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Abstract Flexible appendages, such as solar panels, communication antennas and other large structures, are
mounted on the base of a space robot and target satellite. The vibration of the flexible structure is excited by
operations of a space manipulator. It is very challenging to control the vibration of large flexible appendages
for on-orbit operation and, especially when the manipulator operates a non-cooperative target with unknown
structural parameters and vibration information. In this study, a hybrid control method is proposed based
on wave-based control and PD control methods to control the motion of a manipulator while suppressing the
vibration of appendages. First, the rigid-flexible coupled dynamic model of a compounded system is established.
This is followed by designing a hybrid control strategy combining wave-based control and PD control for rest-
to-rest maneuvers based on the characteristics of the compounded system. Finally, the simulation of a 3D
compounded system is provided to verify the effectiveness of the presented approach. The simulation results
indicate that the space robot can successfully berth the target while suppressing the vibrations of the structure.
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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 [1-4]. As a service object, a spacecraft such
as a GEO satellite for broadcasting, communication, and weather forecasts, is growing in size to satisfy
increasingly demanding mission requirements. Large flexible components, such as antenna reflectors and
solar paddles, are inevitably mounted on the spacecraft. For example, the Japanese Engineering Test
Satellite VIIT (ETS-VIII) has a size of 40 m x 37 m and a mass of 3000 kg [5]. Two large deployable
reflectors are appended in the roll axis direction, and a pair of solar paddles rotates around the pitch
axis at a rate of 360°/day to continuously face the sun. The modeling of a large flexible spacecraft on orbit
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is a complex task [6]. Conversely, a space robot used to complete on-orbit servicing tasks also has
generally flexible solar panels. It is very challenging for this type of a space robot to capture and repair
large flexible satellites.

Recently, researchers focused on studying space robots with flexible appendages to capture and manip-
ulate large flexible satellites. Gasbarri and Pisculli [7] proposed a mixed Newton-Euler/Euler-Lagrange
modeling formulation for a space robot and a spacecraft with flexible solar arrays. This was followed
by two control strategies involving compensation of the flexibility excitation of the chaser satellite solar
panels during the capture of a flexible target spacecraft that were presented and applied to a grasping
maneuver. The spatial dynamics and control of a 6-DOF space robot with flexible panels was examined
in a previous study [8]. The computed torque control method was used to design an active controller to
suppress spacecraft drift caused by impact. Zarafshan et al. [9] derived the dynamics model by virtually
partitioning the entire system into rigid and flexible portions, and developed an adaptive hybrid suppres-
sion control algorithm. Hirano et al. [10,11] developed a simple dynamic model of space robot with a
rigid manipulator and a flexible appendage, which was modeled using a virtual joint model. Kojima and
Kasai [12,13] applied the input-shaping technique to control the link motion of a planar space robot that
was equipped with a single flexible appendage. Azadi et al. [14] studied the vibration suppression of a
smart flexible satellite moving in a circular orbit by using piezoelectric layers as sensors and actuators.
In [15] an adaptive-robust control scheme was used to achieve the large angle trajectory tracking of a
satellite and suppress the vibration of the appendages. Xu et al. [16] developed a dynamic model and a
closed-loop simulation system of a space robot with two flexible appendages to capture a large flexible
spacecraft. A few planning and control strategies for reducing the residual vibration were also presented
based on the dynamic simulation and analysis of different cases.

It is very challenging to control the vibration of large flexible non-cooperative satellites when these
satellites are manipulated by a space robot. This is due to the following reasons: First, it is difficult
to identify the mass inertia parameters of non-cooperative spacecrafts are difficult. Specifically, it is
difficult to accurately identify the structural vibration parameters of flexible appendages. Second, it is
not easy to measure the vibration information of flexible appendages. Thus, due to the fore-mentioned
constraints, it is difficult to practically perform control methods that require vibration information related
to a flexible appendages as the feedback signal or require an the accurate model. Over the last few years,
a vibration control method based on wave-echo principle was studied in the control of lumped flexible
systems. O’Connor [17,18] firstly applied the wave-based control method in a lumped-parameter mass-
spring system. Cleary et al. [19] applied the wave-based method to control space debris motion via
an elastic tether. The use of the wave-based method can achieve an arbitrary change in the target
with respect to the magnitude and direction of its velocity while ensuring the control of the tether
and debris. Marek [20] researched the implementation of wave-based control for experiments using a
servomotor. In [21], the wave-based method was used for oscillation damping of elastic-link robotic
arms, and a practical application of the oscillation damping on a multi-elastic-link experimental setup
was demonstrated. Ref. [22] discussed the vibration suppression of a lumped torsional system using a
wave-absorption filter that considered the boundary condition. The main advantage of the wave-based
control is that it does not require a precise model of the controlled object. A wave-based method can
achieve a significant effect of vibration control by only using the information of the interface between the
actuator and the flexible system. The present study focuses on combining the wave-based method and
PD control to suppress the vibration of large flexible appendages.

The remainder of this paper is organized as follows. Section 2 establishes the dynamic equations
of a compounded system composed of a space robot and a target spacecraft. In Section 3, a hybrid
control strategy combining wave-based control and PD control is constructed to suppress the structure
vibration. Section 4 presents simulation studies of a typical case by a 7-DOF 3D space robot with
a flexible appendage and a target with a large flexible appendage. The final section summarizes and
concludes the paper.
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Figure 1 The model of the compounded system.
2 Dynamic modeling of the compounded system

Following capture, a target satellite is locked to the end-effector of a space robotic system with flexible
appendages as shown in Figure 1. This is followed by the formation of a new system termed as the
compounded system. It is composed of a robot base with m; flexible appendages, a serial manipulator
(called space manipulator) with n degrees of freedoms (n DOFs), and a target base with mqy flexible
appendages. Each flexible appendage is fixed to a robot base or target base through a fixed hinge.
The target base is fixed to the end-effector of the space manipulator through a fixed hinge. Hence,
the compounded system can be described by n+m+3 bodies (including the inertial frame) and n+m-+2
hinges, m = m1 + ms.

2.1 Dynamic modeling of the compounded system with flexible appendages

In order to derive the dynamic equations, the symbols (shown in Figure 1) of the compounded system
with flexible appendages are defined. Specifically, }, denotes the inertia frame; >, (i =1,...,n+ 2)
denotes the body fixed frame of the rigid body B;; >, (i= n+3,...,n+ m+ 2) denotes the floating
frame of the flexible body B;; C; (i = 1,...,n + 2) denotes the position of the rigid body B;’s CM
(center of mass); C; (i=n+3,...,n+ m+ 2) denotes the position of the flexible body B;’s CM; and
r; € R3 (i=1,...,n+ m+ 2) denotes the position vector of C;. Additionally, a; € R? (i=2,...,n+2)
denotes the position vector from H; 1 to Ci; b; € R® (i = 1,...,n + 1) denotes the position vector
from C; to Hy; b; € R3 (i = n+3,...,n+mq + 2) denotes the position vector from Cy to H;; and
b; € R® (i=n+m1+2,...,n+m+2) denotes the position vector from C, o to H;. Furthermore,
O € R" is the manipulator motor angle vector, i.e., © = [fa,...,0,11]T; ¢ € R™ denotes the manipulator
link angle vector; ¢ € R™ denotes the elastic variable vector of the flexible appendages; x;, € R denotes
the position and orientation vector of space robot base; and ¥; € R? denotes the base attitude represented
by xyz Euler angles.

In this study, the virtual torsion spring and lumped mass are used to approximately describe the
flexible solar paddle. As shown in Figure 2, point C denotes the center of mass of the solar paddle. Point
B denotes the position at which the solar paddle is connected to the satellite base. Two virtual torsion
springs are built at the root of each paddle based on the vibration characteristics of solar paddles. A
virtual torsion spring is used to describe the bending vibration, and the other torsion spring is used to
describe the torsional vibration.

The dynamic equation of the compounded system with flexible appendages is as follows:

Hy, Hyqg Hy, Ty Ty 0 Zp 0
HY Hyy Hyp | | G | +C(@0,0,0:80:4:9) | ¢ | +| 0 qg|=|mm|: (1)
HI;I:p HqT<p Hyy ¢ ® K, ¥ 0



Meng D S, et al. Sci China Inf Sci  May 2017 Vol. 60 050203:4

7

Thl: virtual torsion spring

describing the torsional vibratjon
1

" 9 PB

fescribing the bending vibration

Figure 2 The lumped mass model of the flexible solar paddle.

N
- \ a7
, s q e~
" e T T
pring I in
/N:1 ..L;}Tf //
/ 4 wr /
/ .

Figure 3 The simplified model of the flexible joint.

wherey = [z, ¢, )Y, Hyp, Hpq, Hop, Hyq, Hyp and H,, denote sub-mass matrices. C (24, ¢, ¢, @b, §, @)
denotes the coupling matrix including Coriolis force and centrifugal force. Additionally, K, denotes the
stiffness matrix of the flexible appendages, and 7, denotes the manipulator joint torque vector.

2.2 Dynamic modeling of the compounded system with flexible appendages and flexible
joints

The flexibility of the manipulator joint is not considered in (1). The simplified model of a flexible joint
is shown in Figure 3. Additionally, 7 and o denote the torque and the rotation angle of the motor,
respectively. The motor angle is reduced to 6 (= o/N) through the harmonic gear reducer, and the
output torque is enlarged to NT.
The flexible joint can be simplified as a linear torsion spring unit as shown in Figure 3. The dynamic
equation of joint ¢ is as follows [23]:
LN2Oi + Toi = Tsi, (2)

where I; denotes moment of inertia of the motor. 75; denotes the driving torque of joint motor ¢ (the
torque output by the gear reducer) and 75; = NT. 7,,; denotes the joint torque caused by spring unit
and the following expression:

Tmi = K7 (0i — qi) (3)

where K j; denotes the stiffness of joint 4. Combining (1) and (2), the dynamic equation of the compounded
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Figure 4 A schematic of the wave-based control.
system with flexible appendages and flexible joints can be obtained as follows:

{H(y)y+0(y,y)y+KyTv (4)

Jé+Tm = Ts,

Hpp Hpg Hpy

where H (y) denotes the mass matrix, H (y) = | #s; Has Hae |. K denotes the stiffness matrix, K =
Hjy Hap Heyp
0
[ 0 } T = [O,T,E,O]T € R 75 = [1651,. .. ,Tsn]T € R™ is a vector composed of driving torques
Ko
of joint motors; and 7, = [Tyn1, .- .,Tmn]T € R™ is a vector composed of joint torques. Additionally,
1IN}
J = } € R™*™ is a diagonal matrix composed of the equivalent moment of inertia of

IngmNigm
the motor after deceleration.

3 Hybrid control strategy for the vibration suppression of the compounded
system during an on-orbit operation

With respect to the compounded system with flexible appendages and flexible joints, the vibration energy
is transferred between appendages and the joints of the manipulator. Thus, the vibration information
of flexible appendages can be obtained by measuring the deformation or torque of the joints. In this
study, a control method combining wave-based control and PD control is designed to solve the vibration
suppression for on-orbit operation of large flexible spacecrafts. The suppression of the vibration of large
flexible appendages only requires the deformation or torque of manipulator joints. Thus, this method
could be potentially used in several engineering applications.

3.1 The wave-based control principle of lumped flexible systems

Wave-based control (WBC) was initially applied to continuous flexible system control. In 1998, O’Connor
et al. [17] firstly applied the wave-based control to a lumped flexible system. Wave-based control is
a breakthrough control method that can implement control of the flexible system without complete
knowledge of the system model. As shown in Figure 4, the core idea of this method involves considering
the flexible motion as a superposition of wave motions in two opposite directions [24], and this is termed
as: the launching wave and the returning wave. The motion of the actuator is considered as a mechanical
wave (launching wave) with respect to the system. The flexibility of the system allows the wave to
propagate in the system and returns after a certain boundary condition. The vibration of the flexible
system can be effectively suppressed if the return wave is absorbed. Specifically, G(s) and H(s) denote
the wave transfer functions.

With respect to a system with infinite extension at one end, the wave enters the system to spread to
the right without reflection. This type of flexible system does not generate vibration. The wave-based
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Figure 6 The model of wave-based control for rotating the lumped flexible system.

method adopts this principle to eliminate vibration. With respect to a flexible system, there is no return
wave if it is assumed that there is another actuator that absorbs the launching wave at the right end.
However, most actual systems only involve a single actuator. Therefore, only the same actuator can be
used to complete the wave emission and absorption. As shown in Figure 5, the actuator launches the
wave that is reflected at the free end into the system, and the returning wave is finally absorbed by the
same actuator. This loop process is equivalent to an infinite extension of the system.

It is necessary to satisfy three conditions to imitate the circulation of the wave. First, the wave can
propagate through the system. Second, the wave can be completely reflected at the free end. Finally,
the reflected wave can be completely absorbed. If the boundary is free and the wave transfer function
G(s) = H(s), then the launching wave can be completely reflected at the right boundary, and the
boundary condition satisfies b,, = a,,G(s) as demonstrated in [18].

A simple and effective waveform control scheme is shown in Figure 6. The input of the actuator consists
of the following two parts:

O (t) =0, (t) + 0y (t) ) (5)

where 0,(t) denotes the launch displacement and its value corresponds to half of the desired value 64(t)
as detailed in the following expression:

0 (1) = 64 1). (6)

In (5), 6,(t) denotes return displacement. The calculation of return displacement is very important
because it is related to the effect of vibration absorption. Several methods exist to calculate return
displacement [25]. In this study, the force impedance method that is suitable for a complex system is
adopted. Furthermore, 6, is calculated as follows:

000 =3 [t00 - 5 [ 2] = 5 [0 ) - [ 100001 01 at]. )

where 7y denotes the torque of the flexible joint torsion spring that is directly associated with the actuator
and o = k1(69—61). Additionally, Z denotes the impedance coefficient and can be defined as Z = A/k1 11,

and A denotes a coefficient with a value greater than zero and w, = %1 / ’;—1 As observed from (7), 6

is composed of two parts in which the first part implements the other half of the desired input and the
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Figure 7 (Color online) Hybrid control strategy for a large flexible spacecraft in-orbit operation.

second part is related to the return torque of the first flexible joint. The introduction of the force integral
term in 6 has two effects, namely an effect in which the vibration of the system is absorbed and an other
effect that ensures the final position of #y, which is equal to the final value of the desired input 64 for
rest-to rest maneuvers.

It is assumed that the actuator can exactly track the reference input, and thus the following equation
holds

0o (1) = 0w (1) (8)

Substituting (5)—(7) into (8), the following equation is obtained

o (1) = 0 (1) — % / 7o (1) dt = 0a (t) — wn / 0 (£) — 0 ()] dt. )

From (9), it is observed that the output angle of the actuator is equal to the reference input when
a vibration transmission does not exist in the system, i.e., 7y is equal to zero. With respect to the
rest-to-rest maneuvers, the vibration of the system tends to be zero under the action of active damping.
Thus, the wave-based control can ensure that the actuator reaches the steady-state desired position and
absorbs the vibration energy within the system.

3.2 Hybrid control strategy for vibration suppression of the compounded system

After capturing the large flexible spacecraft, the space robot “grasps” the large flexible spacecraft for
on-orbit operations such as target berthing. Two control objectives exist for this maneuver, namely
the movement of the space manipulator to a desired position and the vibration suppression of flexible
components. The joints of a space manipulator have flexible components, such as harmonic reducers,
and thus the entire compounded system can be treated as a lumped flexible system that is connected by
torsion springs. With respect to the aim of this compounded system, a hybrid control strategy combining
wave-based control and PD control is adopted for vibration suppression during the rest-to-rest maneuvers
on-orbit. The control block diagram mainly includes trajectory planning, wave-based control, joint PD
control, and the system dynamics model as shown in Figure 7.

Trajectory planning module generates the trajectory of a space manipulator joint based on on-orbit
operation tasks. The wave-based control module processes the desired value @4 obtained from the
trajectory planning module based on the principle of wave-based control as described in Subsection 3.1.
The superposition of the launch displacement ©, and return displacement @, is used as the actual input
value of the manipulator joints. Additionally, ©, and O are calculated based on (6) and (7), respectively.
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The output displacements of the motor and manipulator joint torque are used as the feedback information
to calculate the return displacement ©.

1 1 1
9w9a+9559d+§<95/7mdt>, (10)

where ©,, denotes the actual input of the manipulator joint that is obtained by shaping the desired input
by using the wave-based controller. The control torque of the motor of manipulator joint is then obtained
by the PD controller as follows:

Ts :Kp(ewfg)*"Kd(@'w*@.)a (11)

where K, and K4 denote the proportional and derivative control coefficient matrices, respectively. The

joint torque 7, in the current state is calculated by (3). By substituting 75 and 7, into the second

formula of the dynamic (4), the output displacement, denoted as ©, of the joint motor of next moment

is obtained. According to (3), using the new value of © updates the joint torque 7,,, and substituting 7,,

into the first formula of dynamic (4) obtains the system state variables at the next moment.
Substituting (10) into (11), the following equation is obtained:

1 1
Tg = 5 (er + Kde) — ﬁ (Kp /det + KdTm) 5 (12)

where e = ©4 — O. As indicated in a study by (12), the control torque of the manipulator joint consists of
two parts. The first part is related to PD control law and guarantees that the manipulator joint motion
tracks a desired trajectory. The second part is related to the joint torque and ensures that the vibration
energy of the system is restrained or absorbed. With respect to the rest-to-rest maneuvers, the vibration
of the system also tends to zero under the action of active damping. The manipulator joints attain the
desired steady-state position through the PD control. Thus, for the rest-to-rest maneuvers, the final
steady states of the system correspond to lim; o, € — 0 and lim;—,» (6 — ¢) — 0.

3.3 Stability analysis

With respect to the dynamic (12), the following properties hold:
Property 1. The inertial matrix H(y) is a symmetric positive definite matrix that verifies as follows:

Am < H ()] < A, (13)

In (13), A\, and Aj; denote the minimal and maximal eigenvalues of H.
Property 2. The matrix $H (y) — C (y,¢) is skew symmetric, and thus the following expression holds

1 Y
i (5 0) - Ci) )i =0 (14)
The following relationships are defined:
A=0— q,

0 =646 —uw, [Adt, (15)
§=qa—q—wy, [ Adt.

The control law (12) can be rewritten as follows:

1 1
Te = 5Kp (e — wn/Adt) + §Kd (6 —wpA). (16)

By setting all derivatives in (4) to zero for the desired equilibrium point and including ¢4 = 0, the
desired motor position is equal to the desired link position as follows:

O4 = qa. (17)
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In order to prove the stability of the controller, the following Lyapunov function candidate is considered:

_ILT; ]‘-T . 1/~ AT - ~ 1T 1”T B 1 .
V=56"I0+ 3y Hy+§(9—q) K, (@—q)+§<,9 Ko+ 107K, + 5 (wnd) " (wad). (18)

Evidently V is positive definite. The derivative of the Lyapunov function V is as follows:
. I3 S 1 . B AT ~ 1= ~ .
V=0TI0+ T Hij+ 3 Hy+ (6 - d) Ky (6—d)+¢"Kuo+ 50T K0+ (@) (wad), (19)
Substituting (4), (14)—(17) into (19), results in

V= —% (6+ w,,LA)TKd (6+wnd) = (wad) ' KsA+ (6 + 2w,,LA)TanA, (20)

It is assumed that A = ¢©. By substituting A = 0 and w, = % k—]’ into (20), the following
relationship is obtained:

V:J(éﬂu A)T(K — 2Jwne) (9+w A)—AT K, (14 22)| A (21)
9 n d n n niNJ )\2 .

Sufficiently high values of K4 and A can be selected to guarantee Kq — 2Jw,e > 0 and 1 + )\—125 > 0.
Additionally, w, and K ; are consistently greater than zero. Thus, it is guaranteed that V' is negative
semi-definite. This implies that it is not possible for the energy along the system trajectories to increase.
The controlled system is energy dissipative. The proposed control law (12) can guarantee the stability of
the closed-loop control system.

4 Simulation study

4.1 A 3D simulation model and the model parameters

The compounded system (shown in Figure 8) used for the simulation is composed of a space robot with
a central rigid body, a flexible solar paddle and a 7-DOF serial manipulator, and a target spacecraft with
a central rigid body and a flexible solar paddle.

The centroid frames are used as the body-fixed frames of the system bodies. Figure 9 shows the
coordinate systems for the robot base and its solar wing. Frames Oix1y121 and O10x10y10210 denote
the centroid frame of the robot base B; and appendage Big, respectively. Both their origins are located
in the center of mass (CM). The coordinate systems of the target spacecraft are shown in Figure 10,
where, Ogz9y9zg and O11211Y11211 respectively are the centroid frames of target base By and appendage
Bii1. The body-fixed frames of the space manipulator are defined as Figure 11 (when all the joint angles
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correspond to zero). The origins are located in the centroid of each link of the manipulator. The z-axes
of the frames correspond to the rotation directions of the corresponding joints.

The solar wing of the space robot (i.e., body Big) is installed at [0 m, 0 m, 0.75 m] with respect
to the centroid frame of B;. The solar wing of the target (i.e., body Bii) is installed at [0 m, 0 m,
1.05 m] with respect to the centroid frame of Byg. With respect to Bjp, the virtual torsion spring
stiffness of the bending vibration and torsional vibration correspond to 2000 Nm/rad and 3000 Nm/rad,
respectively. The bending frequency and torsional frequency of the appendage Big are 0.3013 Hz and
1.949 Hz, respectively. With respect to Bii, the virtual torsion spring stiffness of bending vibration
and torsional vibration are 1000 Nm/rad and 1500 Nm/rad, respectively. The bending frequency and
torsional frequency of the appendage Bi; are 0.091 Hz and 1.165 Hz, respectively. The stiffness of each
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Table 1 The mass properties of the rigid bodies

Parameter By By B3 By Bs Bs By Bs By Bio Bi1
Mass (kg) 1500 15 15 30 30 15 15 30 3000 30 45
0 0 0.15 0 0 0 0 0 1.8 - -

a; (m) 0 0 0 1.15 1.15 0 0 0 0 - -
0 0.15 0 —-0.15 —-0.15 —-0.15 0.15 0.25 0 - -

0.9 0.15 0 0 0 0.15 0.15 0 - 0 0

b; (m) 1.1 0 —0.15 1.15 1.15 0 0 0 - 0 0
0 0 0 —-0.15 —-0.15 0 0 0.44 - 4.5 7

100 1 1 2 2 1 1 2 200 558 3054

I (kg -m?) 100 1 1 2 2 1 1 200 537 3025
100 1 1 2 2 1 1 200 20 28

manipulator joint corresponds to 10000 Nm/rad. The mass properties of the compounded system are
listed in Table 1. All the inertias of the joint rotor correspond to 0.01 kg - m?.

4.2 Vibration suppression for target berthing mission

Immediately following the captured of the target (i.e., the pre-capture and contact/impact stages are
finished), the space manipulator is in a non-ideal configuration for the next on-orbital servicing tasks.
Thus, it is necessary to move the target to the normal configuration. This process is termed as target
berthing, and the normal configuration is termed as the berthing configuration.

It is assumed that the initial angle of the virtual torsion spring of bending vibration and torsional vibra-
tion correspond to 5° and 1°, respectively, and the capture configuration and the berthing configuration
are as follows:

O = [ 60° 90° 0° ~60° 0° —30° 110° |, (22)

67 = [ 90° 90° —80° ~100° 90° 0° 90° |. (23)

The 3D states corresponding to (22) and (23) are shown in Figures 8 and 12. They are supplied
by a closed-loop simulation system developed in [16]. The 5th polynomial function is used to plan the
joint trajectory. The total simulation time length corresponds to 80 s, and the time for joint trajectory
planning is 15 s. Hence, the manipulator moves to the berthing configuration at 15 s.

The simulation results are shown in Figures 13-17. Figure 13 shows the vibration curve of the flexible
wing. Additionally, ¢1 and o represent the torsional deformation and bending deformation of appendage
By, respectively. Furthermore, p3 and ¢4 represent the torsional deformation and bending deformation
of appendage Bii, respectively. As shown in Figure 13, the use of the PD control does not result in
a significant attenuation in the residual vibration. However, the vibration is evidently reduced when
the hybrid control method is used, and the value of the torsional deformation quickly approaches zero
after 20 s. The magnitude of the vibration of the flexible appendage obtained by the hybrid control
method is significantly lower than that obtained by the PD controller. With respect to the PD control,
the final values of the bending deformation of By and By correspond to 0.127° and 6.86°, respectively.
However, with respect to the hybrid control, the final values of the bending deformation of By and Bjg
only correspond to 0.0073° and 0.295°, respectively.

Figure 14 shows the joint torques generated by joint deformation. According to (3), the joint torque is
proportional to the joint deformation, and the proportional coefficient corresponds to the joint stiffness.
As shown in Figure 14, the values of the joint torque under the PD control exceed those under hybrid
control. A large residual torque fluctuation is observed in joint 1, joint 2, joint 6, and joint 7 after
15 s. This is because the vibration of these joints interacts with the vibration of the flexible appendages
and transmits the vibration motion between themselves. Figure 13 is compared with Figure 14, and
it is observed that the vibration of joints and the vibration of appendages almost exhibit synchronous
attenuation.
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Figure 12 (Color online) The berthing configuration of the compounded system.
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Figure 13 (Color online) The curves of the deformation angle of the torsion spring of the appendages.

Figures 15 and 16 show the motor angles and joint angles, respectively. As shown in the fore-mentioned
two graphs, the motor angles as well as the joint angles can track the desired trajectories. There is a delay
in tracking the desired trajectory of the joint under the hybrid control. However, it can be controlled
within a reasonable extent, and this is not important for the rest-to-rest movement. The final position
deviations of all joints are within 0.5° with respect to the hybrid control. The joints have larger flexibility,
and the hybrid control provides a higher level of guarantee that the joint tracks the desired trajectory.

The position and orientation of the space robot’s base are shown in Figure 17. The final position and
orientation of the robot base are essentially the same under both the control methods. The attitude and
the centroid position of the base vary from [0°,0°,0°]" to [8.6°, —4.25°, —53°]T and from [0 m, 0 m, 0 m|™
to [1.01 m, 0.94 m, 0.175 m]*, respectively. Nevertheless, a, 3 attitude angles and the displacement in
the x direction exhibit higher vibrations under the PD control.

As shown in Figures 14 and 17, it is observed that the position and orientation of the base in certain
specific directions and certain specific manipulator joints exhibit large oscillations. The bending vibration
of the windsurfing causes a large displacement oscillation of the base in a direction perpendicular to
the solar paddle plane and a large attitude oscillation of the base in a direction parallel to the solar
paddle plane. The vibration energy of the solar paddle is then further transmitted to the corresponding
manipulator joints via the satellite base. Finally, the vibration energy of the attachment is measured
and actively absorbed at the manipulator joints. Therefore, it is only necessary to perform information
measurement and control at the manipulator joints by using the wave-based method. It is very easy
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Figure 14 (Color online) The curves of the joint torques.
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Figure 15 (Color online) The curves of the motor angles.

to implement this method in the vibration control of non-cooperative large flexible spacecrafts and a
significant control effect is observed.

5 Conclusion

The application of a space robot with flexible appendages in space involves structure flexibility that
can easily cause vibration during the orbit and/or attitude maneuver of the base and the operation
of the manipulator. In the present study, the compounded system was treated as a lumped flexible
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Figure 16 (Color online) The curves of the joint angles.
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Figure 17 (Color online) The position and orientation of the space robot base.

system based on the flexible joints and flexible appendages. The vibration control of the compounded
system was performed by combining the wave-based method and PD control. First, the rigid-flexible
coupling dynamics of the compounded system with flexible appendages and flexible manipulator joints
were derived. This was followed by proposing a hybrid control method to control the motion of the
manipulator and suppress the vibration of large flexible components. Finally, a simulation study was
performed to verify the effectiveness of the proposed method. The results indicated that with respect
to the rest-to-rest operation tasks, the effectiveness of the wave-based control method was considerably
higher than that of the PD control. A future study will involve the integration of the wave-based control
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method into a servo motor and performing experimental research through an air floating platform.
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