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Abstract This paper presents the cooperative strategies for salvo attack of multiple missiles based

on the classical proportional navigation (PN) algorithm. The three-dimensional (3-D) guidance

laws are developed in a quite simple formulation that consists of a PN component for target capture

and a coordination component for simultaneous arrival. The centralized algorithms come into

effect when the global information of time-to-go estimation is obtained, whereas the decentralized

algorithms have better performance when each missile can only collect information from neighbors.

Numerical simulations demonstrate that the proposed coordination algorithms are feasible to per-

form the cooperative engagement of multiple missiles against both stationary and maneuvering tar-

gets. The effectiveness of the 3-D guidance laws is also discussed.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Numerous advanced guidance laws have been presented in the

last decade to improve the performance of traditional propor-
tional navigation (PN) algorithm for some specific objectives
such as the minimum time control, minimum energy control,

impact time control and impact angle control.1–4 For a single
missile, the above objectives have already been achieved with
satisfied accuracy of target capture.5–7 Therefore, many
researchers start recently on the development of cooperative

guidance laws for salvo attack of multiple missiles because they

may have better performance than the individual missile sys-
tem in detecting the maneuvering targets, penetrating the
defense systems, and surviving the threats.8–11 However, it is

more difficult to achieve a simultaneous attack against the
maneuvering target in the light of different initial conditions
and the communication limitation between each missile.12–14

In the current literature, two typical classes of approaches
have been proposed to develop the cooperative guidance laws
for the multimissile salvo attack. The first class investigates

the design of the impact-time constraint for the coordination
of the time-to-go. Jeon et al.15 introduced the closed form of
impact time control guidance (ITCG) law based on the linear

formulation. It can guide a group of missiles to simultaneously
intercept a stationary target at a desirable time. Later, Lee
et al.16 presentd an extension of the ITCG guidance law to con-
trol both the impact time and the impact angle. Regarding the

two algorithms above, it is required that the global information
of the time-to-go is available to each group member. To
improve the performance of the ITCG, Zhao and Zhou17
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proposed the distributed control architecture based on the con-
sensus protocols. Peng et al.18 also applied the consensus theory
to design the cooperative guidance laws by using the discrete

topology model to feature the desired impact time.
The second class of approaches employs the leader–

follower model to describe the multimissile salvo attack.

Based on the traditional PN guidance law, Zhang et al.19

developed a leader–follower strategy to achieve the simultane-
ous attack of multiple missiles, in which the rang-to-go and

heading angle error of the leader are selected as the reference
state variables. Zhao et al.20 proposed a virtual leader scheme
that achieves the impact time control indirectly by transform-
ing the time-constrained guidance problem to the nonlinear

tracking problem. In addition, Sun et al.21 designed the
cooperative guidance law by feedback linearization to drive
the impact time of each follower to converge to the leader in

finite time.
More recently, Ghosh et al.22 developed a recursive time-to-

go estimation method for three-dimensional (3-D) engagement

of a retro-PN guided interceptor with higher speed non-
maneuvering targets. They presented a navigation gain
scheduling algorithm to achieve the interception at a pre-

specified time. Later, Ghosh et al.23 discussed a cooperative
strategy for the lower speed interceptors guided by Retro-PN
guidance law to perform the salvo attack against a higher
speed target. These are early efforts to solve the cooperative

guidance against moving targets in 3-D engagement.
Most of the current studies such as Refs.15–21 only take into

account the planar pursuit situation to design the guidance

laws for cooperative engagement. It is more difficult to develop
the cooperative strategies in 3-D engagement like Refs.22,23. In
addition, there remain rare studies on the decentralized coordi-

nation algorithm for the interceptor missiles to achieve a
simultaneous attack against a maneuvering target. Therefore,
we focus on the design of 3-D cooperative strategies for multi-

missile salvo attack. The contribution of the paper is described
as follows: (1) the paper modifies the time-to-go expression in
Ref.24 for an extension to the 3-D engagement. Considering
the heading errors between the missile and target, the time-

to-go estimation is enhanced for interceptor missiles against
the maneuvering targets; (2) the cooperative strategies are
developed in a simple formulation that consists of a PN com-

ponent and a coordination component. The centralized algo-
rithms come into effect when the global information of time-
to-go estimation is available, whereas the decentralized algo-

rithms have better performance when the interceptor missiles
can only collect information from neighbors.

2. Preliminaries

2.1. Basic assumptions

To perform the complete missile-target engagement, the non-
linear dynamics of 3-D pursuit situation is considered in this
paper. We assume the following conditions to facilitate the

capturability analysis of the cooperative guidance laws:

(1) The angle of attack of the missile is small enough to be

neglected.
(2) The total velocities of the missile and target are set to

constant values.

(3) The missile and target are considered as point masses

moving in the 3-D space.
(4) The seeker and autopilot dynamics of the missile are fast

enough in comparison with the guidance loop.

2.2. Guidance geometry

Under the prescribed assumptions, the guidance geometry on

one-to-one engagement is depicted in Fig. 1, where M denotes
the missile and T denotes the target; r is the missile-to-target
range; Vm and Vt are the total velocities of the missile and tar-

get; the terms cm , ct , um and ut are Euler angles in the inertial
reference frame, whereas the angles hm , ht , wm and wt are
defined with respect to the line-of-sight frame; cL and uL are

the line-of-sight angles in the inertial reference frame.
The 3-D point-mass equations of motion for the missile and

target can be derived from the classical principles of
dynamics25,26

_r ¼ Vm q cos ht coswt � cos hm coswmð Þ ð1Þ

r _ky ¼ Vm sin hm � q sin htð Þ ð2Þ

r _kz ¼ Vm q cos ht sinwt � cos hm sinwmð Þ ð3Þ

_hm ¼ azm=Vm þ Vm tan ky sinwm

� ðq cos ht sinwt � cos hm sinwmÞ=r
� Vm coswmðq sin ht � sin hmÞ=r ð4Þ

_wm ¼ aym= Vm cos hmð Þ � Vm sin hm sinwm

� ðq sin ht � sin hmÞ= r cos hmð Þ
� Vmðq cos ht sinwt � cos hm sinwmÞ=r
� Vm sin hm coswm tan kyðq cos ht sinwt

� cos hm sinwmÞ= r cos hmð Þ ð5Þ

_ht ¼ azt= qVmð Þ þ Vm tan ky sinwtðq cos ht sinwt

� cos hm sinwmÞ=r� Vm coswtðq sin ht � sin hmÞ=r ð6Þ

_wt ¼ ayt= qVm cos htð Þ � Vm sin ht sinwtðq sin ht

� sin hmÞ= r cos htð Þ � Vmðq cos ht sinwt

� cos hm sinwmÞ=r� Vm sin ht coswt tan kyðq cos ht sinwt

� cos hm sinwmÞ= r cos htð Þ ð7Þ

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