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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

* Corresponding author. Tel.: +86 451 86402204 8212.

E-mail addresses: hitsjh(@163.com (J. Song), songshenmin(@hit.edu.
cn (S. Song).
Peer review under responsibility of Editorial Committee of CJA.

ELSEVIER Production and hosting by Elsevier

http://dx.doi.org/10.1016/j.cja.2015.12.012

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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In many practical terminal guidance processes, there are no
thrusts, and then the magnitude of the missile’s velocity is gen-
erally uncontrollable. Hence, we do not consider ayz as the
control variable, but the missile normal accelerations, ay,
and ayp, are regarded as control variables to change the direc-
tion of missile’s velocity. In designing guidance laws, we just
need to make the LOS angular rates, ¢, and ¢, converge to
zero by designing the control variables ay, and ayz when the
relative velocity of the missile-target is less than zero. There-
fore, in the design process of the guidance law, the objective
is to make the LOS angular rates ¢, and ¢4 converge to zero,
and then Eq. (1) can be omitted.

Defining x| = ¢,, X2 = ¢,, X3 = ¢, X4 = g5 and combining
Eqgs. (2) and (3) yield the three-dimensional guidance system
described as follows:

)'cl =X
. 2R ) . ame arg
Xy = —— X2 — X, SIn X; COS X — + —
R R R ()
X3 = X4
amgp arp

2R
X4 = —— X4+ 2Xax4 tan x —
4 R 4+ 2X0%s l—'_Rcosxl Rcos x|
In practical applications, the target’s acceleration is viewed
as external disturbance and it is not easy to obtain. But the
target’s acceleration is usually bounded. Hence, we have the
following assumption.

Assumption 1. Suppose that |at;| < ¢ and |arg| < &, where ¢
and &, are positive constants.

3. Guidance law design

Before designing the guidance laws, we first give some lemmas
which are used to verify the stability of the guidance system.

Lemma 1 (Ref™). It supposes that V(1) < —pu V(1) —

wV(O)" (Vi > 19), where u; >0, i, >0, 0<n <1, V(1) is a

continuous positive definite function and ty is the initial time.

Then, the system converges to the equilibrium point in finite time
L i V() ™" +

(1 —mn) H .

tr provided by #r < 79 +

2R

where sighi(y,) = |v,|"isign(y,) (i=1,2,...,n) and |, ¥y, ...\,

. Y ,
satlsfy l»[/ifl :2lp il!// (122533"'7’1)’ lwbn :l//’ lanrl = l
i+1 i

Lemma 3 (Ref.™). For b, e R (i=1,2,...,n), 0<qg<lisa
real number, then the following inequality is satisfied.

(161 + [bo] + - 4 [ba))* < [ba]* + [ba] + -+ ] (7)

Lemma 4 (Ref’°). It supposes that by, b,, . .., b, are all positive
numbers and 0 < q < 2. Then, the following inequality is
satisfied.

B 42402 < (B b4+ bY) (8)

3.1. Integral sliding mode guidance law design

In this subsection, a novel nonlinear ISM guidance law is pre-
sented to ensure the disturbance rejection performance of the
three-dimensional guidance system described by Eq. (4). A
brief design process of the developed ISM guidance law is
given as follows. Firstly, we design a nonlinear integral sliding
surface vector. Secondly, on the basis of the nonlinear integral
sliding surface vector, a nonlinear ISM guidance law is pro-
posed. Then, it is obtained that under the developed guidance
law, the LOS angular rates, ¢, and ¢z, converge to zero in finite
time in the presence of the external disturbances whose upper
bound can be known.
Inspired by Ref.”’, a sliding surface vector is chosen as

]
s = =
82
003 52[33

h = = s =fi=1,00=F8 =0,
where o T B B — B, o3 = fi3 w=pF=0¢
pe(l-0,1), 0€(0,1), and ki, ky,l,,, >0 ensure that
22+ kol + ky and 2% + LA+ I, are Hurwitz.

The derivative of s can be written as

X2+ [y (kisigh (x1) + kasig” (x2))dt

9
x4 Jo (gl () + hsigh () dr ®

— = x; — X} sinx; cos x| — v | dte | kysigh (x)) + kasig™ (x,)
= {5' } - R R (10)
Ky 2R amgp arp - B - B
— = 2x2x4 t —_— 4] ! Lsig™
RN TR tanx + ot = hsig (x3) + hsig" (x4)
Lemma 2 (Ref.”)). Let aj,as,...,a, >0 satisfy the condition Eq. (10) can be rewritten as
that the polynomial )" + a,’""" + ...+ wl+a is Hurwitz.
Consider the following n-order system s=A+B [ aMS} 4 C[ 15 } (11)
. . . amp arp
V1=Dae s Fut = Vg Fu=u ()
where
There exists 0 € (0,1) such that, for every y € (1 —0,1), the R
s.lat.es. of t.he system Eq. (5) can converge to its equilibrium point — fxz — xi sin xj cos x| + kysig” (x) + kysig™ (x,)
in finite time under the controller = -
2R . .
—?,\'4 + 2xyx4 tan x; + [;sigh (x3) + bLsigh (x4)

u=—asigh (y)) — axsig” (»,) — - — a,sig” () (6)
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F1
—— 0
- R
B= |
L Rcos x;
1
Cit C2 } 0
= - 1
LC21 €22 _
Rcos x;

Because the seeker has a minimum action distance R,, we have
R > Ry during the guided flight process of the missile, thus B
is nonsingular provided x; remains small. Based on the integral
sliding surface vector Eq. (9), we proposed the following the
ISM guidance law for the guidance system Eq. (4).

ame y,sign

[ M:|=Bil(fA7ps7|:yl .g (51)}> (12)
amp 7,sign(sz)

where y; = ; + & |ci| + elcn|, w; >0 (i=1,2) is a constant.

And p is a positive constant.
Then, the first theorem is given as follows.

Theorem 1. For the guidance system Eq. (4) under Assumption I
with the integral sliding surface vector Eq. (9), when the
guidance law Eq. (12) is used for the guidance system Eq. (4),
then the elevation angular rate ¢, and the azimuth angular rate
qp of LOS converge to zero in finite time, respectively.

Proof. Choose the Lyapunov function as follows:

1
Vi :sts (13)

Appling Egs. (11) and (12) and according to Assumption 1,
the derivative of ¥V is given by

G W )
awp arp
ST(fszrC{an} B |:Vls%gn(sl):|)
arp 7,sign(s;)

cndre + cdrg — ylsign(sl)}
ea1ar; + exarg — 7,8ign(s;)
= —ps's + (cnar, + cnarg)si — 9,
+ (c21aTu + szaT[J)SZ = 7als2]
< —psts + (ailen] + ealenl)lsi = pilsi|

+ (erlear] + ealean])sa] = 7als2]

< —psTs — wy|s1] — wasy] (14)

4

= —ps's+sT {

S1|

Let w = min{w, w,}, hence Eq. (14) can be rewritten as

Vi < —psTs — o(lsi| + [s]) (15)

By Lemma 3, we can obtain the following inequality:

ol—

i< —pss— oIl +Inl) = =201 = V2oV (16)

Based on Lemma 1, the sliding surface vector converges to
zero in finite time, i.e. 5;(#;) =0 (i = 1,2), where ¢, is the time
of sliding surface vector converging to zero. Then, for all
t =1, we have s5,=0(i=1,2), which implies that
$i=0(i=1,2),1ie.

Xy = —kysigh (x1) — kapsig™(x2) (17)

X4 = —l,sigﬁ‘ (x;3) — lzsigﬁ2 (x4) (18)

According to Lemma 2, x, and x4 can converge to zero in
finite time, i.e. ¢, and ¢z converge to zero in finite time, respec-
tively. The proof of Theorem 1 is completed. [

Remark 1. As clearly seen in the designed guidance law
Eq. (12), the implementation of the designed ISM guidance
law depends on the upper bound of the target’s acceleration.
However, in many practical situations, there is no accurate
knowledge about the upper bounds of the target acceleration.
To overcome the problem, the adaptive control scheme is a
good choice. So, a new AISM guidance law will be developed
in the following subsection.

3.2. Adaptive integral sliding mode guidance law design

In the subsection, an adaptive law is proposed which is used to
estimate the upper bound of the target’s acceleration online.
With the help of the adaptive law, an novel robust AISM guid-
ance law is proposed for the 3D guidance system Eq. (4) which
needs not to know the upper bound of the target’s acceleration
in advance. The design method on the novel AISM guidance
law is similar to that of the previously mentioned integral slid-
ing mode guidance law. And the developed AISM guidance
law can guarantee that the LOS angular rates ¢, and ¢z con-
verge to zero in finite time without the information on the
upper bound of the target’s acceleration. Then, the following
theorem is obtained.

Theorem 2. For the guidance system Eq. (4) with the sliding
surface vector Eq. (9), the LOS angular rates q, and qp will
converge to zero in finite time under the following guidance law
Eq. (19) and the designed adaptive laws Eq. (20).

(0] (a9

amp \sz|7sign(s2)

- Z { |c1/~|sign<s1>}njé/_> (19)

ey sign(s2)

2
&= <Z|Cif|5i|) (0) >0, j=1,2 (20)
i=1

where py,p, >0, 0<y<1,n,=1(=1,2) are designed
constants and &; is the estimation of ;.

Proof. Let & be the estimation error of the g, ie.
g =& — & (j=1,2). Choose the following Lyapunov function

1. 1,
VZ:EsHEZj (21)

Computing the first order derivative of V, along system
Eq. (11) and using Egs. (19) and (20), we have
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2
Me arg ~ 2
Vy=sT§+ ssfv(A—i-B{ }—FC{ })—i— gi&;
T |sl\"sign(s1)} 2 {|c1,-|sign(s1)} A
=5 —pP1S—p Y. — . 1€
( 1 2{|szmgn(sz> 2. eyfsign(ss) "
ar
{ ! ]) +Zc,c/

arp

2 2 2
= *PlsTs . pzZ\Sf\Hl _ Z <Z|ci/-||si|) ;7/-?3/- + <ZC,-1SI->
X arg + (ZCQS:) arp — Z <Z|Cu||sz )7’/, &)
=—p;sTs — pZZ\Si\Hl + (ZQD‘:‘) are + <Zci2si> arp
=1 =1 =1

2

2 2

7+1

- Z (ZCUHS;) 16 < —pis's — PzZM'+
i=1 i=1

J=1

s <§;|cl.,||s,.|>g, By <i§2ljc,~,-||sf|>n,-ef

=
2 2 2
+1
s e 4 3 (z|c,-,-||s,-|)a,-<1 )
=1 = \'=1

2
—pis's — /)22:|5f|7+l <0 (22)
i=1

From the inequality (22), we can obtain V>(f) < V»(0),
which implies that V5(z) is bounded. Hence, it can be con-
cluded that s and &; (j = 1,2) are all bounded.

Furthermore, consider another Lyapunov function

1
Vs, = sts (23)

Applying Egs. (19) and (20), the derivative of V3 can be
written as

Y T. T ame ary
V;=s$§=s |A+ B +C
CZM/; LlT[;
[s1/"sign(s1)

B 22: [ |c1;lsign(s) } s

|cyjlsign(s2)

(s

2
=—p;sts— pZZM'“ - Z (Z'ciinsi') it

J=1 i=1

2 2
+ (Zcilsi) ar; + <Z}ci25i) arp

2 2
—pis's — p22|5i|7+1 - Z (Z | |sil )’Ijéi
=1 =1
2
+Z(Zc,,||v,>s,

j=1
2 . 2 2

— —plsTs — pzZ‘Si 7+ —+ Z <Z|CU||S,|> (Sj — 1’]1-2:]‘) (24)
=1 = \'=1

|52 sign(s,)

ary

+C

HT/;

Since &(0) >0 and é_,:q,(Zf:1|L'ij||si|> > 0, there is
&(t) = £(0) >0 (t ) Choose &;(0) large enough and #; sat-

2
VIO+5O +1(] 1,2).

£/(0) > 0, one can obtain that

isfying n; >

Combining Wlth a,( ) = ¢
& — 0% < & — /57(0) +&(0) — (0)
£(0) — 1/52(0) + &(0)

&
< [5(0)] = 4/57(0) +&(0)

< \/2(0) = /52(0) +8(0) < 0 (25)
From Eq. (25), Eq. (24) can be expressed as
2
Vi< —pis's — ,022|Si|v+l (26)

According to Lemma 4, we have (|sl|y+l + sz |'+1> >

1
(IsiP + 1)

holds.

that is to say, the following inequality (27)

s

ﬂ Vs
s s >l 1) T =250 (27)

Therefore, Eq. (26) can be rewritten as
+1

Vi< —20, V=27,V (28)

Based on Lemma 1, the sliding surface vector converges to
zero in finite time. The remaining steps of the proof are similar
to those of Theoreml1. Hence, the remaining steps are omitted
here. So, conclusions can be easily obtained that the LOS
angular rates ¢, and ¢ converge to zero in finite time, respec-
tively. The proof of Theorem 2 is completed. [

Remark 2. Compared with Theorem 1, an adaptive estimation
term is introduced into the guidance law Eq. (19) in Theorem 2.
From the guidance law Eq. (19), it is easy to see that the
proposed AISM guidance law Eq. (19) does not contain the
information on the upper bounds of the target’s acceleration.
Instead, the upper bound is provided by applying the adaptive
law Eq. (20) to estimate the bound. Thus, the AISM guidance
law Eq. (19) successfully resolves the mentioned problem
existing in the ISM guidance law Eq. (12).

Note that the ISM guidance law Eq. (12) and the AISM
guidance law Eq. (19) are discontinuous controller because
of the existing of signum function which can bring about the
undesirable chattering problem. To alleviate the chattering, a
continuous saturation function sat(y) given in Eq. (29), which
is used to approximate the signum function, takes place of the
signum function.

1 y>h
sat(y) = q y/h |y <h (29)
-1 y<-—h

where i is a small positive constant. If & is given smaller
enough, then better approximating effect will be obtained.
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So, the corresponding ISM guidance law in Eq. (12) and the
AISM guidance law in Eq. (19) can be modified as

o R R o RS

|:aMl::| _ g (—A 7p1s7p2{\51|751gn(51)]

amgp \52|}'sign(sz)
2 |C1'|Sat(51) .
D 5 B 631)
= Lleylsat(sz)
4. Simulation

To illustrate the effectiveness of the designed guidance laws
Egs. (30) and (31) in the above section, this section shows
the numerical simulations for the missiles air-intercepting the
maneuvering targets at constant speed and time-varying speed.

The simulation parameters are missile parameters and tar-
get parameters. The missile parameters are given by: (1) initial
position coordinates: xp(0) = 0m, yy(0) =0m and zy(0) =
0 m; (2) velocity: ¥y = 1000 m/s; (3) initial flight path angle
and heading angle: 0y (0) =45° and ¢y (0) = 0°. The target
parameters are given by: (1) initial position coordinates:
x1(0) = 11136 m, y1(0) = 8603.6 m and zr(0) = 5192.8 m; (2)
velocity: V't = 800 m/s; (3) initial flight path angle and head-
ing angle: 01(0) = —30° and ¢,(0) = 120°.

The parameters of the ISM guidance law Eq. (30) are
given as follows: ky =/, =0.006,ky =L =04, oy =f, = %,
=Py =1, p =005y = +ealen| + elen), =0+
E]|C21‘ -+ 82|C22‘, W) = Wy = 004'7 & =& = 70, h =0.002. The
parameters of the AISM guidance law Eq. (31) are chosen
as: kl :00067 k2 :04, o :ﬁl :%, Oy = 52 :%, ll :0()7 12 =
40,p,=5,p,=1,7=0.5, n,=n,=10, h=0.002. The maxi-
mum normal accelerations that missile can provide perpendic-
ular to the LOS are assumed to be 25g respectively, and g is the
acceleration of gravity (g =9.8m/s?).

4.1. Constant speed missiles

In the subsection, for the constant speed missiles intercepting
three different kinds of targets, the simulation examples are
provided to illustrate the guidance performance of both
designed guidance laws.

For performance comparison, the augmented proportional
navigation (APN) guidance law is also simulated under the
same initial conditions. The APN guidance law is chosen as

{ ae = ~NRG; + an, (32)

amp = NRGg + ary

where the parameter N is set to be 4.
To verify the effectiveness of the designed guidance laws,

the following three cases for the different target acceleration

are selected as follows:

Case 1. ar, = 7gsint and arp = 7gcost.

Case 2. ar, = 7g and arp = 7g.

Case 3. ar, and agp are squares with an amplitude of 7g, a
period of 4 s and a phase delay of 0.1 s.

With the given initial conditions and data, simulations are
performed for the three cases under all the three guidance laws.
For the three cases, Figs. 2-4 show the simulation results. Each
figure includes the response of the elevation angular rate of the
LOS ¢, the azimuth angular rate of the LOS ¢, the sliding
mode manifolds s; and s,, the missile acceleration in the eleva-
tion loop aw,, the missile acceleration in the azimuth loop awy,
the estimation error of the upper bound of target acceleration
& (j=1,2), and the relative movement curve of the missile-
target for all the three guidance laws, which are given in
Figs. 2(a)—(h), 3(a)~(h), 4(a)—(h), respectively. The abbreviations
in Figs. 2-4 and Table 1, i.e. ISMGL, AISMGL and APNGL,
denote the proposed integral sliding mode guidance law
Eq. (30), adaptive integral sliding mode guidance law Eq. (31)
and the augmented PN guidance law Eq. (32), respectively.
Table 1 presents the miss distances and interception times.

From the Figs. 2(a), 3(a), 4(a) and 2(b), 3(b), 4(b), it can be
obtained that both proposed guidance laws can ensure that the
LOS angular rates ¢, and g converge to zero in finite time for
the target acceleration profiles of Cases 1-3. However, the con-
vergence property of the LOS angular rates ¢, and ¢; under the
APNGL is not the same for the three cases. For Case 1 and
Case 2, the LOS angular rates ¢, and ¢ do not converge to
zero. For Case 3, if the target is a square maneuvering, the
APNGL can guarantee that the LOS angular rates ¢, and gp
converge to zero, but the LOS angular rates ¢, and g5 diverge
at an early time which leads to a large miss distance. As shown
in Figs. 2(c), 3(c), 4(c) and 2(d), 3(d), 4(d), it can also be seen
that both variables of the sliding surface vector converge to
zero rapidly in finite time under both proposed guidance laws
for the three cases. From these figures, we can also observer
that the sliding surface variable curves are smooth and stable
even for the case of square maneuvering target. As presented
in Figs. 2(e), 3(e), 4(e) and 2(f), 3(f), 4(f), the missile accelera-
tions in the two loops under both proposed guidance laws are
within the reasonable bounds and there are problems of accel-
eration saturations in the initial phase of the terminal guidance
process for all target acceleration cases. And, the missile accel-
erations produced by the APNGL are much smaller than those
under the ISMGL and AISMGL. But, the larger missile accel-
eration taken by the proposed ISMGL and AISMGL can
make the LOS angular rate preferably converge to zero in
finite time and large acceleration decreases correspondingly
as the LOS angular rates come close to zero. In addition, we
can see that with the convergence properties of the LOS angu-
lar rates, the missile acceleration commands under the pro-
posed guidance laws converge to the similar curve with the
target’s acceleration for each case after a while. From Figs. 2(g),
3(g), 4(g), we can observer that the estimation error of the
upper bound of the target’s acceleration rapidly converge to
zero under the proposed AISMGL for the three cases, which
indicates that the designed adaptive law can effectively esti-
mate the upper bound of the target’s acceleration. It can be
clearly observed from Figs. 2(h), 3(h), 4(h) that with the
implementation of both developed ISMGL and AISMGL,
the missile can intercept the target successfully for all the target
acceleration profiles of Cases 1-3. The relative movement
curves of the missile-target under the proposed AISMGL are
similar to that under APNGL for any case. And the proposed
ISMGL makes the missiles have slightly longer trajectories
than those of the other guidance laws for the three cases.
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Fig. 2 Response curves under three guidance laws of Case 1.
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Table 1 Miss distances and interception times for three cases.

Guidance law Case 1 Case 2

Case 3

Miss distance (m) Interception time (s)

Miss distance (m)

Interception time (s) Miss distance (m) Interception time (s)

APNGL 0.890 9.085 2.060
ISMGL 0.030 9.110 0.020
AISMGL 0.025 9.090 0.010

9.272 1.360 8.697
9.380 0.024 8.720
9.190 0.019 8.690

From Table 1, it can be observed that the interception time
under both designed guidance laws is similar to that under the
APNGL for the Cases 1-3. But, by comparing the miss dis-
tance for all the target cases, the miss distances achieved by
the proposed ISMGL and the AISMGL are much less than
the APNGL. So, the APNGL cannot ensure the guidance
accuracy, while the proposed ISMGL and AISMGL can
ensure that the missile intercepts the target successfully and
have a high guidance precision even in the case of existing
strong target maneuver.

4.2. Varying speed missiles

In Section 4.1, only the simulation results for the constant
speed missiles are shown. Nonetheless, as we all know, the
speed of the missile for a realistic missile model'” is variable,
hence, the following simulation results are presented to
demonstrate the effectiveness of the above designed guidance
laws for missiles with varying speed which is as good as that
for the constant speed missiles. This is due to the inherently
strong robustness of the designed guidance laws. The equa-
tions of motion of a missile, which is regarded as a point-
mass flying over a flat, non-rotating Earth, are described as
follows:

XM = VmcosOy cos oy (33)

ym = Vi sin Oy (34)

Zm = — VM cos Oy sin @y (35)

. - D

VM =T77gsin0M (36)

m

91\4 _ a4 —gcos Om (37)
'm

. aZ

= cos b G8)

where xy, yy and zy denote the position of the missile; m, Oy
and ¢, represent the mass, the flight path angle and the head-
ing angle of the missile, respectively; 7’and D denote the thrust
and the drag of the missile, respectively; a, and a. are the hor-
izontal projection and vertical projection of the missile normal
acceleration.

For the realistic missile model, the expression of the aerody-
namic drag D in Eq. (30) is given as

with
Dy = CpoQs, D;=

1
K=
nA.e’

where Dy and D; are the zero-lift drag and induced drag; Cpy
and K denote the coefficient of the zero-lift drag and the coef-
ficient of the induced drag; Q, A4,,e¢ and p represent the
dynamic pressure, the aspect ratio, the efficiency factor and
the atmosphere density, respectively; and s is the reference area
and assumed to be 1 m?. For the guidance problem, Cpy and K
are given as

0.02 Ma < 0.93
0.02 + 0.2(Ma — 0.93) Ma < 1.03
Cpo = (40)
0.04 + 0.06(Ma — 1.03) Ma < 1.10
0.0442 — 0.007(Ma — 1.10) Ma > 1.10
0.2 Ma < 1.15
:{0.2+0.246(Ma—1‘15) Ma > 1.15 (41)
where Ma is the Mach number and given by
Ma=—__ Re—2881/K x ke (42)
VL4R:Tp

where Tp is the temperature at the height y,, above sea level
and is given by

B {288.16 —0.006yy; ¥y < 11000 (43)
"7\ 216.66 yy = 11000
The thrust T of the missile can be calculated as
33000 0<r< 1.5
T=<7500 15<t<8)5 (44)
0 t =85
The mass of the missile m2 is given as
135 — 14.53¢ 0<t< 1.5
m=4q 113.205-331(r—1.5) 1.5<r<85 (45)
90.035 t=285

where ¢ is time in seconds. The atmosphere density is given by

p =1.15579 — 1.058 x 107*y,, +3.725 x 107°y2, — 6
x 107"y, (46)

The simulation conditions are the same as the previous sim-
ulation and the target acceleration is chosen as ar, = 7gsint,
arp = Tgcost which is the same as Case 1. The missile’s initial
speed and the target’s initial speed are 1000 m/s and 800 m/s,
respectively. With the implement of the proposed ISMGL and
AISMGL, the LOS angular rates ¢, and gg, the sliding mode
manifold s; and s,, the missile acceleration in the elevation
loop awm,, the missile acceleration in the azimuth loop awmyg,
the estimation error of the upper bound of target acceleration
& (j=1,2), the relative movement curve of the missile-target,
and the variation of the missile speed are given in Figs. 5 and 6.
In addition, we can also obtain that under the ISMGL and
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Fig. 5 Response curves with the proposed ISMGL and AISMGL.
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Fig. 6 Variations of missile speed with the proposed ISMGL
and AISMGL.

AISMGL, the miss distances are 0.020 m and 0.015 m, and the
intercepting times are 9.550 s and 9.690 s, respectively. From
Fig. 5, we can observer that under both designed guidance
laws, the simulation results for the varying speed missile are
similar to the results of Case 1 for the constant speed missile
in the above subsection, respectively. Fig. 6 shows the varia-
tion of the missile speed for the ISM guidance law and AISM
guidance law. As shown in Fig. 6, it can be observed that it can
be observed that the speed of the missile fast increases at the
start of the engagement owing to the larger thrust compared
with the drag. Then, after the second, the speed of the missile
decreases when the thrust is less than the drag on the missile.
As the missile speed decreases, the interception time for vary-
ing speed missiles is a little longer than that for constant speed
missiles under both proposed guidance laws. Therefore, it can
be concluded that the performances of the developed guidance
laws for the time-varying speed missiles are as good as those
for the constant speed missiles.

5. Conclusions

In this paper, for the guidance problem in the terminal phase
when the missiles intercept the high-speed maneuvering targets
in the 3D space, the finite-time guidance law design is studied.
The main contributions of this work are listed as follows:

(1) A new 3D ISM guidance law based on a finite time con-
vergence of the integral sliding mode manifold is pro-
posed. The proposed ISM guidance law depends on
the information on the upper bound of the target’s accel-
eration. Therefore, with the novel use of the adaptive
control, an improved AISM guidance law which does
not need the upper bound of the target’s acceleration
is proposed.

(2) With the aid of the Lyapunov stability theory, we obtain
that the 3D guidance system is finite-time stable. It is
proved that the elevation angular rate of the LOS and
the azimuth angular rate of the LOS converge to zero
in finite time for both developed guidance laws.

(3) Numerical simulation results including the constant
speed and the varying speed missile intercepting the
maneuvering target have shown the effectiveness and
high-precision guidance performance of both proposed
guidance laws.

In this paper, we research the finite-time guidance law
design; however we did not consider the input saturation prob-
lem. At present, only a few papers focus on the finite-time
guidance law design problem under input saturation. Under
the input saturation, how to develop the finite-time guidance
law which can produce higher guidance precision and better
robustness is a challenging task, which is also our research
direction.
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