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Adaptive second order sliding mode
guidance law for missile-target interception
with fuzzy logic system

Handan Giirsoy-Demir'>® and Mehmet Onder Efe®

Abstract

This paper presents the design of a 3D missile guidance law based on a second order sliding mode control technique employing
an adaptive tuning law and a fuzzy gain scheduling. At the outset, the super-twisting sliding mode guidance law is obtained to
overcome the chattering phenomenon. Then, without the knowledge about the bounds of disturbances, an adaptive law is used
to determine the control gains. The results are enhanced using a fuzzy module that provides the controller parameters according
to a set of linguistic rules. Finally, a comparative set of simulation results are given. To verify the performance and effectiveness of
the proposed guidance law, we compare the performances of the traditional sliding mode (SM) guidance law, the traditional
super-twisting sliding mode (STVVSM) guidance law, the adaptive super-twisting sliding mode (ASTWSM) guidance law and the
adaptive fuzzy super-twisting, sliding mode (AFSTWSM) guidance law. The simulation scenarios consider fundamental target
movements. The results demonstrate that the proposed adaptive guidance laws display better performance in terms of miss

distance, intercept time, and final closing velocity compared the alternatives considered in this study.
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Introduction

During the past few decades, guidance law design for missile
systems has been studied by many researchers and en-
gineers. There are well-known guidance approaches in the
field of missile guidance and control, such as Proportional
Navigation (PN), True Proportional Navigation (TPN),
Optimal Guidance Law (OGL) etc. However, under de-
manding operational conditions and constraints, such tra-
ditional guidance solutions have become either impractical
or insufficient in terms of performance. Thus, in order to
meet the real-time requirements for missile-target in-
terception, a number of robust control methods have been
employed in the guidance systems, such as sliding mode
(SM) control' ™, optimal control®, and H., control.®
Because of its prominent features, such as robustness
and bandwidth, the traditional Sliding Mode Control
(SMC) is successfully employed in designing missile
guidance systems.'~ Zhang et al.' propose a sliding mode
guidance law by taking into account the terminal impact
angle constraint. Using the SMC algorithm, Shin et al.
present a novel 3D guidance law for the interception of
maneuvering targets. On the other hand, it is well known
that the SMC framework suffers from the chattering
phenomenon arising due to the discontinuous switching
term. To alleviate the disadvantages of the discontinuity in

the control law, one remedy is to use a saturation function
introducing a boundary layer around the sliding subspace
and giving concessions from the performance. The second
remedy is the use of a high-order SMC approach, which
has been studied extensively in the recent years and
a widely used variant of it is called super-twisting SMC.”’

The super-twisting SMC method is one of the second-
order SMC methods and it is known for its robustness
and eliminated chattering.” "' Zhao et al.'® design the
controller by using this method for a tethered space robot.
In,"" by utilizing a cascaded inner-outer loop structure,
a super-twisting SMC is presented for a quadrotor.
However, if the upper bounds of the disturbances and
uncertainties are not known, they may be overestimated
and the chattering can be further provoked. In order to
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overcome this problem, an adaptive law is developed.'*™*

Thus, thanks to the adaptive law, it is not necessary to have
the upper bound information of the disturbances and
uncertainties. In,"* the controller based on the super-
twisting SMC method with an adaptive law is proposed
for the 6 degrees-of-freedom (dof) nonlinear unmanned
aerial vehicle and also two separate controllers are de-
signed by taking account into the equations of motion. An
adaptive super-twisting algorithm is proposed in'> for
a microgyroscope under unknown model uncertainties
and external disturbances.

For many years, numerous studies in which fuzzy logic has
been used together with the SMC method have been reported
in the literature. Since the fuzzy logic control method is a rule-
based algorithm, determining different gains for different
partitions of the input space is a remedy to the problem of very
large/small gain selection. In,'® an adaptive fuzzy gain-
scheduling SMC scheme is presented for unmanned quad-
rotor vehicle and the goal is to solve the problem of attitude
regulation. In,'” a new controller, which is designed by uti-
lizing an adaptive fuzzy high-order super-twisting SMC
method, is proposed to accomplish certain trajectory tracking
for a robotic manipulator under external disturbances and
unknown uncertainties of the system. In,'® for spacecraft at-
titude tracking for space debris removal, an adaptive fuzzy
SMC approach is developed under external disturbances and
uncertainties.

In,"* a nonsingular adaptive super-twisting guidance is
proposed for missile-target planar engagement geometry
subject to impact angle constraint. In,'* a nonsingular fast
terminal sliding mode guidance law is developed for the
targets. The approach considers maneuvering motion and
impact angle constraints and addresses the singularity problem
of the terminal SMC scheme. Moreover, the same work
proposes a fast terminal sliding mode dynamics with finite-
time convergence with an adaptive smooth super-twisting
algorithm. Xu et al.'” present a novel guidance law based
on the composite nonsingular fast terminal sliding mode and
adaptive super-twisting algorithm. However, the work re-
ported by Xu et al.'’ considers the motion of the missile and
target in the pitch plane. Using the SMC method and a fuzzy
logic system, Li et al.?* propose a novel guidance law under
various terminal constraints, which are miss distance, impact
angle, and acceleration for the missile-target interception.
Another remarkable application of the fuzzy SMC method is
reported by Elhalwagy et al.*' where a guidance law for the
trajectory control of a command guidance system is consid-
ered. The developed guidance law in comparison with each of
the studies listed above was examined. Contrary to the pre-
viously proposed guidance laws in,'*"” the presented guid-
ance law is based on three-dimensional geometry in this
paper. Unlike studies in the literature,'*'*'*** two sliding
manifolds are determined. In addition, the structure es-
tablished using the super twisting sliding mode, dynamic
adaptive law, and fuzzy gain-scheduling are combined
differently from its counterparts.

In this paper, a novel adaptive super-twisting
sliding mode (ASTWSM) based guidance law with
an auxiliary fuzzy logic system is presented. The

efficacy of the approach is shown on a missile-target
interception problem in three-dimensional geometry.
The main contributions and features of the proposed
guidance law can be summarized as below.

1. At the outset, sliding manifolds are designed sepa-
rately for the axes to be considered, thus preventing
any loss of information.

2. Then, the guidance law is developed on the basis of
sliding mode and super-twisting sliding mode control
methods. This eliminates the adverse effects of the
chattering phenomenon.

3. Moreover, an adaptive dynamic system is used to
handle the overestimation of the gain. Thus, thanks to
the adaptive law, the parameters are obtained without
the need for upper-bound knowledge of the dis-
turbances. The stability properties of the proposed
novel guidance law are investigated by using the
Lyapunov stability framework.

4. Finally, in order to find an enhanced set of parameters
of the sliding manifold, a fuzzy logic system has been
utilized.

Comparative results with traditional methods are pre-
sented to prove the superior performance of the proposed
adaptive guidance scheme. The results of the four different
methods, namely, SM, super-twisting sliding mode
(STWSM), ASTWSM, and adaptive fuzzy super-twisting
sliding mode (AFSTWSM), are discussed and the nu-
merical results emphasize that the developed guidance law
displays better performance in terms of miss distance,
intercept time, and final closing velocity than the alter-
natives studied here.

This work advances the subject area toward adaptive,
fuzzy, and stable solutions for missile-target interception
problem in particular and precise air defense systems in
general. The designed system structure differs from the
existing literature by removing the necessity to bound
information for disturbances, domain-specific gain
scheduling via fuzzy logic, and -chattering-free im-
plementation of SMC.

This paper is organized as follows: The second
section presents the background of the problem with
necessary analytical facts. The traditional STWSM
guidance law, analytical details of the proposed ap-
proach and the stability analysis are given in the third
section. The fourth section discusses the numerical
simulations and comparative results supporting the
effectiveness and superiority of the proposed ap-
proach. The last part of the paper is devoted to the
concluding remarks.

Background
Problem formulation

In this subsection, the mathematical model of the guidance
system for the missile-target interception problem is de-
scribed. In Figure 1, the relative motion between the
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missile and the target is depicted. The missile is denoted
by M and the target is denoted by 7. In this paper, in the
three-dimensional engagement geometry, six dof mathe-
matical model of the missile is considered and the
equations of the relative motion of the missile and the
target are given in (1)—~(3).>>*

jé — R¢2 — Rézcosqu = Aargr — Amyr (1)
R + 2R + Rézsind) Cos¢ = ary — aug 2)

RO cos ¢ + 2RO cos ¢ — 2RP0 sin ¢ = ayy — arg (3)

where R, R, 6, ¢ represent the relative distance, the relative
velocity, the elevation angle, and the azimuth angle of the
line of sight (LOS), respectively. In addition, arx, arg arg
are the components of the target acceleration and ayz,
aye, amg denote the components of the missile
acceleration.

Rewriting (2)<3) by defining x; = ¢, xs = ¢, x3
=0,x4 = 9, the state space representation is obtained as
below

)él = X3
. 2R . Ay ar,
Xy = ———X, — X;Sinx;cosx; — e | T
R R R
) )
X3 = X4
ame arg

R
Xy = ———Xx4 + 2x4xptanx -
4 R + 2 1t Rcosx;  Rcosx;

The control input vector of the above model is
T
u: = lamg amo) -

Mathematical preliminaries

Lemma 1. Let L; e R forj=1, 2, ..., n. The inequality
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Figure |. Missile-Target engagement geometry.
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is satisfied for 0 < ¢ < 1.%*

Lemma 2. Let V' be a positive definite Lyapunov
function. There exist real numbers z>0and 0 <o <1,
such that ¥ (¢) < — ¢V/?(t). Then, ¥ converges to zero in
finite time. The settling time is given as

2V
<ty + (O)
’ T

(1-0)

where 7, stands for the initial time.”’

(6)

Assumption 1. It is assumed that d(7) is the total
disturbance acting on the system and the d(¢) is
bounded, that is

d(1)| <9 <o0 ()

where Jris the finite yet unknown bound of d(%).

Design of the guidance law
Super-twisting sliding mode guidance law design

Considering the system dynamics given by (4), the sliding
manifolds are defined as follows

S1:=X +k1 |X1 |pSgl’1(X1) (8)
530 = x4 + ko|x3]"sgn(x3) )

where ki, k, are positive constants, p is a positive constant
satisfying 0.5 < p <1, and the vector of sliding manifolds
iss: =[s; 8"

The elements of the control signal u: = [ayg @]’
are composed of two terms, namely, the equivalent control
(te4) and the super-twisting control (i) as given below

U= Uy + Uy (10)

The equivalent control is obtained by setting s = 0 and
solving for the control term. The super-twisting control
term in (10) is given as in

Ugpy = —a\sﬁsgn(s) +o

an
b= . sgn(s)

where a > 0 and f > 0 are the controller gains.

Design of the adaptive super-twisting sliding mode
guidance law

The adaptive super-twisting sliding mode guidance law
for the system in (4) is proposed in this subsection. The
adaptive law is utilized to obtain approximately the un-
known control gains of the super-twisting controller.
Thanks to the adaptive law, the chattering phenomenon is
suppressed without the need for an upper bound in-
formation of the disturbance. Moreover, the control gains
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of the super-twisting SMC are able to adapt to un-
certainties online.

The control gains given in (11) can be calculated by
using the following adaptive algorithm

g wl\/yz1 sgn(js| = ¢) :a=ay,

n ra<ay,

=2k a

(12)

where w1, y1, , 7, k are arbitrary positive constants and a,,
is a small threshold value. Using the adaptation law given
in (12), the super-twisting SMC law in (11) is enhanced.

Theorem 1. Consider the nonlinear system in (4) and
the sliding manifolds (8)—~(9). There exist a range of
arbitrary positive constants wy, 71, {, 7, k and a finite
time 77 > 0 such that the sliding manifolds converge to
the domain |s|<{ in finite time if the control law is
designed with the adaptive gains given by (12).

Proof 1. Initially, it is assumed that x; # 0, x3 # 0 and
also s; # 0, s, # 0. Taking Assumption 1 into account
and calculating s, we have

§ = —als|’sgn(s) + o + d(1)
Vi (13)

b= —3 sgn(s)

in which d(?) is the total disturbance of the system.'*
In order to carry out the Lyapunov analysis, a new state
vector is defined as follows’

2=z z] = “sﬁsgn(s) 1)]T (14)

Equation (14) can be rewritten as below

1
= (— d(t
Z 2|Zl|( oz + 2z, +d(t)) -
. P
Zy = ——— Z]

|1

Referring to Assumption 1 and taking (7) into account,
following inequality can be written

|d(1)] <co/]s] (16)

where ¢ is a positive and unknown constant. It can now be
derived that

(1)) = <t 0)V/ls| sgn(s) =ctet) 2 (17)

where ¢(x,¢) is a bounded function and 0<¢(x, 1) <g.
The system given in (15) is rewritten as below

z z
AR

where

I |—a+d(r) 1 }
2] [ 50 (1
According to this discussion, two cases can be ob-
served. In the first case, |z;| = |s\'/2 and sgn(z;) = sgn(s).

In the second case, if z;, z; — 0, then 5,5 — 0 in finite
time.’
We choose the following Lyapunov function candidate

1 0\ 2 1 1\ 2

V=Vo+—(a—a" ) +—(F—p (20)
’ 21’1( ) 272( )

in which y; and y, are positive constants. Besides, the

adaptive gains are bounded and the unknown bounds of

the adaptive gains are expressed as a* > 0 and #* > 0. In
(20), ¥y is defined as below

Vo:= (/1 + 482)2% + zg —4ezzy =z Pz (21)
with

2
P [/1+4.9 —28}

—2 1 (22)

where ¢ is a real number and 1 > 0.
Time derivative of the Lyapunov function in (20) is
given below

V="V, +l(a—a*)a+i(ﬁ—ﬂ*)ﬁ (23)
Y1 V2

Taking (18)—(19) into account, we have

. 1
VO = Z.TPZ +ZTPZ§— TZTQZ (24)
Z]

The symmetric matrix, O, is computed as follows

| On On
-2 2] e

where

011 = 2a + 4e(2ea — B) + dep(x, t)
Q1 =0y =B —2ea—1—4e —p(x,1)

We enforce f = 2ea to guarantee the positive defi-
niteness of the matrix QO and then Q will be positive
definite with minimum eigenvalue A.,;,(Q) > 2¢ if the
following condition holds true

e(45+1) (20 + A+ 4e2)
L S ) (26)

As a result, the following inequality is obtained

el (P)

'min

Aumax (P)

According to (27), we can rewrite (23) and (24) as
follows

Vo< v 27
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Vo= z'TPz+zTPz'+yl(a - a*)d—kyl(ﬂ - BB
1 2

< Lo L Lpo gy

7 1

8/1311/131 (P) V1/2 w1

= S
Jmax (P) 2y,

(O] *®| ok l',wl
¢EW“’“”Q“ﬁﬁ

* l', (%)
(5 7)

Taking Lemma 1 into account, the following inequality
is obtained

*
jor = o]

(28)

Mrln/ii P ) )
Sy o a| - |- |
max (P) yl y2 (29)
<—nVV

Y2 (P) fhmax (P)Vy %, @01, @7).  Then
(28) can be rewritten as

. 1 w1
A [
0 | | Y1 V2

where 7, = min(sﬂl/ 2

. (30)
e px| [t @2
-1~ 75)
Equation (30) can be written as in
V<— V¥V + ¢ (€2))

where

1, (OF]

el ()

1. ()
~lp-5* (—ﬂ - hﬁ)
| | ) 2y,
To show the finite time convergence, ¢ can be vanished
by using the following adaptation laws for o and S

. \/yT
o = W E

(32)
p= 602\/))22
With these selections, we have ¢ = 0 and
V<—nVV (33)

According to Lemma 2, there exists a finite time 7 >0,
for t > T; and the sliding variable s enters the domain

|s|<C
2VV2(Ty)

Mo

T'<Ty+ (34)

where 779 = min(r, w1, w,) and Ty, denotes the initial time.

Theorem 2. The switching variable s enters the domain
|s] < in finite time and it may violate this inequality for
finite time intervals. However, there always exists
a larger domain called ¥ to which |s| belongs

W:= {s,s’: Is| <n,,

f<mam=c} 69

where 77; > 0 and 5, > 0 are some boundary parameters.
Proof 2. Suppose that |s| <{ for a given by (12). This
leads to the following

d{—wl /2 raZa, (36)
n ro<oy,

If a is less than @, its value immediately starts to
increase such that a = a,, + . When the system states
satisfy |s|<{, the control gains a and g will decline
gradually. Afterwards, the system states may deviate from
the domain |s| < because of the decrease of the gains «
and f. In this case, a and § will gradually increase thanks
to the effect of the adaptive law and the sliding variable s
enters the domain, which is |s|<{, in finite time.2%?7
Accordingly, it can be assured that |s|<#,,n,>(,."*
Moreover, when |s|<(, the first derivative of the slid-
ing variable value |s| satisfies the inequality given below

s|<al® +(ea+ ) (T = Th): =7, (37)

where T is the time instant when s enters the domain |s| <{
and 75 is the time instant when s leaves this domain,'*

There is a final case ' <|s|<#;, which needs to be
studied

(&\S(n%l +¢) <a+w1ﬁ)(T3 -T) +{(T:;-1T)

=1
(38)

where T, is the time instant when s leaves the domain
|s| <{ and T3 is the time instant when s enters this domain
afterwards. When the conditions given in (37) and (38) are
taken into consideration, the following inequality can be
written

s <max (7,7, ) : = 1y (39)

As a result, considering the above inequality, the
switching variable s is guaranteed to stay always in a larger
domain and the sliding regime is established for a and f
given by 31.

Adaptive super-twisting sliding mode guidance law
design with fuzzy logic system

In this subsection, a novel guidance law is designed based
on the aforementioned super-twisting sliding mode con-
trol, adaptive algorithm, and a fuzzy gain scheduler. The
super-twisting sliding mode control and the adaptive
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algorithm are described in detail and designed in the
previous section. Moreover, the parameters ki, k, of the
sliding manifold given in (8)—(9) are unknown constants
and the fuzzy logic system is used for the selection of
gains. Various uncertainty problems may arise in de-
termining these gains manually as determining these gains
is difficult and complicated and additionally the process
requires experience. In Figure 2, the block diagram of the
adaptive super-twisting sliding mode guidance law design
with the fuzzy logic system is illustrated.

A fuzzy logic system consists of four fundamental units,
namely, fuzzifier, inference engine, rule base, and de-
fuzzifier, respectively. Figure 3 shows a general fuzzy logic
system structure and the details are given in the sequel.

Selection of the fuzzy logic system inputs and outputs. There are
two independent fuzzy modules in the design of the proposed
guidance law. The elevation LOS angle and its time derivative
(0, 0) are introduced as the input to the first fuzzy module and
the azimuth LOS angle and its rate (¢, ¢) are introduced as the
input to the second module. The output of each fuzzy module
provides control gains k; and k given in (8) and (9),
respectively.

Membership functions. Triangular Membership Functions
(MFs) are used with linguistic labels N, Z, and p denoting
negative, zero, and positive, respectively, for the input
variables and S, M, B, which stand for small, medium, and
big, are used for the output variable. The MFs used in this
study are shown in Figure 4.

Fuzzy rule base. jth fuzzy rules for ¢ and 8 subsystems are
given as
Rule#j:1F ¢ is F!' and ¢ is F? THEN k, is B’
Rule#j:1F @ is F!' and 6 is F? THEN k, is B/

where ;=1,2,3,i=1,2,j=1,2, ...,9 and B is the fuzzy
output of the jth fuzzy rule. Table 1 presents the lingustic
descriptions used in the fuzzy modules.

Defuzzifier. In this study, we utilize centroid deffuzzifier
with the output MFs shown in Figure 4.

The very role of the fuzzy modules is to provide ap-
propriate gains as described in the rule tables shown
above. This prevents using unnecessarily large gains for
the fuzzy subspaces where small values are needed.

Simulation and analysis

In this section, numerical simulations are studied for three
different scenarios to prove the merits and effectiveness of
the proposed guidance law, which is compared with the
aforementioned guidance laws.

The initial conditions of the presented guidance system are
selected as follows. The initial velocity of the missile is V4 =
800 m/s and the initial position of the missile is xp0 = 0 m,
Yo = 5000 m, and z, = 0 m. The initial velocity of the target is
Vo = 300 m/s and the initial position of the target is
X70 = 2500 m, y7n = 4000 m, and zzp = 200 m. In addition to
these, the initial flight-path angle of the missile is ¢ = 0° and
the heading angle of the missile is 8, = 8°. For the target, the
initial flight-path angle is ¢p7n = 0°, and the heading angle is
O = 8°. g =9.81 m/s” is the gravitational constant.

To verify the performance of the proposed guidance laws,
these guidance laws are compared with the SM guidance law
in.?® Thus, the obtained results from four different guidance
laws are given in this article and these are SM, STWSM,
ASTWSM, and AFSTWSM guidance law.

Table 2 gives three different scenarios that describe
target accelerations and different disturbance levels.?*~*°
These scenarios will be used to show the effectiveness and
robustness of the presented guidance laws. Besides, the
simulations are carried out in the presence of external

| Fuzzy Rule Base l

§ Fuzz 5
porfl —s| 7 - B
& 5 Inference = ;
. . =) . 1 J=| — fw’] or J’“-_:_u
dorfl —> 8 Engine N
= D
£

Figure 3. General fuzzy logic system structure with input/
output quantities (¢, ) —k; and (6,0) — kj.

Guidance Law
Equivalent Ueq
Controller
Target | Autopilot f—
Information Missile-Target :  ogs
Enga; emeit 0.6 Switching [*1: %2 Supe TWting
2ag e Nanables Sliding Mode Ustu
Missile Dynamics | ] Model ¢, 9 : @onollen
& Kinematics R R iy
k1, ko
a, 8
Fuzzy Logic
S;;wmgl Adaptive Law

Figure 2. The block diagram of the ASTWSM with fuzzy logic system guidance law.
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disturbances in order to assess the performance of the
guidance laws fairly.

Case 1. Non-maneuvering target
In Case 1, the goal of the missile is to intercept the
target, which is non-maneuvering. The parameters of the

u(k,)

A

b 0 0.05 0.1

Figure 4. Membership function of linguistic variables for the
outputs ki, k.

Table 1. Two dimensional fuzzy rule bases.

0/6 N z P
N S S M
z S M B
P M B B
b/d N z P
N S S M
z S M B
p M B B

sliding variables (8)—(9) are chosen as k; = 0.03, k, =
0.0025 for using in the STWSM guidance law. The pa-
rameters of the STWSM guidance law (11) are selected as
a=0.007 and = 0.012. Further to these, w; =2, y=0.02,
¢ =0.06,7=0.02, « =0.01, and a,,, = 0.005 are chosen to
use in the developed ASTWSM guidance law and the
proposed AFSTWSM guidance law.

For Case 1, the final miss distance and the time of in-
terception are tabulated in Table 3. The earliest in-
terception time and small miss distance are the most
important criteria in the missile-target interception system.
According to these criteria, it can be seen from the results
given in Table 3 that both ASTWSM and AFSTWSM
guidance laws have the smallest miss distance compared
to other guidance laws. Also, the AFSTWSM guidance
law hits the target in a shorter time than the other guidance
laws. In addition, the final closing velocity values are
presented in the table.

The relative distance r, the missile-target interception,
the response of LOS angle and LOS angular rate, phase
space behavior of the elevation angle s, and s;, phase
space behavior of the azimuth angle s, and s;, and the
missile’s accelerations are demonstrated in the subplots of
Figure 5, respectively. It can be clearly seen from in Figure
5(a) that the relative range decreases to zero at the in-
tercept time in all of the guidance laws. Thus, the missile
with these guidance laws successfully hits the target in this
case. In Figure 5(b), the missile’s and target’s trajectories
guided by guidance law is given. Figure 5(c) demonstrates
the response of the LOS angles. Figure 5(d) demonstrates
the response of the LOS angular rates. Figures 5(e) and (f)
show the controlled phase space behavior of the switching
manifold defined for the elevation angle and the azimuth
angle, respectively. The missile’s accelerations are given
in Figure 5(g).

Case 2. Time-varying maneuvering target

In Case 2, the target has a maneuvering trajectory and the
missile aims to intercept this target. The parameters of the
switching variables in (8)—9) are set as k; = 0.021, k, = 0.022
for the STWSM guidance law. Moreover, the parameters of the

Table 2. Accelerations of target and levels of disturbance in interception scenarios.

Interception scenarios Azimuth acceleration

Elevation acceleration Disturbance

Non-maneuvering g
Time-varying maneuvering 3g + sin2nt
Time-varying maneuvering with 3g + sin2nt

different disturbance level

0 Chirp signal
3g + sin2nt Chirp signal
3g + sin2nt Band-limited white noise

Table 3. Miss distance, interception time, and final closing velocity for Case |.

Guidance law Miss distance (m)

Interception time (s)

Final closing velocity (m/s)

SMGL 0.4043
STWSMGL 0.4103
ASTWSMGL 0.2471

AFSTWSMGL 0.1551

4.501 584.06
4.499 585.69
4.499 604.35
4.498 608.55
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Figure 5. Results of Case | (a) Relative range; (b) Missile and Target trajectories; (c) LOS angles; (d) LOS angular rates; (e) Phase space
behavior of the elevation angle; (f) Phase space behavior of the azimuth angle; (g) Missile’s accelerations.

STWSM guidance law (11) are selected as o = 0.002 and
£=0.05. We chose w; =2,y=0.2,{ =0.05,7=0.02, « =0.01,
and a,,, = 0.005 for the ASTWSM and AFSTWSM guidance
laws.

For Case 2, Table 4 summarizes the comparison of the
interception performances of the four guidance laws by giving
the final time, the miss distance and the final closing velocity.
According to the tabulated results, we can infer that the miss

distance arising under the proposed AFSTWSM guidance law
is smaller than the distances in other alternatives. Also, the
proposed AFSTWSM guidance approach is one of the best
performing approaches among the given guidance laws for the
interception time. Moreover, the final closing velocity values
are given in the table.

The observed variables in this case are illustrated in
Figure 6, respectively. In Figure 6(a), the relative range
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Table 4. Miss distance, interception time, and final closing velocity for Case 2.

Guidance law

Miss distance (m)

Interception time (s)

Final closing velocity (m/s)

SMGL 0.4072 4.237 653.63
STWSMGL 0.1291 4234 647.63
ASTWSMGL 0.2508 4232 676.44
AFSTWSMGL 0.2434 4229 679.14
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Figure 6. Results of Case 2 (a) Relative range; (b) Missile and Target trajectories; (c) LOS angles; (d) LOS angular rates; (e) Phase space
behavior of the elevation angle; (f) Phase space behavior of the azimuth angle; (g) Missile’s accelerations.
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Table 5. Miss distance, interception time, and final closing velocity for Case 3.

Guidance law Miss distance (m) Interception time (s) Final closing velocity (m/s)
SMGL 0.4999 4.240 609.04
STWSMGL 0.3752 4.234 632.36
ASTWSMGL 0.3267 4.234 656.72
AFSTWSMGL 0.1515 4.229 669.89
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Figure 7. Results of Case 3 (a) Relative range; (b) Missile and Target trajectories; (c) LOS angles; (d) LOS angular rates; (e) Phase space
behavior of the elevation angle; (f) Phase space behavior of the azimuth angle; (g) Missile’s accelerations.
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decreases to zero at the interception time in all of the
guidance laws, that is, the missile with the studied
guidance laws successfully hits the target in this case. The
trajectories of the missile and the target, guided by the law
of guidance, are given in Figure 6(b). Figure 6(c) shows
the response of the LOS angles. Figure 6(d) gives the
response of the LOS angular rates. Figures 6(e) and (f)
present the controlled phase space behavior of the
switching manifold defined for the elevation angle and the
azimuth angle. The missile’s accelerations are shown in
Figure 6(g). The observations in Figure 6 suggest that the
missile hits the target accurately for all guidance laws yet
the proposed adaptive and fuzzy-enhanced adaptive
schemes display prominent features.

Case 3. Time-varying maneuvering target with dif-

ferent disturbance level

In Case 3, the target has a maneuvering trajectory and the
external disturbance is chosen from the different disturbance
levels. This disturbance is the band-limited white noise. And
under these conditions, the missile aims to intercept this
target. The parameters of the switching variables in (8)—(9)
are set as k; = 0.021, k, = 0.022 for the STWSM guidance
law. Moreover, the parameters of the STWSM guidance law
(11) are selected as a = 0.002 and £ = 0.05. We chose w; =2,
y=0.2,{=0.05,=0.02, «=0.01, and a,, = 0.006 for the
ASTWSM and AFSTWSM guidance laws.

For Case 3, Table 5 summarizes the comparison of the
interception performances of the four guidance laws by
giving the final time, the miss distance, and the final closing
velocity. According to the presented results, we can infer
that the miss distance arising under the proposed
AFSTWSM guidance law is smaller than the distances in
other alternatives. Also, the proposed AFSTWSM guidance
approach is one of the best performing approaches among
the given guidance laws for the interception time. Lastly,
the final closing velocity values are presented in the table.

The observed variables in this case are illustrated in
Figure 7, respectively. In Figure 7(a), the relative range
decreases to zero at the interception time in all of the
guidance laws, that is, the missile with the studied
guidance laws successfully hits the target in this case. The
trajectories of the missile and the target, guided by the law
of guidance, are given in Figure 7(b). Figure 7(c) shows
the response of the LOS angles. The response of the LOS
angular rates is given in Figure 7(d). Figures 7(e) and (f)
present the controlled phase space behavior of the switching
manifold defined for the elevation angle and the azimuth
angle. In Figure 7(g), the missile’s accelerations are
demonstrated. The observations in Figure 7 suggest that the
missile hits the target accurately for all guidance laws yet
the proposed adaptive and fuzzy-enhanced adaptive
schemes display prominent features.

Conclusions

In this paper, a new adaptive super-twisting sliding mode
guidance law with a fuzzy gain scheduling is proposed for
the missile-target interception. The super-twisting sliding

mode guidance law is chosen to eliminate the chattering
phenomenon. A novel adaptive law is used to obtain the
controller gains without entailing the upper bound of the
disturbance. The control system is augmented with a fuzzy
inference system to prevent overestimation of the unknown
parameters of the controller. A set of simulation scenarios is
studied for the four guidance laws, which are the traditional
SM guidance law, the traditional STWSM guidance law, the
proposed ASTWSM guidance law, and the proposed
AFSTWSM guidance law. The obtained results demon-
strate that the proposed adaptive and fuzzy-enhanced
adaptive approaches have better performances in terms of
the intercept time, the miss distance, and the final closing
velocity compared to the traditional alternatives.
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Appendix

Nomenclature

ayr Component of the missile acceleration
ay Component of the missile acceleration
apgy Component of the missile acceleration
arr Component of the target acceleration
are Component of the target acceleration
ary Component of the target acceleration
d(t) Total disturbance

R Relative distance
R Relative velocity
s Vector of the sliding manifolds

u., Equivalent control
Ug, Super-twisting control

6 The elevation angle
¢ The azimuth angle

a, B The controller gains
0, A small threshold value
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