( )id 、 θ t˙ ( )id 、 θ t( )i 、 θ t˙ ( )i and f t( )ij . To
avoid that kij(t) is too large to cause the joint torque beyond acceptable
range, the term − β ki ij is introduced to prevent this problem [35]. In
addition, the boundary values of kij(t) are also defined as [− kij max ,
− kij min ]U [kij min , kij max ]. kij(t) takes boundary values when it is beyond
borders. Obviously, kijmin requires greater than zero.

In equations (25) and (27), fij(t) is any combination of feedback
signals relating to vibrations of the jth flexible appendage. The condi-
tion to choose fij(t) is that they must be zero when the jth flexible ap-
pendage undergoes no deformation. Hence, the elastic displacement or

the strain of any point P of the flexible appendage can be chosen as fij(t).
In this paper, the y-axis position of point P expressed in the floating
coordinate system of the flexible body Bj (as shown in Fig. 3) is chosen
as fij(t),

=f t y η( ) ( )ij
j

P (28)

4.2. Stability analysis

Since the gravity can be ignored in the space, there are only kinetic
energy (denoted by Ek) and elastic potential energy (denoted by Ep) for
the space robot with flexible appendages. If the damping and friction of
the space robot system are ignored, the total change of the energy of the
free-floating space robot system is equal to the total work done by the
manipulator joint motor torque, i.e.:

∫∑+ − − =
=

+

E t E t E E τ θ dt( ) ( ) (0) (0) ˙k p k p
i

n t
i i

2

1

0 (29)

where, Ek(t) and Ep(t) are the total kinetic energy and the elastic po-
tential energy of the whole system at time t. Ek (0) and Ep (0) are initial
kinetic energy and initial potential energy of the whole system. By
taking the time derivative of both sides of equation (29), we can get

∑+ =
=

+
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i i
2
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(30)

The Lyapunov function is defined as follows:
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The derivative of V(t) is then:
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Substituting equation (30) into equation (32), the following equa-
tion is obtained:
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Substituting the control law (25) and equation (27) into equation
(33), the following result is obtained:
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(34)

Equation (34) shows V t˙ ( ) is negative semi-definite. It implies that

Fig. 16. The pose of the space robot base.

Fig. 17. The accelerations of the space robot base using PD control.
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the energy along the system trajectories can't increase. The controlled
system is energy dissipative. Then, the proposed control law (25) can
guarantee the stability of the closed-loop control system of space robot
with flexible appendages.

5. Simulation study

5.1. A planar space robot system with flexible appendages

A 3-link planar space robot with two flexible appendages is taken as
a practical example to verify the proposed method. It is composed of a
3-DOF rigid manipulator, a rigid base and two flexible appendages,
shown in Fig. 5. The parameters of the flexible appendages are as fol-
lows: the length is l5= l6= 3.5m; the linear density is 10 kg/m; the
bending stiffness is EI= 175 kgm2. The flexible appendage of space
robot (i.e. bodies B5 and B6) are respectively installed at [0.75m, 0m]
and [-0.75m, 0m] with respect to the body frame of B1. The mass
parameters of rigid bodies are shown in Table 1.

Initially, the position of the base centroid and the attitude angle of
the base are both zero. And the joint angles of the space manipulator
are assumed to be:

= −Θ [ 80 , 80 , 80 ]0
o o o T (35)

The pose of the target coordinate system is as follows:

=r [4.22 0.45]t0
T (36)

=θ 90t0
o (37)

The proposed vibration suppression control of flexible appendages
during autonomous target capturing is verified based on the simulation
of typical cases. In order to show the effectiveness of the proposed
control strategy, the simulations results using traditional PD controller
are also given to compare with the proposed method.

Actually, by setting kij(t)≡0, the energy-based joint control law
given in equation (25) will be reduced to the traditional PD controller,
i.e.:

= − + − =τ k θ θ k θ θ i( ) ( ˙ ˙ ) ( 2,3,4)i i i i i i ip d d d (38)

5.1.1. Stationary target capturing simulation
The control parameters used in the simulation are shown in Table 2.

The simulation results are shown in Figs. 6–10. Fig. 6 shows the pose of
the manipulator end-effector. The target is successfully captured when

Fig. 18. The 3D space robot system and the target.

Fig. 19. The coordinate system of the space base and its solar wing.

Fig. 20. The coordinate system of the target spacecraft.
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tf = 12.52s by using the EBVC (energy-based vibration suppression
control) method.

Figs. 7 and 8 show the vibration curves of the flexible wings. The
vibration of the solar wings is described by using the movement dis-
placement of the end point of the solar wing relative to the y-axis di-
rection of the floating coordinate system. Figs. 7 and 8 respectively il-
lustrate the vibrations (i.e., the y-axis position of Point G and Point H)
of solar wing B5 and B6. It can be seen that the vibration level of B5 and
B6 resulted by using EBVC method is significantly lower than that by
using the PD controller. Taking B5 as an example, the maximum am-
plitude of the B5 reaches 193mm by using the PD controller, but it is
only 143mm by using EBVC method. The vibration amplitude decays
rapidly to less than 10mm after t=3s in the case of using EBVC
method. However when using the PD controller, the vibration ampli-
tude is still up to 60mm at t=10.4s.

Fig. 9 shows tracking curves and planning curves of joint angles by
using EBVC method. The results show that the EBVC method can im-
plement the expected goals and has very good performance. The pose of
the robot base is shown in Fig. 10. For the PD control, the attitude and
the centroid position of the base vary from 0° to 29.1° and from [0m,
0m]T to [0.0382m,−0.0388m]T, respectively. And they are from 0° to
−29.2° and from [0m, 0m]T to [0.0382m, −0.0387m]T for the EBVC
control. The results show that changes of base's pose are essentially
identical for the two control methods.

5.1.2. Moving target capturing simulation
Another case for simulation is moving target capturing. The moving

speed of the target is as follows:

= − t t sv [ 100 sin(2 ) 100 sin(2 )] mm/t
T (39)

=ω t ssin(2 ) /t
o (40)

where, vt and ωt are respectively the linear velocity and angular velo-
city of the target. The centroid position and attitude of the target are
shown in Fig. 11 and Fig. 12 respectively. The control parameters are
listed in Table 3.

The simulation results are shown in Figs. 13–16. Fig. 13 and Fig. 14
show the vibration curves of the flexible wings. It can be also seen that
the vibration levels of B5 and B6 by using EBVC method are significantly
lower than those by using PD controller. Taking B5 as an example, the
maximum vibration amplitude of B5 reaches 100mm by using PD
controller, but it is only 74mm by using EBVC method. For the PD
control, the final vibration value is−63mm. But it is only−2.8 mm for
the EBVC control, and it satisfies the grasp condition.

Fig. 15 shows tracking curves and planning curves of joint angles by
using EBVC method. And the results also show that the EBVC method
can implement the desired goals and has very good performance for
moving target capturing. The pose of the robot base is shown in Fig. 16.
For the PD control, the attitude and the centroid position of the base
vary from 0° to −33° and from [0m, 0m]T to [0.045 m, −0.042m]T,
respectively. And they are from 0° to −30.2° and from [0m, 0m]T to
[0.039m, −0.039m]T for the EBVC control. Fig. 17 shows the accel-
erations of the space robot base by using PD control. The results show
that a sudden increase of the accelerations of the space robot base after
12s stimulates the flexible appendages to generate large vibrations.

Fig. 21. The coordinate system of the space robot.

Table 4
The geometric and material parameters of the solar wing.

Parameter Size a× b× c (m) Density
ρ(kg/m3)

Elastic
modulus E
(Pa)

Poisson's
ratio υ

16.262× 2.29× 0.025 30 8×109 0.3

Fig. 22. The first three order vibration modes of the solar wing.
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5.2. A 3D space robot system with a flexible appendage

The designed space robot system (shown in Fig. 18) used for the
simulation is composed of a central rigid body, a flexible solar panel
and a 7-DOF serial manipulator. The solar paddle is connected to the
robot base through a rotating hinge with one degree of freedom. Hence,
the space robot can be described using 10 bodies (including the inertial
frame) and 9 hinges.

5.2.1. The model parameters
The space robot is a hybrid rigid-flexible system, i.e. it is composed

of rigid and flexible bodies. The centroid frame and floating coordinate

system are respectively used as the body-fixed frames of the rigid and
flexible bodies. Fig. 19 shows the coordinate systems for the robot base
and its solar wing. Frame O1x1y1z1is the centroid frame of B1. The
origin is located in the center of mass (CM) of B1. Frame O2x2y2z2 is the
floating coordinate system of B2 (it is a flexible body). Its origin, i.e. O2,
is located at the hinge between the solar paddle (B2) and the central
rigid body B1. The body-fixed frames of the space manipulator are de-
fined as Fig. 21 (when the joint angles are all zero). The origins are
located in the centroid of each link of the manipulator. The z-axes of the
frames are the rotation directions of corresponding joints. The co-
ordinate systems of the target spacecraft are shown in Fig. 20, where,
Otxtytzt is the centroid frame of target. A frame, denoted as

Table 5
The mass properties of rigid bodies.

B1 B2 B3 B4 B5 B6 B7 B8 target

Mass (kg) 1500 11.08 12 18 10 18 12 14.08 5000
ai (m) 0 0 0 0 0 0 0 0 –

0 0 0 0 −0.9 0 −0.1 0 –
0 −0.1 0 −0.9 −0.3 0 0 0 –

bi (m) 0 0 0 0 0 0 0 0 –
0.9 0 0 0 0.9 0 0.1 0 –
0.75 0.1 0 0.9 0 0 0 0.54 –

I(Kg⋅m2) Ixx 800 0.0505 0.0547 4.8850 0.2207 4.8850 0.0547 0.0505 1000
Iyy 600 0.0505 0.0547 4.8850 0.2207 4.8850 0.0547 0.0505 800
Izz 700 0.0272 0.0294 0.0441 0.0245 0.0441 0.0294 0.0272 900
Ixy 0 0 0 0 0 0 0 0 0
Iyz 0 0 0 0 0 0 0 0 0
Ixz 0 0 0 0 0 0 0 0 0

Fig. 23. The vibration curve of solar panel at point G.

Fig. 24. The curves of relative pose for capturing moving target.
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xnozzleynozzleznozzle, is defined to represent the apogee engine nozzle. Its
origin is located in the circle center of the bottom surface of the apogee
engine nozzle. And the position of the origin relative to the centroid
frame of target is [0 m, −2.29m, 0m]. For the capturing simulation,
the nozzle frame is taken as the target frame of visual measurement and
navigation algorithm for the space robot.

The solar wing of the space robot (i.e., bodies B2) is installed at
[0.75m, 0m, 0m] with respect to the centroid frame of B1. The geo-
metric and material parameters of the solar wing are shown in Table 4.

With structural modal analysis of the solar wing by ANSYS software,
we can get the natural frequencies, the modal matrixes, the lumped
mass of each node, the position vector from the origin of the floating
reference frame to each node, etc. These parameters are used for the
simulation. The first three natural frequencies calculated by ANSYS are

0.1841 Hz, 1.1154 Hz and 2.4119 Hz, respectively. And the first three
order vibration modes of the solar wing are shown in Fig. 22.

The mass properties of rigid bodies in the space robot are listed in
Table 5.

5.2.2. Moving target capturing simulation
The initial positions of the chaser's CM and the target's CM relative

to the inertial frame are respectively:

=r [0 0 0] m10
T (41)

=r [4.5 0.05 2.8] mt0
T (42)

The attitudes of the chaser and the target are respectively:

= − −Ψ [ 1.8 37 3.5 ]10 o o o T (43)

Fig. 25. The curves of the joint angles.

Fig. 26. The pose of the space robot base.
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= − −Ψ [5 5 2.5 ]t0 o o o T (44)

The initial joint angles of the space manipulator are as follows:

= − −Θ [5 54 0 150 5 35 95 ]0 o o o o o o o T (45)

The 3D mode corresponding to the initial state of the system is
shown in Fig. 18. The linear velocity of the target's CM relative to the
inertial frame and the angular velocity of the chaser's base are as fol-
lows:

= − sv [ 5 5 5] mm/t
T (46)

= sω [0.3 0 0] /t
T o (47)

The control parameters used in equation (25) are:

=K [80 80 20 40 2 20 0.2]p
T (48)

=K [200 280 100 120 10 120 1]d
T (49)

= × ×α [1.5 10 1.5 10 900 40 2 2 1]6 6 T (50)

=β [0.1 0.1 0.1 0.1 0.1 0.1 0.1]T (51)

The simulation results are shown in Figs. 23–26. The y-axis com-
ponent (i.e. yG) of the end-point position (i.e. Point G shown in Fig. 19)
of the solar paddle with respect to the floating coordinate system is used
to describe the structure vibration. Fig. 23 shows the vibration curve of
the flexible wing. From Fig. 23 we can see that the vibration is ob-
viously reduced after using the EBVC method and the size of vibration
approaches zero after 40s. The vibration level of the flexible wing by
using EBVC method is significantly lower than that by using PD con-
troller. For the PD control, the final vibration value is−23mm. But it is
only −0.02mm for the EBVC control and satisfies the grasp condition.

Fig. 24 shows the real pose of the handle relative to the end-effector.
When the end-effector approaches the target within the given thresh-
olds of εp and εo (in this simulation, the position threshold is 0.01m and
the attitude threshold is 1°), the manipulator is commanded (at t= 49 s
for PD control and t= 51.7 s for Energy-based vibration control) to
capture the target. Fig. 25 depicts the curves of the manipulator joint
angles. The pose of the space robot's base is shown in Fig. 26. For the PD
control, the attitude and the centroid position of the base vary from
[-1.8°, −37°, 3.5°]T to [8.66°, −39.73°, −2.242°]T and from [0m, 0m,
0m]T to [-0.047m, −0.0016m, −0.023m]T, respectively. And they

Fig. 27. The final state after capturing moving target.

Fig. 28. The experiment setup of vibration test: 1. Space robot base, 2. Joint, 3. Steel plate, 4. Air feet, 5. Piezoelectric sensor, 6. Aluminum plate, 7. Aluminum block,
8. Power supply, 9. Central control unit, 10. PC, 11. Marble platform.

Fig. 29. The curves of the joint angle.
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are respectively from [-1.8°, −37°, 3.5°]T to [9.49°, −39.85°, −2.77°]T

and from [0m, 0m, 0m]T to [-0.049 m, −0.0022m, −0.025m]T for
the EBVC control. The final state of the space robot system is illustrated
in Fig. 27.

All the above results show that the EBVC method significantly re-
duces the vibration level of flexible appendages while tracking joint
trajectory with high accuracy. It is very important not only for cap-
turing the target, but also for providing a good condition for the sta-
bility control of the compounded system after the target is grasped.

6. Experimental study

6.1. Hardware design

We design a single-degree-of-freedom space robot experimental
system. The complete setup of the experiment is shown in Fig. 28. The
space robot's base labelled as ‘1’ is free-floating. The joint labelled as ‘2’
is a revolute joint. Arm link labelled as ‘3’ is a steel plate, which can be
regarded as a rigid body. The air feet labelled as ‘4’ supports the whole
space robot system to carry out micro-friction movement. Label ‘5’ re-
presents the flexible appendage, which is simulated with a thin alu-
minium plate. The piezoelectric sensor labelled as ‘6’ is mounted at the
thin aluminium plate. The piezoelectric sensor is used to measure the
size of the vibration of thin aluminium plate. Label ‘5’ represents alu-
minium blocks. The power supply labelled as ‘8’ provides 24 V voltage
for the joints and the central control unit labelled as ‘9’. The central
control unit transmits the generated control instructions to the con-
troller of the joint. The PC labelled as ‘10’ generates the planning tra-
jectory and the control algorithm. The marble platform labelled as ‘11’
provides a high-precision work plane for the air feet.

6.2. Experiment on vibration suppression of the flexible appendage

The proposed vibration suppression control of flexible appendages
using the manipulator joints is verified based on the space robot ex-
perimental system. In this experiment, the joint of the manipulator
moved from 0° to 20°. 3rd order polynomial function is used to plan the
joint's trajectory. The total experimental time is 30s, of which the

planning time is 20s. In order to make the experimental effect more
obvious, we give a large initial vibration of the flexible appendage.

The experimental results are shown in Figs. 29–31. Fig. 29 shows
the curves of the joint's angle. Fig. 30 shows the curve of the voltage
generated by the piezoelectric sensor. The size of the voltage represents
the size of the vibration of the flexible appendage. It can be seen that
the speed of vibration decay of the flexible appendage by using EBVC
method is significantly faster than that by using the PD controller. The
vibration of the flexible appendage is substantially zero after 24 s when
using EBVC method. However, when using the PD controller the pie-
zoelectric voltage caused by the vibration of the flexible appendage is
still up to 2.5 V at the end of the simulation. Fig. 31 shows the curve of
the value of parameter k when using EBVC method. The value of k
becomes zero when both the vibration and the joint velocity are zero.

7. Conclusion

When a space robot with flexible appendages is deployed in space,
the structure flexibilities will easily cause vibration during orbit and/or
attitude maneuvering of the base, and the operation of the manip-
ulators. In this paper, we derived the rigid-flexible coupling dynamics
of a space robot system with flexible appendages. Then, a method was
proposed to meet the requirements of on-line trajectory planning for
moving target capturing and vibration suppression control of the flex-
ible appendages. This method is effective for the free-floating space
robot with flexible appendages where the base is not actively controlled
during the target capturing. In fact, it can be extended to deal with
other cases, such as for target capturing using flexible-link and/or
flexible-joint space robot. If the manipulator has redundancy, the dis-
turbance on the base can be minimized. Moreover, if the attitude of the
base and the manipulator joints are controlled in coordinated beha-
viour, the control performance will be better. In the future, we will
deeply study the vibration suppression control for the above cases, i.e.
flexible-joint flexible-link space robot application, optimal control
based on redundancy resolution, coordinated control for high perfor-
mance, and so on.
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