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Given the resolution of the guidance for intercepting highly maneuvering targets, a novel finite-time convergent guidance law is
proposed, which takes the following conditions into consideration, including the impact angle constraint, the guidance command
input saturation constraint, and the autopilot second-order dynamic characteristics. Firstly, based on the nonsingular terminal
sliding mode control theory, a finite-time convergent nonsingular terminal sliding mode surface is designed. On the back of
the backstepping control method, the virtual control law appears. A nonlinear first-order filter is constructed so as to address
the “differential expansion” problem in traditional backstepping control. By designing an adaptive auxiliary system, the
guidance command input saturation problem is dealt with. The RBF neural network disturbance observer is used for
estimating the unknown boundary external disturbances of the guidance system caused by the target acceleration. The
parameters of the RBF neural network are adjusted online in real time, for the purpose of improving the estimation accuracy
of the RBF neural network disturbance observer and accelerating its convergence characteristics. At the same time, an adaptive
law is designed to compensate the estimation error of the RBF neural network disturbance observer. Then, the Lyapunov
stability theory is used to prove the finite-time stability of the guidance law. Finally, numerical simulations verify the
effectiveness and superiority of the proposed guidance law.

1. Introduction

With the rapid development of space technology, the maneu-
verability of air strike weapons has become stronger and
stronger, which has brought new challenges to interceptor
missiles. Therefore, the success of intercepting highly maneu-
vering targets is drawing more and more attention [1]. In
order to make the missile damage the target with maximum
effectiveness, the missile not only needs to hit the target pre-
cisely but also needs to attack from the specified angle [2]. In
addition, the convergence characteristics of the guidance law,
the dynamic characteristics of the autopilot, and the input
saturation constraints of the guidance commands are impor-
tant factors for the successful interception of highly maneu-
vering targets. However, during the design process of the
current guidance law, these factors are rarely considered
comprehensively. As we all know, the more factors are pon-

dered in the design of a guidance law, the more difficultly it
will be designed.

It is well-known that the proportional navigation guid-
ance law (PNGL) has been widely employed and researched
for decades in terms of its advantages such as simple struc-
ture, robustness and practicability [3]. The guidance com-
mands generated by the classic proportional guidance law
(PNGL) are proportional to the line-of-sight (LOS) angular
rate of the missile to target. It can ensure that the LOS angu-
lar rate converges to near zero and successfully intercept the
target. However, the guidance system with the classic pro-
portional navigation guidance law (PNGL) cannot satisfy
the interceptor to attack the target from the specified angle.
In [4], a new biased proportional guidance law is proposed
by adding a supplementary time-varying bias to the tradi-
tional proportional guidance law towards achieving the
above effect. In [5], after the improvement of the traditional

Hindawi
International Journal of Aerospace Engineering
Volume 2021, Article ID 2326323, 19 pages
https://doi.org/10.1155/2021/2326323

https://orcid.org/0000-0003-1623-762X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2326323


proportional guidance law, nonstationary and nonmaneu-
verable targets can be successfully intercepted at the desired
impact angle. In [6], as for nonmaneuvering targets, a bias
proportional guidance law is put forward, which takes into
account the limitations of the seeker’s look angle and accel-
eration capability. It is worth noting that the advanced form
of the traditional proportional guidance law can meet the
needs of the impact angle constraint, but it is aimed at the
interception of nonmaneuvering targets. When it comes to
intercepting highly maneuvering targets, the performance
of the proportional navigation guidance law algorithm will
be reduced. This defect promotes the research of the pro-
gressive guidance law algorithm.

With the aim of successfully intercepting maneuvering
targets, many advanced modern robust guidance law algo-
rithms have been employed, such as the nonlinear H∞ guid-
ance law [7], the adaptive guidance law [8], the differential
game guidance law [9], the L2 gain guidance law [10], and
the optimal guidance law [11]. Compared with the above-
mentioned robust guidance laws, the sliding mode guidance
law [12, 13] appears as the most widespread one on account
of its simple design process and good robustness to external
disturbances [14]. However, the traditional sliding mode
guidance law can only achieve asymptotic convergence in
an infinite time, because the sliding mode manifold is a lin-
ear function [15]. Generally speaking, the flight time of mis-
sile terminal guidance is very short, so the design of
guidance law should consider the finite-time convergence
control method [16]. Additionally, the finite-time sliding
mode control method has faster convergence and better
robustness to model uncertainties and external disturbances.
Inspired by this attractive characteristic, the finite-time sta-
bility sliding mode control has been applied in the speed
and altitude control of air-breathing hypersonic vehicles
[17], the attitude control of unmanned aerial vehicles [18],
and spacecraft steering rendezvous [19]. Therefore, the slid-
ing mode guidance law with finite-time convergence is
worth further studying.

At present, certain sliding mode guidance laws that con-
verge in a finite time have been reported. In [20], a novel
sliding mode guidance law is put forward, which can guide
the LOS angle and the LOS angular rate to zero or its small
neighborhood in a finite time. In [21], based on the second-
order sliding mode control method, a finite-time conver-
gence guidance law is proposed to achieve the requirements
of accuracy, stability, and robustness. In [22], the issue of
interceptor’s impact angle control is discussed. Aiming at
the impact angle problem, the guidance law is derived, which
adopts the nonsingular terminal sliding mode and the finite-
time convergence theory. However, in the above-mentioned
research, the autopilot lag of the missile is ignored. During
the process of real-word engineering practice, the autopilot
lag problem always exists, which has a great influence on
the guidance accuracy, especially while the target is maneu-
vering. This may lead to larger miss distances and even sys-
tem instability. Hence, it is necessary to consider the
dynamic characteristics of the autopilot in the guidance
law design process. In [23], a new guidance law built on
the second-order sliding mode considering impact angle

constraint and autopilot lag is presented to intercept maneu-
vering targets with unknown acceleration. This guidance law
treats the autopilot as first-order inertia. In fact, the missile’s
autopilot has high-order dynamic characteristics; therefore,
it is more reasonable to approximate the missile’s autopilot
to the second-order dynamic characteristics. In [24], the
guidance law considers the second-order dynamic character-
istics of the missile autopilot, but it cannot converge in a
finite time. In the process of the sliding mode control design,
the system disturbance is usually eliminated by selecting the
appropriate switching gain. In the sliding mode guidance
law of intercepting maneuvering targets, the target maneu-
vering information is regarded as the external disturbance
of the guidance system. The robustness of the sliding mode
guidance law against the guidance system’s external distur-
bance is also achieved by selecting the appropriate switching
gain. To satisfy the arrival condition of the sliding mode sur-
face, the switching gain should be selected to be greater than
the upper bound of the external disturbance. Therefore, the
sliding mode guidance law designed in reference [25]
assumes that the upper bound of the target acceleration is
known, while the target acceleration information cannot
actually be known in advance. In order to solve the above-
mentioned problem, in [15], an improved adaptive sliding
mode guidance law without the information of the upper
bound of the target acceleration is introduced, where the
upper bound of the target acceleration is estimated online
by the designed adaptive law. However, using the sliding
mode guidance law to achieve the target maneuvering
robustness only by switching gain will bring serious chatter-
ing phenomenon to the guidance system.

In recent years, with the development of disturbance
observer techniques, the sliding mode control and distur-
bance observer techniques are usually combined in the guid-
ance system design. The techniques of disturbance and
uncertain observers, such as nonlinear disturbance observer
[26], the nonhomogeneous disturbance observer with finite-
time convergence [2], the fixed-time convergence distur-
bance observer [27], the extended high gain observer [28],
the robust nonlinear disturbance observer [29], the extended
state observer [30–32], and nonlinear robust H-infinity
observers [33], combined with the sliding mode control,
have made important contributions to the treatment of
many uncertain disturbances and improve the robustness
of the guidance system. However, the convergence rate of
the aforementioned observers is mainly determined by the
magnitude of the gains, and the transient process of the
observers may adversely affect the performance of the guid-
ance system.

Recently, the neural network [34, 35] has been widely
applied in control systems because it can approximate any
nonlinear function online with arbitrary precision to deal
with the uncertainty of the system. Especially, the RBF neu-
ral network is the most widely used. In [36], the RBF neural
network is used to accurately estimate the lumped distur-
bance of the system and to deal with the uncertainties of
multi-AUV formation control model parameters and
unknown current disturbances. In [37], the RBF neural net-
work is used to approximate the nonlinearity of two-
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dimensional aeroelastic system and solve the model uncer-
tainties in the system. So far, there are little literature about
the RBF neural network applied to the guidance law design.
With important theoretical and engineering application
value, it applies the RBF neural network to the guidance sys-
tem, eliminating the guidance system disturbance caused by
the target maneuvering.

During the actual guidance law design, the missile’s
acceleration is limited. On condition that the guidance
commands exceed the missile’s usable acceleration range,
the guidance system will have an acceleration saturation
problem, which will cause serious deterioration of the
guidance system’s performance and even the system insta-
bility. So it is necessary to design a guidance law with
antiacceleration saturation. Although the references [38,
39] consider the acceleration saturation constraint when
designing the guidance law, they do not consider the mis-
sile autopilot dynamics characteristics or only consider the
autopilot first-order dynamic characteristics, rather than
the autopilot second-order dynamic characteristics that
are closer to the actual situation. In [24], the acceleration
saturation constraint and the missile autopilot second-
order dynamic characteristics are noticed, but this guid-
ance law cannot converge in a finite time. It is of great
significance to study a finite-time convergence guidance
law that can accurately intercept highly maneuvering tar-
gets by simultaneously considering the missile autopilot
second-order dynamic characteristics, acceleration satura-
tion constraint, and impact angle constraint.

Motivated by the above analysis, a novel finite-time con-
vergence guidance law for intercepting highly maneuvering
targets is brought forward in this paper. The special contri-
butions of this paper are as follows:

(1) Compared with existing impact angle constraint
guidance laws [1–3, 16] etc., the proposed guid-
ance law not only realizes the interception of
highly maneuvering targets in a finite time but
also is simultaneously in consideration of the
autopilot’s second-order dynamics characteristics,
acceleration saturation constraint, and impact
angle constraint

(2) An RBF neural network disturbance observer which
can adaptively adjust parameters online in real time
is advanced to estimate guidance system external
disturbance

(3) Focusing on the problem of autopilot dynamic delay,
the backstepping control method [40] is introduced
into the guidance law design. For the traditional
backstepping control methods, to avoid the problem
of “differential expansion” caused by multiple deriv-
atives of the virtual control variables, first-order lin-
ear low-pass filter [24] is usually used to obtain the
derivative of the virtual control variables. However,
the first-order linear low-pass filter cannot guarantee
the system’s finite-time convergence. For this reason,
this paper proposes a nonlinear filter to guarantee
the system’s finite-time convergence

(4) An adaptive auxiliary system is proposed to solve the
problem of guidance command input saturation in
this paper. Compared with the antisaturation
method of guidance command input proposed in
reference [39], the method proposed in this paper
is simpler in form and easier to implement in
engineering.

The remained part of this article is organized as follows.
Section 2 presents the relative motion equations of the mis-
sile and the target in a two-dimensional plane. In Section 3,
based on the nonsingular terminal sliding mode control the-
ory, the adaptive RBF neural network observer, and the
backstepping control method, a novel finite-time conver-
gence guidance law for intercepting a highly maneuvering
target is come up with. The guidance law simultaneously
considers the autopilot’s second-order dynamics characteris-
tics, acceleration saturation constraint, and impact angle
constraint. Its finite-time stability is proved by the Lyapunov
theory. The numerical simulation results are carried out in
Section 4 to demonstrate the effectiveness and superiority
of the proposed guidance law. In Section 5, the key conclu-
sion of the whole paper is presented.

2. Formulation of Guidance Mode

The relative motion geometry of the missile interception tar-
get in the two-dimensional plane is displayed in Figure 1. In
the figure, M represents the center of mass of the missile,
while T is the center of mass of the target. The relative
motion equations of the missile and the target in a two-
dimensional plane can be obtained as shown in the following
equations.

_r = Vt cos q − θtð Þ −Vm cos q − θmð Þ, ð1Þ

r _q = −Vt sin q − θtð Þ + Vm sin q − θmð Þ, ð2Þ

_θt =
at
Vt

, ð3Þ

_θm = am
Vm

, ð4Þ

where r is the relative distance between the missile and the
target, q is the LOS angle of the missile to the target, Vm is
the speed of the missile, Vt is the speed of the target, θm is
the direction angle of missile velocity, θt is the direction
angle of target velocity, am is the normal acceleration of
the missile, and at is the normal acceleration of the target.

Taking the derivative of Equation (2), the following is
obtained.

_r _q + r€q = − _q Vt cos q − θtð Þ −Vm cos q − θmð Þ½ �
+Vt

_θt cos q − θtð Þ − Vm
_θm cos q − θmð Þ

ð5Þ

Combined with Equation (1), Equation (5) can be
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arranged into the following.

€q = −
2_r
r
_q −

uq
r

+
wq

r
ð6Þ

where uq = am cos ðq − θmÞ is the component of missile
acceleration in the normal direction of the LOS of the missile
to the target and wq = at cos ðq − θtÞ is the component of the
target acceleration in the normal direction of the LOS of the
missile to the target.

Although the actual missile’s autopilot has high-order
dynamic characteristics, it can be approximated to the
second-order dynamic characteristics in the guidance law
design. The specific form is exhibited as follows.

€uq = −2ξωn _uq − ω2
nuq + ω2

nu, ð7Þ

where ξ is the damping ratio of the missile autopilot, ωn is
the natural frequency of the missile autopilot, and u is the
guidance command.

The actual missile autopilot has a saturation constraint
on the input of the guidance command. After considering
the saturation constraint of the guidance command, Equa-
tion (7) is rewritten as follows.

€uq = −2ξωn _uq − ω2
nuq + ω2

nsat uð Þ ð8Þ

where satð·Þ is the saturation function and satðuÞ is
expressed as

sat uð Þ =
umax,
u,
−umax,

8>><>>:
u > umax

−umax ≤ u ≤ umax

u<−umax,
ð9Þ

where umax is the upper bound of the guidance command.
Let x1 = q − qd , x2 = _q, x3 = uq, and x4 = _uq, where qd is

the expected terminal LOS angle. By combining Equations
(6) and (8), the two-dimensional plane guidance equation
that comprehensively considers the impact angle constraint,
guidance command input saturation constraint, and autopi-

lot second-order dynamic characteristics, which is expressed
as

_x1 = x2

_x2 = a1x2 + b1x3 + d

_x3 = x4

_x4 = a2x4 + b2x3 + b2sat uð Þ,

8>>>>><>>>>>:
ð10Þ

where a1 = −ð2_r/rÞ, b1 = −ð1/rÞ, a2 = −2ξωn, b2 = ω2
n, and d

=wq/r.

3. The Design of Guidance Law

Before the guidance law design, in order to the convenience
of guidance law design and finite-time convergence proof,
the following lemmas are given:

Lemma 1 (see [41]). Assuming xi (i = 1, 2,⋯, n) is an arbi-
trary real number, and there exists a real number α that sat-
isfies 0 < α < 1, so that inequality (11) holds.

〠
n

i=1
xij j

 !α

≤ 〠
n

i=1
xij jα: ð11Þ

Lemma 2 (see [42]). Assuming xi (i = 1, 2,⋯, n) is an arbi-
trary real number, and there exists a real number β that sat-
isfies β > 1, so that inequality (12) holds.

n1−β 〠
n

i=1
xij j

 !β

≤ 〠
n

i=1
xij jβ: ð12Þ

Lemma 3 (see [43, 44]). If the first derivative of the Lyapunov
function VðxÞ satisfies inequality

_V xð Þ ≤ −aVα xð Þ − bVβ xð Þ, ð13Þ

where a > 0, b > 0, 0 < α < 1, and β > 1, then the system will
converge to the origin in a finite time.

In addition, if the system has a small disturbance, the
first derivative of Lyapunov function VðxÞ will satisfy
inequality

_V xð Þ ≤ −aVα xð Þ − bVβ xð Þ + ε, ð14Þ

where ε is a small positive number, then the system con-
verges to the neighborhood near the origin.

Ω = V ≤ 2v ∣ avα + bvβ = ε
n o

: ð15Þ

Lemma 4 (see [45]). For the nonlinear system _x = f ðx, tÞ, f ð
0, tÞ = 0, x ∈ Rn, if there is a continuously differentiable posi-
tive definite function V and real numbers c > 0 as well as 0
< α < 1, satisfying _V ≤ −cVα, the system will converge to a

q

𝜃m

Vm

Vt

𝜃t

M

T

q

Figure 1: The relative motion geometry of the missile and the
target.

4 International Journal of Aerospace Engineering



stable equilibrium point origin in a finite time, and the con-
vergence time T satisfies T ≤V1−αðx0Þ/cð1 − αÞ:

For the guidance system (10) taking into account the
autopilot second-order dynamic characteristics and the
guidance command saturation constraint, the missile can
accurately intercept highly maneuvering targets at the
desired impact angle. This paper combines the sliding mode
control and backstepping ideas to design the guidance law.
To make the system state converge in a finite time, the fol-
lowing nonsingular fast terminal sliding surface s1 is
designed as follows:

s1 = x1 + k1sig x1ð Þα1 + k2sig x2ð Þα2 , ð16Þ

where k1 > 0, k2 > 0, α1 > α2, and 1 < α2 < 2 are design
parameters. x1 and x2 are the guidance system states, sig
ðxiÞαi = jxijαi sgn ðxiÞ, i = 1, 2.

In the following, the guidance law is designed by the
backstepping method.

Step 1. Design the virtual control law of x3.
The sliding mode error surface is s2 defined as

s2 = s1 = x1 + k1sig x1ð Þα1 + k2sig x2ð Þα2 , ð17Þ

where the definitions of parameters and variables are the
same as that of Equation (16).

Combining the derivation of Equations (17) and (10),
the following equation is obtained.

_s2 = x2 + k1α1 x1j jα1‐1x2 + k2α2 x2j jα2‐1 a1x2 + b1x3 + dð Þ:
ð18Þ

The virtual control law x3c is designed as follows.

where 0 < β1 < 1, β2 > 1, k3 > 0, and k4 > 0 are design param-
eters. d̂ is the estimated value of the guidance system distur-

bance d caused by the target maneuver. bδ is an adaptive item
which will be defined below. Other variables and parameters
are the same as that of Equation (16).

For the purpose of achieving accurate interception of the
highly maneuvering target, it is essential to accurately esti-
mate the guidance system disturbance d caused by target
maneuvering. Therefore, this paper puts forth a parameter
adaptive RBF neural network disturbance observer, and the
expression of the disturbance is expressed as

d = 〠
m

j=1
w∗

j h∗j =W∗Th∗, ð20Þ

where W∗ = ½w∗
1w

∗
2 ⋯ w∗

m�T is the optimal output weight
vector of the output layer of the RBF neural network. h∗ =
h∗1 h

∗
2 ⋯ h∗m½ �T is the optimal vector whose elements

are shown as the following equation, which represents the
Gaussian activation function of the hidden layer neurons
of the RBF neural network.

h∗j = exp
− x − c∗j
��� ���2
2σ∗2j

0B@
1CA, j = 1, 2, 3⋯m, ð21Þ

where c∗j and σ∗j , respectively, represent the optimal center
and optimal width of the jth Gaussian function. x = ½q, _q� is
the input vector of the RBF neural network. q and _q are

the LOS angle and the LOS angular rate of the missile to
the target, respectively.

The parameter adaptive adjustment RBF neural network
disturbance observer is expressed as

d̂ = 〠
m

j=1
ŵjĥj =W∧T ĥ, j = 1, 2, 3⋯m, ð22Þ

where Ŵ = w∧1 w∧2 ⋯ w∧m½ �T is the adaptively
adjusted output weight vector of the RBF neural network
output layer. ĥ = h∧1 h∧2 ⋯ h∧m½ �T is the Gaussian acti-
vation function vector of the RBF neural network hidden
layer neurons, and its parameters can be adaptively adjusted.
The elements of ĥi are expressed as

ĥj = exp
− x − c∧j

�� ��2
2bσ2

j

 !
, j = 1, 2, 3⋯m, ð23Þ

where ĉ and bσ , respectively, represent the adaptive center
and adaptive width of the jth Gaussian function. x = ½q, _q� is
the input vector of the RBF neural network. q and _q are
the LOS angle and the LOS angular rate of the missile to
the target, respectively.

Let the disturbance d subtract the estimation of the dis-
turbance d̂. Then, the linearization method is used to expand
it into a Taylor expansion series partially linear form. The

x3c = −
1
b1

1
k2α2

sig x2ð Þ2−α2 1 + k1α1 x1j jα1‐1� �
+ k3sig s2ð Þβ1 + k4sig s2ð Þβ2 + a1x2 + d̂ + bδ� �

, ð19Þ
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following equation is obtained.

~d = d − d̂ =W∗Th∗ −W∧T ĥ = − ~W
T ĥ − Ŵ

∂h
∂c

~c − Ŵ
∂h
∂σ

~σ + ε,

ð24Þ

where ~d is the disturbance estimation error of the RBF neu-
ral network. ~W= Ŵ −W∗ is the weight vector deviation
between the adaptive weight vector Ŵ and the optimal
weight vector W∗ for the RBF neural network linear output
layer. ~c = ĉ − c∗ is the deviation center vector between the
adaptive center vector ĉi and the optimal center vector ci∗
for the Gaussian function. ~σ = bσ − σ∗ is the deviation width
vector between the adaptive width vector bσ and the optimal
width vector σ∗. ε is the error for the Taylor series. ∂h/∂c
and ∂h/∂σ are, respectively, represented by the following
equations.

∂h
∂c

= hc′=

∂h1
∂c1

0 0 0

0 ∂h2
∂c2

0 0

⋯ ⋯ ⋯ ⋯

⋯ ⋯ ⋯
∂hm
∂cm

266666666664

377777777775
∈ Rm×m, ð25Þ

∂h
∂σ

= hσ′ =

∂h1
∂σ1

0 0 0

0 ∂h2
∂σ2

0 0

⋯ ⋯ ⋯ ⋯

⋯ ⋯ ⋯
∂hm
∂σm

266666666664

377777777775
∈ Rm×m: ð26Þ

Let x3 = x3c + ε1, and substitute it into Equation (18).
Thus, the following equation is obtained.

_s2 = k2α2 x2j jα2‐1 b1ε1 + d − d̂ − bδ� �
− k2α2 x2j jα2‐1k3sig s2ð Þβ1

− k2α2 x2j jα2‐1k4sig s2ð Þβ2 :

ð27Þ

Substitute Equation (24) into Equation (27), and the fol-
lowing equation is obtained.

_s2 = k2α2 x2j jα2‐1 − ~W
T
ĥ − Ŵ

∂h
∂c

~c − Ŵ
∂h
∂σ

~σ + ε + b1ε1 − bδ	 

− k2α2 x2j jα2‐1k3sig s2ð Þβ1 − k2α2 x2j jα2‐1k4sig s2ð Þβ2 :

ð28Þ

Let δ = ε + b1ε1 and ~δ = bδ − δ and rewrite Equation (28)

as

_s2 = k2α2 x2j jα2‐1 − ~W
T
ĥ − Ŵ

∂h
∂c

~c − Ŵ
∂h
∂σ

~σ − ~δ

	 

− k2α2 x2j jα2‐1k3sig s2ð Þβ1 − k2α2 x2j jα2‐1k4sig s2ð Þβ2 :

ð29Þ

The Lyapunov candidate function is selected as

V0 =
1
2 s2

2 + 1
2η1

~δ
2 + 1

2η2
~W

T ~W + 1
2η3

~cT~c + 1
2η4

~σT~σ, ð30Þ

where η1, η2, η3, and η4 are the parameters to be designed.
Take the derivative Lyapunov function, and the follow-

ing equation is obtained.

_V0 = s2 _s2 +
1
η1

~δ _~δ + 1
η2

~W
T _~W + 1

η3
~cT _~c + 1

η4
~σT _~σ: ð31Þ

Substitute Equation (29) into Equation (31), and the fol-
lowing equation is obtained.

_V0 = s2
k2α2 x2j jα2‐1 − ~W

T ĥ − Ŵ
∂h
∂c

~c − Ŵ
∂h
∂σ

~σ − ~δ

	 

−

k2α2 x2j jα2‐1k3sig s2ð Þβ1 − k2α2 x2j jα2‐1k4sig s2ð Þβ2

2664
3775

+ 1
η1

~δ _~δ + 1
η2

~W
T _~W + 1

η3
~cT _~c + 1

η4
~σT _~σ:

ð32Þ

Substitute _~δi =
_bδ i,

_~W i = _̂W i, _~ci = _̂ci, and _~σi = _bσ i into
Equation (32), and the following equation is obtained.

_V0 = s2
k2α2 x2j jα2‐1 − ~W

T ĥ − Ŵ
∂h
∂c

~c − Ŵ
∂h
∂σ

~σ − ~δ

	 

−

k2α2 x2j jα2‐1k3sig s2ð Þβ1 − k2α2 x2j jα2‐1k4sig s2ð Þβ2

2664
3775

+ 1
η1

~δ
_bδ + 1

η2
~W

T _̂W + 1
η3
~cT _̂c + 1

η4
~σT _bσ:

ð33Þ

Rearrange Equation (33), and the following equation is
obtained.

_V0 = s2 −k2α2 x2j jα2‐1k3sig s2ð Þβ1 − k2α2 x2j jα2‐1k4sig s2ð Þβ2
� �
+ ~δ

1
η1

_bδ − k2α2 x2j jα2‐1s2
	 


+ ~W
T 1

η2

_̂W − k2α2 x2j jα2‐1ĥs2
	 


+~cT 1
η3

_̂c − k2α2 x2j jα2‐1hc′s2Ŵ
	 


+ ~σT 1
η4

_bσ − k2α2 x2j jα2‐1hσ′s2Ŵ
	 


:

ð34Þ

To ensure the first derivative of the Lyapunov function
_V0 < 0, the adaptive parameters that change with time are
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selected as follows:

_bδ = η1k2α2 x2j jα2‐1s2, _̂W = η2k2α2 x2j jα2‐1ĥs2,
_̂c = η3k2α2 x2j jα2‐1hc′s2Ŵ, _bσ = η4k2α2 x2j jα2‐1hσ′s2Ŵ:

ð35Þ

Remark 6. For the general disturbance observer, the perfor-
mance of the disturbance observer is highly dependent on
the parameters of the observer. Compared with the adaptive
RBF disturbance observer proposed in this paper, the
parameters of the observer can be adjusted to the optimal
in real time, and the disturbance observer can obtain the
optimal observation performance.

For fear of the problem of “differential expansion”
caused by multiple derivatives of the virtual control variables
and ensure the system finite-time convergence at the same
time, the first-order nonlinear filter is designed as follows:

_x3d =
1
τ
sig x3c − x3dð Þβ1 + 1

τ
sig x3c − x3dð Þβ2

x3d 0ð Þ = x3c 0ð Þ,

8<: ð36Þ

where τ > 0, 0 < β1 < 1, and β2 > 1 are the parameters to be
designed. x3c is the input of the first-order nonlinear filter.
x3d is the output of the first-order nonlinear filter.

Step 2. Design the virtual control law of x4.
The sliding mode error surface s3 is defined as

Equation (37).

s3 = x3 − x3d: ð37Þ

Take the derivative of Equation (37), and combine it
with Equation (10). Then the following equation is
obtained.

_s3 = _x3 − _x3d = x4 − _x3d: ð38Þ

The virtual control law is designed as follows.

x4c = −k2α2 x2j jα2‐1b1s2 − k5sig s3ð Þβ1 − k6sig s3ð Þβ2 + _x3d:

ð39Þ

To avoid the problem of “differential expansion”
caused by multiple derivatives of the virtual control vari-
ables and ensure the system finite-time convergence, the
first-order nonlinear filter is designed as follows:

_x4d =
1
τ
sig x4c − x4dð Þβ1 + 1

τ
sig x4c − x4dð Þβ2

x4d 0ð Þ = x4c 0ð Þ,

8<: ð40Þ

where τ > 0, 0 < β1 < 1, and β2 > 1 are the parameters to
be designed. x4c is the input of the first-order nonlinear
filter. x4d is the output of the first-order nonlinear filter.

Step 3. Design the actual guidance law u.
The problem of guidance command input saturation is

dealt with by designing an adaptive auxiliary system revealed
as follows.

_λ = −ρλ + b2Δu, ð41Þ

where λ is the status of the auxiliary system, Δu = satðuÞ − u,
and ρ > 0 is the parameter to be designed.

The sliding mode error surface s4 is defined as follows.

s4 = x4 − x4d − λ: ð42Þ

Take the derivative of Equation (42) and combine it with
Equation (10) as well as Equation (41). Therefore, the fol-
lowing equation is obtained.

_s4 = a2x4 − b2x3 + b2u + ρλ − _x4d: ð43Þ

The actual guidance law is designed as follows.

u = 1
b2

−a2x4 + b2x3 − ρλ + _x4d − s3 − k7sig s4ð Þβ1 − k8sig s4ð Þβ2
� �

:

ð44Þ

Theorem 7. For the guidance system (10) with guidance com-
mand input saturation constraints, under the action of the
guidance law (44), the system state x1 converges to the area
jx1j ≤ 2ε2 in a finite time, and the system state x2 also con-
verges to the area jx2j ≤ ðε2/k2Þ1/α2 in a finite time, where ε2
is a small positive number. In other words, the LOS angular
rate _q can converge to near zero in a finite time, and the
LOS angle can converge to the desired LOS angle qd in a finite
time.

Proof. The error of the virtual control law after the first-
order nonlinear filter is defined as follows.

gi = xid − xic, i = 3, 4: ð45Þ

Take the derivative of Equation (45), and combine Equa-
tion (36) as well as Equation (40). Thus, the following equa-
tion can be obtained.

_gi = _xid − _xic = −
1
τ
sig gið Þβ1 −

1
τ
sig gið Þβ2 − _xic, i = 3, 4,

ð46Þ

gi _gi = −
1
τ
gisig gið Þβ1 − 1

τ
gisig gið Þβ2 − gi _xic, i = 3, 4,

ð47Þ

According to the literature [46], there exists σi > 0,
which satisfies j _xicj ≤ σi, so the following inequality can be
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obtained.

gi _gi ≤ −
1
τ
gij jβ1+1 −

1
τ
gij jβ2+1 + g2

i + σ2
i

2 : ð48Þ

Combining Equations (18), (37), and (45), the following
equation can be obtained.

_s2 = x2 + k1α1 x1j jα1‐1x2 + k2α2 x2j jα2‐1 a1x2 + b1x3c + b1g3 + b1s3 + dð Þ
= k2α2 x2j jα2‐1 b1g3 + b1s3 + d − d̂ − bδ� �

− k2α2 x2j jα2‐1k3sig s2ð Þβ1

− k2α2 x2j jα2‐1k4sig s2ð Þβ2 :

ð49Þ

Combining Equations (38), (42), and (44), the following
equation can be obtained.

_s3 = x4 − _x3d = s4 + g4 + λ − k2α2 x2j jα2‐1b1s2 − k5sig s3ð Þβ1

− k6sig s3ð Þβ2 :
ð50Þ

Combining Equations (43) and (44), the following equa-
tion can be obtained.

_s4 = a2x4 − b2x3 + b2u + ρλ − _x4d = −s3 − k7sig s4ð Þβ1 − k8sig s4ð Þβ2 :

ð51Þ

The Lyapunov candidate function is constructed as
follows.

V = 1
2〠

4

i=2
s2i +

1
2〠

4

i=3
g2
i : ð52Þ

After taking the derivative Lyapunov function, the fol-
lowing equation can be obtained.

_V = 〠
4

i=2
si _si + 〠

4

i=3
gi _gi

= s2 kð 2α2 x2j jα2‐1 b1g3 + b1s3 + ~d − bδ − k3sig s2ð Þβ1 − k4sig s2ð Þβ2
� �

+ s3 s4 + g4 + λ − k2α2 x2j jα2‐1b1s2 − k5sig s3ð Þβ1 − k6sig s3ð Þβ2
� �

+ s4 −s3 − k7sig s4ð Þβ1 − k8sig s4ð Þβ2
� �

+ g3 _g3 + g4 _g4

= s2k2α2 x2j jα2‐1b1g3 + s2k2α2 x2j jα2‐1b1s3
+ s2k2α2 x2j jα2‐1 ~d − bδ� �

+ s3s4 + s3g4 + s3λ

− s3k2α2 x2j jα2‐1b1s2 − s3s4 − k2α2 x2j jα2‐1k3 s2j jβ1+1

− k2α2 x2j jα2‐1k4 s2j jβ2+1 − k5 s3j jβ1+1 − k6 s3j jβ2+1

− k7 s4j jβ1+1 − k8 s4j jβ2+1 + g3 _g3 + g4 _g4

= s2k2α2 x2j jα2‐1b1g3 + s2k2α2 x2j jα2‐1 ~d − bδ� �
+ s3g4 + s3λ

− k2α2 x2j jα2‐1k3 s2j jβ1+1 − k2α2 x2j jα2‐1k4 s2j jβ2+1
− k5 s3j jβ1+1 − k6 s3j jβ2+1 − k7 s4j jβ1+1 − k8 s4j jβ2+1 + g3 _g3 + g4 _g4:

ð53Þ

Combining inequality (48) and equation (53), the fol-
lowing inequality can be obtained.

_V ≤ k2α2 x2j jα2‐1b1s2g3 + k2α2 x2j jα2‐1s2~d − k2α2 x2j jα2‐1s2bδ
+ s3g4 + s3λ − k2α2 x2j jα2‐1k3 s2j jβ1+1
− k2α2 x2j jα2‐1k4 s2j jβ2+1 − k5 s3j jβ1+1 − k6 s3j jβ2+1

− k7 s4j jβ1+1 − k8 s4j jβ2+1 − 1
τ
g3j jβ1+1 − 1

τ
g3j jβ2+1

+ g23
2 + σ23

2 −
1
τ
g4j jβ1+1 −

1
τ
g4j jβ2+1 + g24

2 + σ24
2 :

ð54Þ

After rearranging inequality (54), the following inequal-
ity can be obtained.

_V ≤ −k2α2 x2j jα2‐1k3 s2j jβ1+1 − k2α2 x2j jα2‐1k4 s2j jβ2+1

− k5 s3j jβ1+1 − k6 s3j jβ2+1 − k7 s4j jβ1+1 − k8 s4j jβ2+1

−
1
τ
g3j jβ1+1 −

1
τ
g3j jβ2+1 − 1

τ
g4j jβ1+1 −

1
τ
g4j jβ2+1

+ k2α2 x2j jα2‐1 b1j j + 2ð Þ
2 s22 +

k2α2 x2j jα2‐1 b1j j + 1
2 g2

3 + s23

+ g2
4 +

1
2 λ

2 + σ2
3
2 + σ24

2 + k2α2 x2j jα2‐1
2

~d
2 + k2α2 x2j jα2‐1

2 δ∧2:

ð55Þ

When 0 <m1 < 1, m2 > 1, and p ≥ 0, the inequality pm1

+ pm2 ≥ p always holds, so the following inequality holds.

−n1p
m1 − n2p

m2 + n3p ≤ − n1 − n3ð Þpm1 − n2 − n3ð Þpm2 , ð56Þ

where n1 > 0, n2 > 0, and n3 > 0.
According to inequality (56), inequality (55) can be writ-

ten as follows.

_V ≤ −k2α2 x2j jα2‐1 k3 −
b1j j + 2ð Þ
2

	 

s22
� �β1+1

2

− k2α2 x2j jα2‐1 k4 −
b1j j + 2ð Þ
2

	 

s22
� �β2+1

2 − k5 − 1ð Þ s23
� �β1+1

2

− k6 − 1ð Þ s23
� �β2+1

2 − k7 s24
� �β1+1

2 − k8 s24
� �β2+1

2

−
1
τ
−
k2α2 x2j jα2‐1 b1j j + 1

2

	 

g23
� �β1+1

2

−
1
τ
−
k2α2 x2j jα2‐1 b1j j + 1

2

	 

g23
� �β2+1

2 −
1
τ
− 1

	 

g24
� �β1+1

2

−
1
τ
− 1

	 

g24
� �β2+1

2 + 1
2 λ

2 + σ23
2 + σ24

2 + k2α2 x2j jα2‐1
2

~d
2

+ k2α2 x2j jα2‐1
2 δ∧2:

ð57Þ
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Let

A =min k2α2 x2j jα2‐1 k3 −
b1j j + 2ð Þ
2

	 

, k5 − 1ð Þ, k7,

�
� 1

τ
−
k2α2 x2j jα2‐1 b1j j + 1

2

	 

, 1

τ
− 1

	 
�

B =min k2α2 x2j jα2‐1 k4 −
b1j j + 2ð Þ
2

	 

, k6 − 1ð Þ, k8,

�
� 1

τ
−
k2α2 x2j jα2‐1 b1j j + 1

2

	 

, 1

τ
− 1

	 
�

σ0 =
1
2 λ

2 + σ23
2 + σ24

2 + k2α2 x2j jα2‐1
2

~d
2 + k2α2 x2j jα2‐1

2 δ∧2:

ð58Þ

The appropriate guidance parameters can be selected to
satisfy A > 0 and B > 0, and (59) can be rewritten as follows.

_V ≤ −A 〠
4

i=2
s2i
� �β1+1

2 + 〠
4

i=3
g2i
� �β1+1

2

" #
− B 〠

4

i=2
s2i
� �β2+1

2 + 〠
4

i=3
g2
i

� �β2+1
2

" #
+ σ0:

ð59Þ

According to Lemmas 1 and 2, inequality (59) can be
rewritten as follows.

_V ≤ −2
β1+1
2 A

1
2〠

4

i=2
s2i
� �

+ 1
2〠

4

i=3
g2i
� �" #β1+1

2

− 5
1−β2
2 2

β2+1
2 B

1
2〠

4

i=2
s2i
� �

+ 1
2〠

4

i=3
g2i
� �" #β2+1

2

+ σ0:

ð60Þ

Combining with Equation (52), inequality (60) can be
rewritten as follows.

_V ≤ −C1V
β1+1
2 − C2V

β2+1
2 + σ0, ð61Þ

where C1 = 2ðβ1+1Þ/2A and C2 = 5ð1−β2Þ/22ðβ2+1Þ/2B.☐

According to Lemma 3, the system converges to a small
neighborhood (62) near the origin in a finite time.

Ω = V ≤ 2v ∣ C1v
β1+1
2 + C2v

β2+1
2 = σ0

n o
: ð62Þ

According to Equation (62), V converges to a small
neighborhood near the origin in a finite time. Therefore,
s2 also converges in a finite time. It is possible to make
s2 arbitrarily be small by selecting reasonable guidance
parameters. Supposed that s2 converges to a smaller area
js2j < ε2 in a finite time, where ε2 is a small positive num-
ber, after s2 convergence, let s2 = μ2, and then jμ2j < ε2,
and combining with Equation (17), the following equation

can be obtained.

μ2 = x1 + k1sig x1ð Þα1 + k2sig x2ð Þα2 : ð63Þ

Rearrange Equation (63) as follows.

x1 + k1sig x1ð Þα1 + k2 −
μ2

sig x2ð Þα2
	 


sig x2ð Þα2 = 0: ð64Þ

Let k = k2 − ðμ2/sigðx2Þα2Þ, and then Equation (64) can
be written as follows.

x1 + k1sig x1ð Þα1 + ksig x2ð Þα2 = 0: ð65Þ

According to Equation (65), the following equation can
be obtained.

sign x1ð Þ = − sign x2ð Þ, x2j j = k−
1
α2 x1j j + k1 x1j jα1ð Þ 1

α2 : ð66Þ

According to equation (66), the following equation can
be obtained.

x2 = x2j j sign x2ð Þ = k−
1
α2 x1j j + k1 x1j jα1ð Þ 1

α2 sign x2ð Þ: ð67Þ

The Lyapunov candidate function is selected as fol-
lows.

Vx =
1
2 x

2
1: ð68Þ

After taking the derivative Lyapunov function, combin-
ing with Equations (10) and (67), the following equation
can be obtained.

_Vx = x1x2 = x1k
− 1
α2 x1j j + k1 x1j jα1ð Þ 1

α2 sign x2ð Þ
= − x1j jk− 1

α2 x1j j + k1 x1j jα1ð Þ 1
α2 = −k−

1
α2 x1j jα2+1 + k1 x1j jα1+α2� � 1

α2

≤ −k−
1
α2 x1j j

α2+1
α2 = −

ffiffiffi
2

p� �α2+1
α2 k−

1
α2V

α2+1
2α2
x :

ð69Þ

According to Lemma 4, the system will converge to k
≤ 0 in a finite time, that is to say k2 − ðμ2/sigðx2Þα2Þ ≤ 0;
then the following inequality holds.

x2j j ≤ μ2j j
k2

	 
 1
α2
≤

ε2
k2

	 
 1
α2
: ð70Þ

According to Equation (63) and inequality (70), the
convergence region of the system state can be obtained
as shown in the following inequality.

x1j j ≤ x1j j + k1 x1j jα1 ≤ k2 x2j jα2 + μ2j j ≤ 2ε2: ð71Þ

Thus, Theorem 7 is proved.

Remark 8. For the selection of guidance parameters, it is
indispensable to ensure that A > 0 and B > 0. α1, α2, k1,
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and k2 are selected according to the convergence speed
required by the system states x1 and x2. k3, k4, k5, k6, k7
, k8, β1, and β2 are selected according to the required con-
vergence speed of the sliding mode error surface s2, s3, and
s4. η1, η2, η3, and η4 determine the convergence speed of
the adaptive RBF neural network. τ determines the filter-
ing depth of the nonlinear filter. ρ determines the conver-
gence speed of the antisaturation adaptive auxiliary
system.

The block diagram of the proposed guidance law method
in this paper is shown in Figure 2.

4. Simulation Results

In this section, numerical simulation does duty for verify-
ing the effectiveness and superiority of the guidance law
intercepting highly maneuvering targets. Target maneuvers
are divided into sinusoidal maneuvers and constant
maneuvers. Numerical simulation is divided into two
parts. In the first part, four missiles with different initial

states are used to intercept both sine and constant maneu-
vering targets with different expected terminal LOS angles,
which verifies the terminal LOS angle control accuracy
and target interception accuracy of the guidance law pro-
posed in this paper. In the second part, different guidance
laws are used to intercept sinusoidal and constant maneu-
vering targets under the same conditions so as to verify the
superiority of the proposed guidance law in this paper com-
pared with other guidance laws.

Missile kinematics RBF neural network
disturbance observer 

=

− −

m
T

wjhj
j=1

ˆ ˆ ˆˆˆd= W h, h
2

2
j

 

Ŵ

ĉ

�̂�

2�̂�

x1
x2
x3
x4

uq
q

q

uq

s2

d̂

𝛿

ĥj=exp(
ĉjx

u

Adaptive law

-1

Sliding mode error surface

Adaptive auxiliary system

Guidance law

Virtual control law and first-

Target kinematics
Relative kinematics equation

of missile and target
Autopilot dynamic delay

qd

at x=[q, q]·

·

·

=1, 2, 3…m

),j = 1, 2, 3…m

Ŵ=𝜂2k2𝛼2

W

𝛼2x2
΄

ʹ

ĥs2

s2=x2+k1sig(x2)

sig(x2)

x2

(1+k1𝛼1 )+

+

x1=

=

=

–

– -
s3=x3-x3dx3dx4dx3d

x3c

x4c

x3d

x3d x3c(0)

x4d

s4=x4-x4d-𝜆

u

𝜆

𝜆=–𝜌𝜆+b2𝛥u

-𝜌𝜆+x4d(–𝛼2x4
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𝜏
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1
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1

1

1 2-𝛼1
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𝜆
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-1
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ˆ
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-1
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΄
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·

x1=q-qd, x2=q·
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·
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sig(x3c-x3d)

(0) =

x4d x4c(0)(0) =

+a1x2+d+𝛿𝛽1 𝛽2

𝛽1

𝛽1

𝜏

1 sig(x3c-x3d)+ 𝛽2

- k6sig(s3)𝛽2

ˆˆ

·

·

=x4d
𝜏

1 sig(x4c-x4d)𝛽1

𝜏

1 sig(x4c-x4d)+ 𝛽2·

Figure 2: Block diagram of the proposed guidance law method.

Table 1: The initial condition of the missiles and expected terminal
LOS angle.

Missile xm 0ð Þ, ym 0ð Þ½ � (km) Vxm 0ð Þ, Vym 0ð Þ� �
(m/s) qd (°)

M1 [0, 2] [1200, 0] 20

M2 [3, 10] [1200, 0] 10

M3 [3, 1] [1200, 0] 25

M4 [10, 0] [1200, 0] 15
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Figure 3: Continued.

11International Journal of Aerospace Engineering



In the following simulation, the guidance law parameters
proposed in this paper are set as follows:

α1 = 3, α2 = 1:4, k1 = k2 = min 20000/r, 40ð Þ, k3 = k4
= 2a1, k5 = k6 = k7 = k8 = 4, β1 = 0:5, β2 = 1:9, η1 = η2
= η3 = η4 = 0:1, τ = 0:01, ρ = 10:

ð72Þ

The initial values of the integral variable parameters in
the guidance law are selected as follows:

Ŵ 0ð Þ = ‐60‐30 0 30 60½ �, ĉ 0ð Þ = ‐0:1‐0:05 0 0:05 0:1½ �, bσ 0ð Þ
= 3 3 3 3 3½ �, bδ 0ð Þ = 0, λ 0ð Þ = 0:

ð73Þ

The second-order dynamic characteristic parameter of
the missile autopilot is set as wn = 10rad/s, ξ = 0:8.

4.1. Different Missile Simulations. Four missiles in different
initial states intercept sinusoidal and constant maneuvering
targets with their respective expected terminal LOS angles.
The initial state and expected terminal LOS angle setting of
the missiles are represented in Table 1. The target maneuver-
ing case and its initial parameter settings are as follows:

Case 1. aT = 100 sin ð0:2tÞm/s2, xtð0Þ = 50km, ytð0Þ = 15km,
Vxtð0Þ = −1000m/s, and Vytð0Þ = −500m/s.

Case 2. aT = 100m/s2, xtð0Þ = 50km, ytð0Þ = 15km, Vxtð0Þ
= −1000m/s, and Vytð0Þ = −800m/s.

Four missiles with different initial states and different
expected terminal LOS angles intercepted two maneuvering
targets in Case 1 and Case 2. The simulation results are
shown in Figures 3 and 4 and Tables 2 and 3. Figures 3(a)
and 4(a) reveal the relative motion curves of the missile
and the target. From the figures, it can be seen that the mis-
siles with different initial states can successfully intercept the
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Figure 3: Simulation results of Case 1. (a) Relative motion curves of the missiles and targets. (b) Curves of q. (c) Curves of _q. (d) Curves of u.
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two maneuvering targets in Case 1 and Case 2. The curve of
the LOS angle of the missile to the target is demonstrated in
Figures 3(b) and 4(b). It can be clearly seen from the figures
that although the initial state of the missile is different, for
the two maneuvering targets in Case 1 and Case 2, the
LOS angle of the missile to the target finally converged to
the desired value with high accuracy. Figures 3(c) and 4(c)
display the curves of the LOS angular rate. According to
the figures, the LOS angular rate of four missiles in different
initial states can rapidly converge to zero whether or not
they intercept the maneuvering target in Case 1 or Case 2.
Figures 3(d) and 4(d) indicate the guidance command
curves. From the figures, it can tell by that the missiles with
different initial states intercept two different maneuvering
targets. The guidance commands calculated by the guidance
law proposed in this paper are relatively smooth, and none
of them exceed the range of amplitude. Figures 3(e)–3(h)
and 4(e)–4(h) show the sliding mode error surface curves
of four missiles. All curves can converge to near zero.
Figures 3(i) and 4(i) are disturbance estimation error curves.

Table 2: Simulation results of Case 1.

Missile Miss distance (m) LOS angle error (°) Flight time (s)

M1 6:3454e − 06 0.0248 25.542

M2 1:3616e − 04 0.0298 22.177

M3 4:1120e − 07 0.0262 25.069

M4 1:5057e − 04 0.0514 21.532

Table 3: Simulation results of Case 2.

Missile Miss distance (m) LOS angle error (°) Flight time (s)

M1 5:0043e − 06 0.074 28.104

M2 6:2336e − 07 0.0466 22.634

M3 7:8147e − 07 0.0926 28.54

M4 2:6743e − 06 0.057 22.025
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From the figures, it can be clearly seen that the disturbance
estimation error quickly converges to zero, although the dis-
turbance caused by target maneuvering will increase rapidly
at the moment before the missile and the target encounter,
so will the disturbance estimation error. Tables 2 and 3 sug-
gest the simulation results of four missiles in different initial
states, which intercept the maneuvering targets in two cases
with different expected terminal LOS angles. The maximum
intercepted miss distance is 1:5057e − 04m, and the maxi-
mum terminal LOS angle error is 0.0926°, indicating that
the guidance law proposed in this paper can control both
the miss distance and the terminal LOS angle error with high
accuracy. Therefore, the guidance law proposed in this paper
can make missiles in different initial states successfully inter-
cept different maneuvering targets with high accuracy, and
the expected terminal LOS angle of the missile can be con-
trolled with high accuracy.

4.2. Different Guidance Law Simulations. To confirm the
superiority of the guidance law proposed in this paper, the
simulation was compared with the nonlinear terminal slid-
ing mode guidance law (NTSMGL) [47] and the integral
sliding mode guidance law (ISMGL) [3]. Under the action
of the three guidance laws, the initial parameters of the mis-
sile are set as xmð0Þ = 10 km, ymð0Þ = 0 km, Vxmð0Þ = 1200
m/s, and Vymð0Þ = 0m/s, and the expected terminal LOS

angle of the missile is set as qd = 15°. Choose two different
target maneuvering situations and target initial parameters
in Case 1 and Case 2.

The sliding mode surface of the nonlinear terminal slid-
ing mode guidance law (NTSMGL) is selected as follows.

s = x1 +
1
β
x2

p/q, ð74Þ

where β > 0, p, and q are positive odd numbers, which satisfy
p > q,1 < p/q < 2.

The nonlinear terminal sliding mode guidance law
(NTSMGL) is expressed as follows.

uNTSMGL = r −
2_r
r
x2 +

βq
p
x2

2−p/q + ks + h sgn sð Þ
	 


: ð75Þ

The guidance parameter is selected as β = 10, p = 9, q = 7
, k = 5:5, and h = 10.

The sliding mode surface of the integral sliding mode
guidance law (ISMGL) is selected as follows.

s = x2 + k2x1 + k3

ðt
0
k1x2 + k2x1ð Þdτ: ð76Þ
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Figure 5: Simulation results of three different guidance laws in Case 1. (a) Relative motion curves of the missiles and targets. (b) Curves of q.
(c) Curves of _q. (d) Curves of u.
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The integral sliding mode guidance law (ISMGL) is
expressed as follows.

u = −2_rx2 + rk2x2 + rk3 k1x2 + k2x1ð Þ + ε sgn sð Þ: ð77Þ

The guidance parameter is selected as k1 = 1, k2 = 1:5,
k3 = 1, and ε = 70.

For the sake of reducing the chattering caused by the dis-
continuous sign function in the nonlinear terminal sliding
mode guidance law (NTSMGL) and the integral sliding
mode guidance law (ISMGL), the sign function is replaced
by the saturation function of Equation (78).

sat s, ϕð Þ =
s/ϕ, sj j ≤ ϕ

sgn sð Þ, sj j > ϕ,

(
ð78Þ

where ϕ = 0:01.
Three different guidance laws act on the missiles in the

same initial state, with the same expected terminal LOS
angle, intercepting the two maneuvering targets of Case 1
and Case 2. The simulation results are shown in Figures 5
and 6 and Tables 4 and 5. Figures 5(a) and 6(a) demonstrate
the relative motion curves of missiles and targets. It can be
seen from the figures that three different guidance laws act-
ing on missiles in the same initial state can successfully

intercept the maneuvering targets in Case 1 and Case 2,
although the trajectories of the missiles are different. Under
the action of three different guidance laws, the curve of the
LOS angle of the missile to the target for two maneuvering
targets in Case 1 and Case 2 is revealed by Figures 5(b)
and 6(b).The figures clearly demonstrate that the terminal

Table 4: Simulation results of three different guidance laws in Case 1.

Guidance
law

Miss distance
(m)

LOS angle error
(°)

Flight time
(s)

Proposed 1:5057e − 04 0.0514 21.532

NTSMGL 2.0758 98.9872 21.467

ISMGL 2.8056 80.7839 21.719

Table 5: Simulation results of three different guidance laws in Case
2.

Guidance
law

Miss distance
(m)

LOS angle error
(°)

Flight time
(s)

Proposed 2:6743e − 06 0.057 22.025

NTSMGL 3.1417 61.6403 21.847

ISMGL 0.5615 64.0243 22.086
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Figure 6: Simulation results of three different guidance laws in Case 2. (a) Relative motion curves of the missiles and targets. (b) Curves of q.
(c) Curves of _q. (d) Curves of u.
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LOS angle of the guidance law proposed in this paper is able
to accurately converge to the desired value until the missile
and the target encounter. Although the terminal LOS angles
of the NTSMGL and ISMGL can also converge to the
desired value, just a short time before the missile and the
target encounter, the LOS angles of the two guidance laws
have diverged to different degrees. Figures 5(c) and 6(c)
show the curves of the LOS angular rate for two maneuver-
ing targets in Case 1 and Case 2 under the action of three
different guidance laws. It can be clearly seen from the fig-
ures that the guidance law proposed in this article can
make the LOS angular rate accurately converge to near zero
until the missile and the target encounter. Although the
NTSMGL and the ISMGL can also make the LOS angular
rate converge to near zero, just a short time before the mis-
sile and the target encounter, under the action of the two
guidance laws, the LOS angular rate has a different degree
of divergence phenomenon. Moreover, Figure 5(c) reveals
that the NTSMGL has an oscillation phenomenon in the
LOS angular rate from 15 s to 20 s for the maneuvering tar-
get in Case 1. Figures 5(d) and 6(d) demonstrate the mis-
sile’s guidance command curves for two maneuvering
targets in Case 1 and Case 2 under the action of three dif-
ferent guidance laws. As can be seen from the figures, in the
guidance law proposed in this paper, the guidance com-
mand curve is relatively smooth throughout, and there is
no command saturation in the whole process. Nevertheless,
the NTSMGL and the ISMGL both present command satu-
ration in the initial stage of guidance within a short period
of time before the missile and the target encountered. Apart
from this, it can be clearly seen from Figure 5(d) that for
the maneuvering target in Case 1, and the guidance com-
mand of the NTSMGL appears an oscillation phenomenon
from 15 s to 20 s. Tables 4 and 5 demonstrate the simula-
tion results of three different guidance laws, acting on mis-
siles in the same initial state, and intercepting two
maneuvering targets in Case 1 and Case 2, with the same
expected terminal LOS angle. It can be seen from the table
that the three different guidance laws have very little differ-
ence in interception time whether they are intercepting the
maneuvering target in Case 1 or in Case 2. Three different
guidance laws intercept the maneuvering targets in two
cases. In terms of miss distance, the guidance law proposed
in this paper has miss distances of 1:5057e − 04m and
2:6743e − 06m, the NTSMGL has miss distances of
2.0758m and 2.0758m, and the ISMGL has miss distances
of 2.8056m and 0.5615m. Consequently, the guidance law
proposed in this paper is far less than the other two guid-
ance laws in the miss distance. In terms of the LOS angle
control, the guidance law proposed in this paper can con-
trol the LOS angle error in 0.0514° and 0.057°, respectively,
for maneuvering targets in two cases. However, the
NTSMGL and the ISMGL had a divergence of the LOS
angle for a short period of time before the missile and tar-
get encounter, and they were unable to control the LOS
angle to the desired value. Therefore, the guidance law pro-
posed in this paper has better control performance than the
NTSMGL and the ISMGL in both miss distance and termi-
nal LOS angle control.

5. Conclusions

In this paper, based on nonsingular terminal sliding mode
control, the parameter adaptive adjustment RBF neural net-
work disturbance observer, the finite-time stability theory,
and the backstepping control method, a novel finite-time
convergence guidance law that considers the attack angle
constraint, the autopilot dynamic characteristics, and the
guidance command saturation constraint are proposed.
The main work and conclusions of this paper are as follows:

(1) To compensate for the disturbance of the guidance
system caused by target maneuvering, an RBF neural
network disturbance observer with parameters adap-
tive real-time online adjustment is put forward. At
the same time, an adaptive law is designed to elimi-
nate the estimation error of the RBF neural network
disturbance observer

(2) Aiming at the problem of attacking angle constraint,
a nonsingular terminal sliding mode surface with
finite-time convergence is designed. In view of the
dynamic delay of autopilot, a backstepping sliding
mode guidance law with finite-time convergence is
proposed. To solve the problem of guidance com-
mand input saturation, an adaptive auxiliary system
is proposed

(3) Simulation results demonstrate that the proposed
guidance law can make the missile accurately inter-
cept the highly maneuvering target with the expected
LOS angle for different missile initial conditions and
expected LOS angle. The guidance law proposed in
this paper has higher guidance accuracy and angle
constraint accuracy than that of the existing guid-
ance law.

For interception of highly maneuvering targets, the
attack angle constraint, guidance command input saturation
constraint, and dynamic characteristics of autopilot are
comprehensively considered in the design of finite-time con-
vergent guidance law. However, the antenna refraction error
and measurement noise of the seeker are also important fac-
tors affecting the guidance accuracy, which are worthy of
further consideration in the future research.
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