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Abstract Space robotics is regarded as one of the most impressing approaches for space debris

removal missions. Due to the residual momentum of debris, it is essential to stabilize the base

rapidly after capture. This paper presents a novel control strategy for stabilization of a space robot

in postcapture considering actuator failures and bounded torques. In the control strategy, the

motion of the manipulator is not regarded as a disturbance to the base; in contrast, it is utilized

to compensate for the limitation of the control torques by means of an inverse dynamical model

of the system. Different scenarios where actuators are external mechanisms or momentum exchange

devices have been carried out, and for actuator failures, both single- and two-actuator failures have

been considered. Regarding to the performance of actuators, control torques are bounded. In cases

that either single or two actuators have failed, the base can be stabilized kinematically when actu-

ators are external mechanisms, but can only be stabilized dynamically when only momentum

exchange devices are used. Finally, a space robot with a seven-degree-of-freedom manipulator in

postcapture is studied to verify the validity and feasibility of the proposed control scheme. Simula-

tion results show that the whole system can be stabilized rapidly.
� 2018 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

21

221. Introduction

23The earth’s orbit is in a serious predicament caused by millions
24of space debris.1 Fig. 1 shows the number of objects in the
25earth’s orbit according to Ref. 2.
26According to the Kessler syndrome, collisions among deb-
27ris would increase the amount of debris even if all the launches
28into space would be stopped immediately.3 To better preserve
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29 the environment for future missions, active debris removal
30 must be done.4 The earth’s orbit is a key environment to both
31 private and military sectors, providing services that the mod-
32 ern world relies upon.5 Space robotics is considered as one
33 of the most promising approaches for orbital debris removal
34 missions.6 Some missions about space robots have been suc-
35 cessfully launched like Orbital Express7 and Engineering Test
36 Satellite VII (ETS-VII).8

37 Most of the threatening space debris pieces are tumbling
38 due to their residual angular momenta.1 It is essential to stabi-
39 lize the system in postcapture so as to meet the expected
40 requirements of space missions such as communication. Many
41 works have been done for stabilizing space robots in postcap-
42 ture.9–13 However, in the existing studies, it is assumed that the
43 attitude control system (ACS) works well, and a control torque
44 can be generated along three axes for control purposes,
45 although from different actuators. A rapid control strategy
46 for space robots in postcapture with actuator failures has not
47 been considered before.
48 Actuator failure can cause serious problems for space mis-
49 sions, examples including GPS BII-07, Galaxy IV, and Hub-
50 ble.14 For the ACS of spacecrafts, there are mainly two
51 different kinds of actuators: one can be regarded as some
52 external mechanisms like gas jets, while for the other, the con-
53 trol torque can be regarded as an internal torque, which is gen-
54 erated by momentum exchange devices such as reaction and
55 momentum wheels.
56 Researchers have done a lot of work about attitude control
57 of underactuated satellites. It was firstly conducted by Crouch,
58 who provided necessary and sufficient conditions for control of
59 a satellite in cases that thrusters could yield one, two, or three
60 independent torques, while for momentum exchange devices,
61 controllability was shown to be impossible with fewer than
62 three independent actuators.15 Tsiotras et al. conducted a con-
63 trol law for stabilizing the attitude of a nonsymmetric rigid
64 body spacecraft with only two pairs of gas jet actuators based
65 on the theory of differentially flat systems.16,17 Kim and
66 Turner introduced three single-axis maneuvers for a satellite
67 with a control torque only along two axes, in which the initial
68 and final times are fixed, but the switching time is unknown,
69 and the nonlinear necessary conditions are solved by the mul-
70 tiple shooting method.18 Later, they advanced their study by

71obtaining an optimal control strategy via a Davidenko-like
72homotopy algorithm and exploring the near-minimum-time
73control of an asymmetric rigid spacecraft with a bounded con-
74trol torque.19,20 Kumar and Zou conducted a control strategy
75for a pico-satellite with only a single thruster, and the thruster
76orientation mechanism was used which tilts the thrust vector
77on a two-axis gimbal.21

78When spacecraft attitude control is obtained by exploiting
79internal torques generated by momentum exchange devices,
80gyroscopic coupling makes the issue of underactuated attitude
81control even more difficult.22 With only one single-gimbal
82variable-speed control moment gyro (VSCMG), Yoon and
83Tsiotras utilized a feedback control law to achieve the control
84of a body-fixed line-of-sight, and a multi-stage control law was
85used to achieve the control objective in different situations.23

86In Ref. 14, to stabilize the attitude of an underactuated satellite
87under the assumption of zero momentum, two control strate-
88gies were conducted. The first one that is based on a perfect
89zero momentum does not need to measure the angular veloc-
90ity, and it has been verified by in-orbit satellites, while the sec-
91ond tracks the desired angular velocity. Gui et al. studied
92attitude tracking of a rigid spacecraft by using two
93momentum-exchange actuators like reaction or momentum
94wheels.24

95However, there are few papers about stabilization of space
96robots considering actuator failures in postcapture. Based on
97the immersion and invariance method, Sarras et al. designed
98a control strategy for stabilization of mechanical systems with
99an under-actuation degree larger than one.25 For space robots,
100the moment of inertia with respect to the mass center would
101vary dramatically after capturing space debris, and often a sys-
102tem has an initial angular momentum due to the residual
103momentum of debris. These issues make the traditional control
104strategy unstable or even invalid.
105For a space robot, motions of the base and the manipulator
106are strongly coupled. Dragomir et al. have conducted null
107reaction space control (NRSC) for planning the motion of
108the manipulator which causes a minimal disturbance to the
109attitude of the base.26 NRSC has been verified by the flight
110experiment of ETS-VII, and has been applied to other
111unfixed-base systems, e.g., flexible-base and macro/mini robot
112systems, as well as humanoid robots.27,28 Based on NRSC,

Fig. 1 Monthly number of objects in the earth’s orbit by object type in Ref. 2 Credit: NASA.
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