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Abstract In this paper, we propose a novel anti-disturbance attitude control law for combined

spacecraft with an improved closed-loop control allocation scheme. More specifically, a saturated

approach is adopted to guarantee the global asymptotic stability under control input saturation.

To enhance the robustness of the system, a nonlinear disturbance observer is constructed to com-

pensate the disturbances caused by inertial parameter uncertainty and unmodeled dynamics. Next,

the quadratic programming algorithm is used to obtain an optimal open-loop control allocation

scheme, where both energy consumption and actuator saturation have been considered in the allo-

cation of the virtual control command. Then, a modified closed-loop control allocation scheme is

proposed to reduce the allocation error under the actuator uncertainty. Finally, stability analysis

of the closed-loop system with the proposed allocation scheme is provided. Simulation results con-

firm the effectiveness of the proposed control scheme.
� 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/).

17

18 1. Introduction

19 Combined spacecraft refers to a class of cooperative or non-
20 cooperative target spacecraft that are combined together to
21 accomplish certain space tasks such as space operation and
22 space debris clearance. Combined spacecraft is gaining popu-
23 larity due to its potential capacity in space missions that are
24 beyond the capability of a single spacecraft. As one of the

25key technologies for combined spacecraft systems, high-
26precision and reliable attitude control has attracted increasing
27attentions among researchers throughout the world. For orbit-
28ing combined spacecraft, the attitude dynamics are strongly
29nonlinear and vulnerable to multiple sources of disturbances,
30including external disturbances, parametric uncertainties and
31modeling errors. Up to now, considerable results have been
32published on attitude stabilization control of the combined
33spacecraft. However, most of the existing results have not
34taken the actuator constraints into account, which may lead
35to actuator saturation and cause serious discrepancies between
36the expected and actual control signals. Moreover, an assem-
37bled spacecraft control system is over-actuated with redundant
38actuators. Therefore, it is important to study the problem of
39how to properly allocate the control command among the
40actuators. A major challenge in the control allocation problem
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41 is how to deal with the uncertainties caused by the misalign-
42 ment of actuators and the measurement error of torque mag-
43 nitudes. The difficulties mentioned above have significantly
44 complicated the design of combined spacecraft attitude control
45 system, especially when all these aforementioned issues are
46 considered simultaneously.
47 Accounting for constraints such as input saturation in the
48 controller design has been the focus of tremendous research
49 efforts over the past decade (see Refs. 1–10 and references
50 therein). Several inspiring and effective approaches, such as
51 variable structure control, adaptive control and optimal con-
52 trol, have been developed to address the identified challenges.
53 Specifically, a saturation control scheme has been proposed in
54 Ref. 11 for an under-actuated rigid spacecraft, where a non-
55 standard representation of the attitude, allowing the general
56 motion to be decomposed into two rotations, is adopted to
57 facilitate the derivation of control law. An attitude stabiliza-
58 tion scheme has been developed by Wallsgrove and Akella in
59 Ref. 12, where hyperbolic tangent functions are incorporated
60 to guarantee a smooth control input. With the controller
61 designed in Ref. 12, we can adjust the sharpness of the control
62 input by tuning a set of parameters, thus to a large extent
63 avoiding the chattering phenomenon which is widely recog-
64 nized as a critical disadvantage of the variable-structure
65 method. A nonlinear bounded control has been developed in
66 Ref. 13 by employing the back-stepping procedure and an
67 inverse tangent-based tracking function. Due to its simplicity
68 and effectiveness, the Proportional-Derivative (PD) or PD-
69 like control methods have also been extensively investigated.
70 Incorporating a standard hyper-tangent function, a simple sat-
71 urated PD control scheme has been developed in Ref. 14,
72 where it is guaranteed that the attitude of rigid spacecraft is
73 asymptotically stable regardless of the initial condition. As
74 we all know, multiple sources of disturbances widely exist in
75 spacecraft systems and will cause performance degradation
76 or even instability of the control system.
77 The above mentioned control approaches, however, have
78 not explicitly taken disturbance rejection into consideration.
79 Popular approaches to anti-disturbance control include distur-
80 bance attenuation and disturbance compensation. The former
81 is to design a feedback control law in order to reduce the effect
82 of disturbances to a certain degree, while the latter constructs
83 an observer to derive a disturbance estimate which is then used
84 for feed-forward compensation. Among the disturbance com-
85 pensation methods, a novel Nonlinear Disturbance Observer
86 Based Control (NDOBC) method has been proposed in Ref.
87 15 for robotic manipulators and in Ref. 16 for missile control.
88 The disturbance estimation error was guaranteed to converge
89 to zero asymptotically under the condition that the disturbance
90 varies slowly. A novel composite controller has been proposed
91 in Ref. 17 to deal with multiple disturbances, where the DOB is
92 used in the inner loop for disturbance compensation and the
93 H1 controller is adopted in the outer loop to attenuate the
94 effect remaining disturbances as well as disturbance estimation
95 errors. The disturbance observer based composite intelligent
96 learning control scheme has been proposed in Refs. 18,19
97 and shown to achieve enhanced performance in the presence
98 of unknown nonlinearity. In Refs. 20,21, the disturbance
99 observer based approach has been combined with the game
100 theoretical approach to achieve optimal performance.
101 The combination of multiple spacecraft has inevitably
102 introduced more control effectors than what is actually

103required, which makes the combined spacecraft an over-
104actuated system. It is known that the performance of an
105over-actuated system can be improved if the actuator redun-
106dancy is properly exploited. The control allocation (CA) tech-
107nique is a common method to deal with the problem of control
108redundancy, where the command signals generated by the
109baseline controller are allocated to different actuators in order
110to meet the requirement of controller design. The existence of
111redundant actuators will certainly provide extra flexibility to
112the design of control system. An increase in the number of
113redundant control effectors, however, will lead to a more com-
114plicated design of control system. The issue control allocation
115is especially important when the actuator fails or when the
116control surface is damaged. In such cases, it is required that
117the control commands be reallocated among the remaining
118healthy control actuators to maintain an acceptable perfor-
119mance. Control allocation problem has been intensively stud-
120ied in the past decades, with typical solutions including daisy
121chaining,22 direct allocation,23,24 linear or nonlinear
122programming-based optimization,23 and dynamic control allo-
123cation.24–26 In Ref. 27, a pseudo-inverse method has been pro-
124posed, and a fixed-point based algorithm has been
125implemented and tested in a benchmark spacecraft model. In
126Ref. 28, a mini-max control allocation scheme is developed
127to meet the multiple conflicting objectives simultaneously by
128finding a ‘Pareto’ optimal solution. In Ref. 29, a control
129scheme has been proposed, where the real-time structure is
130fed back and the structural load constraints are taken into con-
131sideration in the design of control allocation scheme. In Ref.
13230, constrained optimization based control allocation scheme
133has been employed to achieve desired torque without violating
134the specified constraints on monitored load points. The
135method proposed in Ref. 30 adopts the dynamic control allo-
136cation approach, where the resulting allocation scheme also
137depends on the allocation of the previous sampling instant.
138This method penalizes the actuator rates and can therefore
139be seen as an extension of the regular quadratic programming
140based allocation scheme. In Ref. 31, a novel robust control
141allocation approach has been developed in the presence of par-
142tial or complete loss of control effects. Most of the above men-
143tioned control allocation schemes, though successfully applied
144to certain tasks, are all open-loop schemes which have not fully
145exploited the real-time information. Among the few studies on
146the closed-loop allocation scheme, a detailed comparison has
147been made in Ref. 32 between open-loop and closed-loop per-
148formance for sixteen control allocation schemes. However, in
149Ref. 32, stability issues have not been considered for the
150closed-loop system when the control allocation scheme is com-
151bined with the baseline controller. Having recognized this,
152Zhang and Chen proposed a closed-loop control allocation
153scheme in Ref. 33 based on the cascaded generalized inverse
154method, and provided sufficient and necessary conditions for
155the satellite system to be stable. In Ref. 34, a novel saturated
156PD control law incorporated with Closed-Loop Control Allo-
157cation (CLCA) has been proposed by Hu and Li with guaran-
158teed asymptotic stability of the closed-loop system.
159In this paper, a novel control scheme, which combines the
160DisturBance Observer based Saturated Attitude Control law
161(SAC +DOBC) and a Modified Closed Loop Control Alloca-
162tion (MCLCA) approach, is developed for attitude stabiliza-
163tion of the combined spacecraft. Specifically, the SAC+
164DOBC control law is designed to generate a virtual control
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