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1. Introduction

Abstract For the terminal guidance problem of missiles intercepting maneuvering targets in the
three-dimensional space, the design of guidance laws for non-decoupling three-dimensional engage-
ment geometry is studied. Firstly, by introducing a finite time integral sliding mode manifold, a
novel guidance law based on the integral sliding mode control is presented with the target acceler-
ation as a known bounded external disturbance. Then, an improved adaptive guidance law based on
the integral sliding mode control without the information of the upper bound on the target accel-
eration is developed, where the upper bound of the target acceleration is estimated online by a
designed adaptive law. The both presented guidance laws can make sure that the elevation angular
rate of the line-of-sight and the azimuth angular rate of the line-of-sight converge to zero in finite
time. In the end, the results of the guidance performance for the proposed guidance laws are pre-
sented by numerical simulations. Although the designed guidance laws are developed for the con-
stant speed missiles, the simulation results for the time-varying speed missiles are also shown to
further confirm the designed guidance laws.

© 2016 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/).

variants have been well-known guidance laws, thanks to its
high efficiency and ease of implementation in a large variety

The terminal guidance law design is the basis to realize the pre-
cise guidance of missile. The aim of a terminal guidance law is
to allow missiles to intercept targets with minimum miss dis-
tances.! Proportional navigation (PN) guidance law and its
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of interception engagements. However, for the situation of
intercepting the targets with a larger maneuverability, PN
guidance laws are not able to intercept the targets under the
required precision.” In order to deal with the maneuverable
targets effectively, many researchers have developed various
modern robust guidance laws based on different nonlinear
control methods, such as H,, control,® L, gain control,* differ-
ential game,” sliding mode control,’ ® etc.

So far, the sliding mode control (SMC) has been widely
used to design controllers because of its good robustness to
external disturbances and the uncertainty of the system
parameters. The conventional sliding mode control,”'" whose
sliding mode manifold is a linear function, can only finish the
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asymptotic convergence in infinite time in the sliding phase. In
order to achieve the finite time convergence in the sliding
phase, one of the solutions is to apply the terminal sliding
mode control (TSMC) whose sliding mode manifold is a non-
linear function.'”'? In addition, the TSMC can also guarantee
that the convergence of the system states is faster, the conver-
gence precision is higher and the system has a better distur-
bance rejection performance than the traditional linear
sliding mode control (LSMC). Therefore, the TSMC has been
widely applied to the missile guidance law design problem.'* '
Another good method is to finish the convergence in finite time
by applying the integral sliding mode control (ISMC). A finite
time convergent ISMC was proposed by Ref."” for a kind of
higher order systems, and has been successfully used in the
field about the design of the guidance law.?"*'

In the implementation of the SMC, the switching gain selec-
tion is a difficult problem. Generally speaking, for completing
the sliding mode reaching condition, we should choose the
switching gain larger than the upper bound of external distur-
bance. So, a necessary assumption is that the disturbance has
upper bound and that its upper bound needs to be known in
Refs.'>!7. However, in practical applications, the upper bound
of external disturbance is hard to know. To resolve the above-
mentioned problem, the adaptive sliding mode control has
been studied in much literature.”> >’ The advantage of the
adaptive sliding mode control is that it adaptively tunes
the switching gain by designing an adaptive law to estimate
the value of the upper bound of the disturbance. So, we do
not need to know the upper bound on the disturbance in
advance.

In practice, the relative motion of target and missile takes
place in the three-dimensional (3D) space, and the mathemat-
ical model that accurately describes the relation of relative
motion of target and missile is complicated nonlinear strong-
coupled equations. While designing the guidance law for the
missile, the usual method is to decouple the 3D motion into
two two-dimensional motions. There exist many researches
that designed the guidance laws in the two-dimensional
space.'” '72%2! However, the method based on the traditional
decoupling will lose the guidance information during decou-
pling and result in a negative effect on terminal guidance accu-
racy. So, it would be close to reality if the terminal 3D
guidance law is developed under the condition of not neglect-
ing the couple among the channels of nonlinear dynamics of
target-missile relative movement in the 3D space.

At present, many 3D guidance laws have been developed.
For example, a few 3D PN guidance laws were developed in
Refs.”® 3. However, for intercepting a strong maneuvering
target, the robustness of such guidance laws is not so well.
Based on a geometric method, a 3D guidance law considering
angle constraints was developed for the non-maneuvering tar-
gets in Ref.®!. In Refs.*>*, a 3D guidance law was proposed
for maneuvering targets based on a nonlinear backstepping
control approach. Note that in Refs.****, the guidance laws
were designed for maneuvering targets, but the proposed guid-
ance laws could not guarantee that the system states converge
in finite time. Then, in Refs.***°, SMC-based 3D guidance
laws considering impact angle constraints were proposed.
However, in Ref.*, the guidance law was designed for station-
ary targets. Although the guidance law was proposed for
maneuvering targets in Ref.””, the information of the target
acceleration bound needs to be known in advance. Hence,

for the guidance problem in the terminal phase when the mis-
siles intercept the high-speed maneuvering targets, to study the
finite time convergent 3D guidance law without any informa-
tion about the upper bound of the target acceleration is not
only theoretically challenging but also practical requirement.

For the guidance problem in the terminal phase when the
missiles intercept the high-speed maneuvering targets, the main
contribution of this paper is to develop a non-decoupling and
finite time convergent 3D guidance law and without the knowl-
edge of the bound on the target acceleration in advance. First
of all, based on the ISMC, a new 3D integral sliding mode
(ISM) guidance law is put forward in the 3D environment,
which can guarantee the finite time convergence of guidance
system states. Then, a novel 3D adaptive integral sliding mode
(AISM) guidance law with the finite time convergence is pro-
posed by combination of the ISMC and adaptive control tech-
nique which is used to estimate the unknown upper bound of
the target acceleration.

2. Formulation of guidance model

In this section, the target-missile relative motion equations for
the 3D guidance system are presented. Fig. 1 shows the 3D
interception geometry. T denotes the target, M the missile,
Oxyz a inertial reference frame, Ox;y,z; a line-of-sight
(LOS) frame and R the relative distance between the target
and missile; ¢, and g are the elevation and azimuth angles
of the LOS, respectively.

Regard the missile and the target as point mass in designing
guidance laws and the velocities of the missile and the target;
Vm and Vr, are assumed to be constants. 3D relative motion
geometry of missile and target, as given in Fig. 1, can be
expressed by the following differential equations'”:

R*quszq?;COSZ q, = dTtR — AMR (1)
R, + 2Rq’f + Rq/z, sing, cos g, = at; — am. (2)
—R%j COS q. — 2RQ/j COS q. —+ 2quqﬂ sin q. = aTﬁ — aM/j (3)

where ay = [aMR,aML.,aM,;] and ar = [aTR,aTE,aT,;} are the
vectors of the missile’s acceleration and target’s acceleration
in the LOS frame, respectively.

From Egs. (2) and (3), it can be obtained that there exist
serious cross couplings between the elevation and the azimuth
channels of the LOS.
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Fig. 1 Three-dimensional interception geometry.
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