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Abstract An integrated cooperative guidance framework for multi-missile cooperatively attacking

a single stationary target is proposed in this paper by combining both the centralized and decentral-

ized communication topologies. Once missiles are distributed into several groups, missiles within a

single group communicate with the centralized leader-follower framework, while the leaders from

different groups communicate using the nearest-neighbor topology. To implement the integrated

cooperative guidance framework, a group of Finite-Time Cooperative Guidance (FTCG) laws con-

sidering the saturation constraint on FOV (FTCG-FOV) are firstly derived within the centralized

leader-follower framework to satisfy the communication topology of missiles in a single group.

Then, an improved sequential approach is developed to adapt the FTCG-FOV to satisfy the com-

munication topology between groups. The numerical simulations demonstrate the effectiveness and

high efficiency of the integrated cooperative guidance framework and the cooperative guidance

laws, as well as the superiority of the developed sequential approach.
� 2017 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/).

19

20 1. Introduction

21 In modern military operation, it is a challenging task for the
22 missile to attack a land target or a surface ship that is equipped
23 with an antiair defense system.1 To penetrate the antiair

24defense system, the missile should be capable of terminal eva-
25sive maneuvering, which would induce increasing cost.2 An
26alternative way is to conduct a cooperative attack, i.e., multi-
27ple missiles coming from different directions attack a single
28target simultaneously, which has been regarded as a cost-
29effective and efficient way to address the threat of the defense
30system.3 Therefore, the research on cooperative attack has
31gained increasing interest in recent years. Considering that a
32land target or a surface ship is either stationary or moving at
33a relatively low speed, the target in the cooperative attack
34problem in this paper is considered to be stationary as is com-
35monly done in practice.
36To achieve cooperative attack, one can perform an open-
37loop cooperative guidance, i.e., a common impact time is gen-
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38 erated for all member missiles in advance, and thereafter each
39 missile tries to arrive at the target on time independently.4–7

40 However, a suitable common impact time is difficult to be gen-
41 erated in advance, since some missiles may not be able to sat-
42 isfy the impact time constraint due to their specific initial
43 conditions and limited speed. In addition, the open-loop guid-
44 ance is also lack of robustness to external disturbance during
45 engagement.8 Actually, the open-loop cooperative guidance
46 simply formulates the many-to-one cooperative attack prob-
47 lem as multiple one-to-one attack problems considering the
48 impact time constraints, which cannot be considered as a gen-
49 uine multi-missile cooperative guidance.9

50 Alternatively, with the closed-loop cooperative guidance
51 approach, the missiles communicate to each other to synchro-
52 nize the impact time.10–12 As a well-known closed-loop cooper-
53 ative guidance method, the Finite-Time Cooperative Guidance
54 (FTCG) has gained much attention due to its fast convergence
55 rate and high accuracy of the time-to-go errors of missiles. To
56 attack a maneuvering target, Song et al.13 proposed a FTCG
57 law with impact angle constraints. In Ref. 1, two distributed
58 FTCG laws are developed based on different time-to-go esti-
59 mation methods. However, in addition to the normal acceler-
60 ation command, the tangential acceleration was also required
61 with both FTCG laws, causing extra difficulties in implemen-
62 tation. To address this problem, a more effective FTCG law
63 employing a hierarchical framework was proposed in Ref.
64 14, which requires only the normal acceleration command.
65 For the closed-loop guidance laws introduced above, either
66 a centralized or decentralized communication topology is uti-
67 lized. However, both communication topologies are far from
68 the optimum,15 and their drawbacks shown as follows will
69 become much more prominent if more missiles are involved
70 in the cooperative attack. With the centralized communication
71 topology, one or a few missiles should be designated, which
72 can communicate with all the rest missiles. Clearly, the dis-
73 tances between the designated missile and the rest ones are
74 subject to their communication capability, which incurs extra
75 difficulty in designing the commands for cooperative missiles.
76 In addition, poor penetration capability and system reliability
77 would be induced if only one missile is designated, while unac-
78 ceptable computational burden would be induced if more than
79 one missile are designated. In contrast, with the decentralized
80 communication topology, missiles can communicate only with
81 their neighbors to reduce the computational burden, while the
82 global information of the missile cluster cannot be obtained,
83 causing great difficulty in making optimal decision for cooper-
84 ative missiles. Moreover, it takes long time to achieve the con-
85 sensus of time-to-go and some necessary conditions16 are
86 always hard to be satisfied. In addition, due to the limitation
87 of the detective capability of seekers, the saturation constraint
88 on Field-of-View (FOV) should be considered in the closed-
89 loop cooperative guidance, which however has been rarely seen
90 in the existing works. And the existing FOV-constraint guid-
91 ance for the common one-to-one missile-target engagement
92 scenario17–21 cannot be directly applied to the closed-loop
93 cooperative guidance.
94 To address the issues above, a novel integrated cooperative
95 guidance framework is proposed in this paper, in which mis-
96 siles are distributed into several groups, and then missiles
97 within a single group communicate by means of the centralized
98 leader-follower framework, while the communication between
99 groups employs the nearest-neighbor topology among leaders.

100The contributions of this paper lie in: (A) the centralized and
101decentralized communication topologies are combined and
102integrated into the proposed framework effectively; (B) to
103implement the proposed integrated cooperative guidance
104framework, a group of FTCG laws considering the saturation
105constraint on FOV (FTCG-FOV for short) are designed in this
106paper by extending the FTCG law in Ref. 21 to a group of
107FTCG laws and introducing a bias term to satisfy the FOV
108constraint; (C) the sequential approach in Ref. 21 is improved,
109which is then employed to make the FTCG-FOV satisfy the
110requirement of communication between groups.
111The rest of this paper is organized as follows. In Section 2,
112the many-to-one missile-target interception engagement along
113with the proposed integrated cooperative guidance framework
114is introduced. In Section 3, a group of FTCG-FOV are devel-
115oped, of which the working process in the integrated coopera-
116tive guidance framework is presented in detail. Simulation
117results are presented and analyzed in Section 4. Conclusions
118are made in the last section.

1192. Preliminary

1202.1. Problem formulation

121It is considered that n missiles Mi (i = 1, 2, . . . , n) are follow-
122ers and one Ml is the leader, cooperatively attacking a station-
123ary target T. The engagement scenario is shown in the inertial
124reference coordinate OXY in Fig. 1, in which the variables with
125the subscripts i and l represent the states of the follower i and
126the leader, respectively. Furthermore, V; a; h; q; g and r denote
127the speed, normal acceleration, heading angle, Line-of-Sight
128(LOS) angle, lead angle, and rang-to-go, respectively.
129In this work, the following assumptions are made to sim-
130plify the design and analysis process of the proposed guidance
131method:

132(1) Missiles and target are regarded as mass points in the
133yaw plane.
134(2) Velocities of missiles are constant.
135(3) Compared with the guidance loop, the dynamic lags of
136autopilots and seekers can be ignored.
137(4) The Angle-of-Attack (AOA) is small and can be
138neglected.
139(5) The lead angle of each missile is small when the range-
140to-go of the missile is small enough.
141

Fig. 1 Guidance geometry on many-to-one engagement

scenario.
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