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Abstract A distributed coordination algorithm is proposed to enhance the engagement of the
multi-missile network in consideration of obstacle avoidance. To achieve a cooperative interception,
the guidance law is developed in a simple form that consists of three individual components for tar-
get capture, time coordination and obstacle avoidance. The distributed coordination algorithm
enables a group of interceptor missiles to reach the target simultaneously, even if some member
in the multi-missile network can only collect the information from nearest neighbors. The simula-
tion results show that the guidance strategy provides a feasible tool to implement obstacle avoid-
ance for the multi-missile network with satisfactory accuracy of target capture. The effects of the

gain parameters are also discussed to evaluate the proposed approach.
© 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As the need for highly adaptive guidance and control
approaches is increasing, obstacle avoidance techniques have
been proposed for the unmanned aerial vehicles,'” ground
vehicles,** unmanned surface vehicles,”’ autonomous under-
water vehicles,"” and mobile robots.'”! Considering that
the group of interceptor missiles is guided in the complex envi-
ronment, the threat avoidance and geopolitical restrictions are
also indispensable to the development of guidance and control
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systems. For this reason, some studies have recently focused on
the design of the reference routes'” and guidance laws'® for
obstacle avoidance. However, only the single interceptor mis-
sile was considered in the above work. To improve the perfor-
mance in detecting the targets and penetrating the defense
systems, the implement of cooperative engagement for multi-
missile network is required.'* '” The difficult problem is an
achievement of obstacle avoidance for multi-missile network
with satisfactory accuracy of target capture as well as effective
coordination of impact time between each member.'® "

In the current literature, many advanced cooperative guid-
ance laws have been proposed for the multi-missile networks.
The first class of approaches investigates the design of the
impact-time constraints to achieve a simultaneous interception
against the given target. In Ref.”!, the closed form of impact
time control guidance law is developed on the basis of the lin-
ear formulation, which can guide a group of missiles to the tar-
get at a desirable time. Then, the time-varying navigation gain
is used to coordinate the impact time of the multi-missile net-
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work.”” The extensions of the time-constrained guidance law
are also presented to control both the impact time and impact
angle.”** The above guidance strategies typically require that
the global information of time-to-go is available to each inter-
ceptor missile. For this reason, the distributed control architec-
ture of the impact-time constraint is proposed to enhance the
cooperative engagement of multiple missiles.”>>® The discrete
topology model is also used to feature the desired impact time
using the consensus theory.”’

Another class of approaches employs the leader—follower
model to formulate the cooperative guidance problem for the
multi-missile network. In Refs.”®*, a nonlinear state tracking
controller and a state regulator are developed to solve the
time-constrained guidance, respectively. Then, the consensus
protocols are applied to the design of leader—follower strategy
which guarantees that the impact time of each follower can
converge to the leader in finite time.*° To facilitate the hetero-
geneous multi-missile engagement, a distributed leader—fol-
lower model is proposed on the basis of proportional
navigation (PN) guidance law.’' Furthermore, the virtual lea-
der scheme is also employed to achieve the impact time control
by transforming the constrained guidance problem to the non-
linear tracking problem.*

Although the aforementioned design of the impact-time
constraints’’ ?7 and leader—follower strategies”™ *> have pro-
moted the development of the coordination algorithms for
the multi-missile networks, the obstacle avoidance is not taken
into account in these cooperative guidance approaches. There-
fore, this paper presents an extension of the PN-based dis-
tributed guidance algorithm to enhance the engagement of
the multi-missile network in consideration of obstacle avoid-
ance. The contribution of the manuscript is summarized as fol-
lows: (1) the PN-based guidance law is developed in a simple
form that consists of three individual components for target
capture, time coordination and obstacle avoidance; (2) each
member in the multi-missile network only requires the infor-
mation of time-to-go from neighbors to perform a cooperative
engagement; (3) the obstacle avoidance is achieved with satis-
factory accuracy of target capture as well as effective coordina-
tion of impact time.

The rest of paper is organized as follows. Section 2 presents
the basic assumptions and the engagement geometry. Section 3
describes the formulation of cooperative strategy in detail. In
Section 4, the feasibility of the proposed guidance law is
demonstrated by numerical simulation. Section 5 presents the
performance evaluation by discussing the effect of gain
parameters. Finally, concluding remarks are presented in
Section 6.

2. Preliminaries

2.1. Basic assumptions

To simplify the nonlinear dynamics of the missile-target
engagement, the pursuit situation in planar plane is considered
in this paper. We assume some common conditions in the fol-
lowing part to facilitate the formulation of distributed coordi-
nation algorithm for the multi-missile network.

(1) Both the interceptor missile and the target are consid-
ered as the geometric points in the planar plane.

(2) The seeker and autopilot dynamics of each interceptor
missile are much faster in comparison with the guidance
loop.

(3) The velocity of each interceptor missile is constant and
the acceleration input only changes its direction.

2.2. Engagement geometry

Suppose that # missiles participate in the multi-missile network
to intercept a stationary target simultaneously. Under the pre-
scribed assumptions, the two-dimensional geometry on many-
to-one engagement is depicted in Fig. 1. Let M; denote each
interceptor missile and T denote the target, and then, the pur-

suit situation can be described by the following equations of
33,34
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where the subscript (i = 1, 2, ..., n) represents each member in
the multi-missile network; r; is the missile-to-target range; V; is
the total velocity of each missile; /; is the line-of-sight angle;
the terms y; and 0, represent the heading angles in the inertial
reference frame and line-of-sight frame, respectively; the accel-
eration command is defined as A4,.

The problem studied herein is to find the coordination algo-
rithm that can guide the group of missiles to the given target at
the same time without obstacle collision, even if the initial con-
ditions of each member are different.

3. Distributed coordination algorithm

Based on the traditional PN guidance law, this section focuses
on the design of the coordination algorithm for the multi-
missile network in the distributed formulation. The proposed
cooperative guidance law consists of three individual compo-
nents as

Aj = Api + Aei + Aui (2)

where the terms A, A and A,; are used for the target capture,
time coordination and obstacle avoidance, respectively.

Fig. 1 Geometry on many-to-one engagement.
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