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ABSTRACT To intercept maneuvering target considering impact angle constraint and actuator faults, a novel
three-dimensional (3D) guidance law is proposed in this paper. To guarantee the interception, the multi-
variable super-twisting-algorithm-like (STA-like) is adopted in the proposed guidance law, so as to drive the
line-of-sight (LOS) angle to the desired value and its rate to zero in finite time in both pitch and azimuth
directions. However, it is usually a difficult task for STA-like to select the proper design parameters, and
the necessary disturbance gradient for STA-like is also not clearly known, owing to realistic actuator faults
and the independence between missile and target. Moreover, the actuator faults in this paper are formulated
as disturbances in the control scheme, and the necessary disturbance gradient for STA-like is not clearly
known as well. To solve these problems, a multi-variable dual-layer adaptive scheme is employed to adjust
the control gains and guarantees its precision. The theoretical analysis and numerical simulation results
demonstrate the effectiveness of the proposed guidance law. The combination of STA-like and adaptive
theory in the presented guidance law for the first time can guarantee the successful interception and can
generate precise and robust control signal simultaneously with impact angle constraint and actuator faults

consideration.

INDEX TERMS
convergence.

I. INTRODUCTION

In recent decades, maneuverable target accurate interception
problem is still an important part of guidance law design.
According to [1]-[3], successful accurate interception usually
requires impact angle constraint, especially for maneuvering
targets like tactical ballistic missiles.

Due to the easy implementation and efficiency, the pro-
portional navigation guidance law (PNG) and its variants
in [4]-[6] have been widely used to design guidance law.
However, owing to the independent target maneuvers, the per-
formance of PNG is unsatisfactory. In the opened technical
literature [7], [8], PNG is a fairly effective method during the
interception for stationary or slow-maneuvering target. But
considering the perturbations resistance and target maneuver-
ing, PNG may not be the optimal solution for impact angle
constraint.
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With the development of modern nonlinear control the-
ory, optimal algorithm [9], [10], Hx theory [11] and other
methods [12]-[17] were introduced to solve the interception
problem. Because of the high robustness against external dis-
turbances and uncertainties of systematic parameters, sliding
mode control (SMC) is a powerful tool for robust guidance
law design with the characteristic of the finite time conver-
gence. In [18], guidance laws were developed using the tra-
ditional SMC. Considering delayed LOS rate measurement,
Kim et al. [19] and Yamasaki ef al. [20] proposed sliding
mode guidance laws to deal with impact angle constraint.
Shin and Song [21] presented a linear sliding surface to
synthesize a guidance law to impose desired intercept angle
for head-on and tail-chase scenarios. To realize finite time
convergence, terminal sliding mode (TSM) were employed
in the guidance law design in [22], [23]. Then, aiming at
the singularity and slow-convergence problem of the TMS
guidance law, nonsingular TSM (NTSM) algorithms were
adopted to design guidance laws to solve these problems,
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and ensure desired impact angle, in [24]-[26]. However,
according to the work in [23], [27], it should be known
that the proper control parameters of the TMS guidance
law and NTMS guidance law are both difficulty to choose.
In [28], [29], adaptive control laws for obtaining specified
impact angle were proposed, and applied into reentry guid-
ance of a hypersonic vehicle. The optimal SMC guidance
laws to satisfy the terminal impact angle constraint were
proposed in [30], where the equivalent control part was for-
mulated by model predictive control. However, owing to its
inherent chattering, SMC-based guidance laws may cause
undesired high-frequency chattering within missile accel-
eration commands. To avoid this situation, super-twisting
algorithm (STA) was employed to design guidance law [31].
As a second order continuous SMC algorithm, STA generates
the continuous control function that drives the sliding variable
and its derivative to zero in finite time in the presence of
the smooth matched disturbances with bounded gradient.
The only need is that the boundary of the gradient should
be known in advance. However, owing to the strong inde-
pendence between the missile and the target, the boundary
of the disturbance gradient is hard to measure during the
interception, especially for targets with high speed maneu-
ver. Thus, the precision of the guidance law based on STA is
hard to guarantee. To acquire proper disturbance boundary,
Edwards and Shtessel [32] and Utkin and Poznyak [33] pro-
posed adaptive-gain STA (ASTA) control laws. The ASTA
can handle the perturbed plant dynamics with additive dis-
turbance and unknown boundary in finite convergence time.
Then, Edwards and Shtessel [34] and Shtessel er al. [35]
proposed a dual-layer adaptive STA-like control algorithm,
which can estimate disturbance boundary precisely enough
and can minimize the degree of over-estimation of the
bounds.

Real manipulation disturbances is also an important factor
affecting the performance of guidance law. In [36], [37],
the guidance law with autopilot lag consideration were pro-
posed. In [38], [39], the guidance laws with seeker’s field-
of-view constraint were researched. According to the work
in [40], [41], as a kind of common manipulation distur-
bance, actuator faults may cause severe performance dete-
rioration, or even system instability. In [42], [43], different
methods were introduced to deal with actuator faults. Then
in [44], [45], fault-tolerant control theories were introduced
into guidance laws design. However, combined target maneu-
vers with actuator faults, the boundary of the disturbance may
be much more easily over-estimated.

Inspired by above work, a novel impact angle constraint
dual-layer adaptive guidance law with actuator faults is pro-
posed in this paper. The main contribution of this paper can
be concluded as follows: (1) Different from the traditional
PNG, the proposed guidance law can achieve the interception
with desired impact angles in finite time; (2) A dual-layer
adaptive scheme is employed to get more precisely estimated
disturbance information due to the actuator faults and target
maneuvers; (3) A multi-variable dual-layer adaptive control
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FIGURE 1. Three-dimensional homing guidance geometry.

scheme is developed to realize impact angles constraint in
both pitch and azimuth directions.

The rest of this paper is organized as follows. In Section II,
the preliminary including the mathematic model of the three-
dimensional homing guidance engagement phase, model
of the actuator faults and some notations are introduced.
In Section III, a multi-variable dual adaptive STA-like guid-
ance scheme and the design method of dual-layer adaption
gain are declared. Simulation results are presented and ana-
lyzed in Section VI. Some conclusions are made in the last
section.

Il. PROBLEM STATEMENT

In this section, kinematics model of missile-target guidance
system and actuator faults during the engagement phase are
presented for the later guidance design law design. Moreover,
some notations are also considered for further application to
facilitate the design.

A. ENGAGEMENT KINEMATICS

According to the work in [46], the three-dimensional (3D)
homing guidance geometry is shown as Fig. 1, where r
denotes the LOS distance between the missile and the target,
6 and ¢ represent the pitch and azimuth of the LOS angles,
respectively. Then, the engagement dynamic systems can be
expressed as follow,

i =r¢*+ro*cos’ ¢ (1)

. 20 ..

§= 2% L ogbrang + 10 _ MO (o
r rcos¢ rcos¢

. 2 .

b= -2 Pngeosy+ LM (3
r r r

where, ay9 and ayy represent the commanded acceleration
components of the missile in the three-dimensional coordi-
nates, respectively. arg and ary denote the target accelera-
tions. In this study, assuming that the signals r, 7, 6 and ¢ can
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be measured by the strapdown system, the main objective of
the guidance law is to successfully intercept the target with
impact angle constraint.

In the notational form, the equation (2) and equation (3)
can be rewritten as,

where
. A . . 1 O
. _.?+9+2¢9tan¢ B— _rcos¢
_@_9‘2 singcosep | 0 —=
,
r T arg  Aarg !
aM:[aMg,anﬁ] ) AZ[AG’AM =|:rcos¢’7i|
ar =[arg. ary]" . )

in which ap, ar and A represent the control input, target
maneuvers and system uncertainties, respectively.

Due to physical limitations, during a realistic pursuit-
evasion engagement, under the initial condition of 7 < 0 with
a suitable guidance gain, the LOS angular rate is also bounded
except for the point when the interception is realized (r = 01is
the impact point). Furthermore, the interception occurs when
r # 0 due to the target being a particular size. Thus this
singular point does not occur in real world application. The
impact is assumed to be happened when the distance vector
between the missile and the target r belongs to the interval
[7mins 7max] = [0.5, 1.0l m.

Remark 1: From system (4), it can be concluded that
¢ = =£m/2 are two singular point of the guidance system.
It follows [45] that during engagement phase the scenario
¢ = =£m/2 are not the stable equilibrium cases, and the
guidance trajectory crosses these points and will not stay
there.

B. KINEMATICA OF ACTUATOR FAILURE
Based on control theory and control system, actuator faults
are usually divided into two types: additive faults and out
of control [44]. The former referred that the bounded fault
enter control channels in an additive way, while the other one
referred actuator loses its effectiveness.

Taking actuator faults into account, the total acceleration
ays can be formulated as a new form:

ay =diy + G (1 - 10) d}, ©)

where, a"M denotes the nominal acceleration, G (t — Tf0 ) an
represents the deviation in acceleration due to the presence of
actuator faults. G (t - Tf(-)) represents the time profiles of a

fault that occurs at some unknown time. a{w is the nonlinear

fault function. G (t — Tf0> is a diagonal matrix,

G(r—10) =diag[go (1= T01) .26 (1 = TH)] @
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where, g; (i = 6, ¢) is a function denoting a fault time profile
and is governed by the equation as follows,

. 0
g-([—]}.o)— 0 1ft<Tﬁ.
1 il -

where the scalar a; > 0 is the unknown fault evolution rate.
For large a;, the time profile of g; which approaches a step
function, could denote an abrupt fault in the model. And small
a; represents slow development faults, also known as initial
faults.

To cope with the system as equation (4) in the presence of
the actuator faults as equation (6), a new disturbance vector
is defined as

{70 (8)
| —e al(t Tﬁ') lf¢27}?

d=BG(1-10)d) +A ©)

andd =[dy dy]".
Hence, system (4) can be rewritten as follow,

|:Z-:|:F+BaM+d (10)

This completes the guidance system in the presence of
actuator faults during the engagement phase.

Let 6; and ¢, denote the desired LOS angles and are
constants, x1 and x, represent the LOS angle error and the
LOS angle rate error, which are defined by

X1 = [xlg x1¢]T= [9_951 ¢_¢d]T
Xy =X =[x x2¢]T=[é ¢]T (11)
Take equation (11) into the system (10),

X19 = X20
561¢ = X2¢
. 2ix20 are Ao a{wg
X2p = ——— +2x0px20 tan p+ — -
2 r 2720 ¢ rcos¢ rcos¢ rcos¢g
. fog . ar aﬁ,l afl/l
dop = — ¢—x§9 sm¢cos¢+7¢—7¢—7¢ (12)

and the system (12) can be rewritten as a following second-
order system,

X1 =x)
i =F+Bay +d (13)

The objective of this study can be described as designing
acceleration commands ays for system (10) aiming to drive
the LOS angle error x1 and LOS angle rate x; error converge
to zero in finite time.

Remark 2: Owing to the physical limits, the acceleration of
the target is bounded. Hence, the dumped disturbance d and
its first-order time derivative in system (10) is continuous and
bounded but unknown, i.e., there are two positive vectors

r - . . T
dpax = [dmax,e dmax,¢] s dpax= [dmwfﬂ dmax#’] (14)
which satisfy

|di| = dmax,ia

di| < dmax.i, (i =0, ) (15)
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FIGURE 2. Flowchart of the proposed guidance law.

IIl. DUAL-LAYER ADAPTIVE STA-LIKE GUIDANCE LAW
DESIGN

In this section, a new framework of a multi-variable adaptive
STA-like guidance law with linear term and dual-layer adap-
tive methodology is introduced. The flowchart of proposed
guidance scheme considering both impact angle constraint
and actuator faults is shown in Fig. 2.

A. DESIGN OF A MULTI-VARIABLE ADAPTIVE STALIKE
GUIDANCE LAW
In [43], finite time convergence is defined as follow,

Lemma I (See [46]): Considering the nonlinear system x =
f (x, 1), x € R". Assume the existence of a continuous and
positive definite function V (x),

V) +rmV @) +ravix <0 (16)

where A1,Ap; > Oand 0 < 6 < 1 are constants. x (fy) =
X0, in which #y is the initial time. Then, the time of the
system states arriving at the equilibrium point 7 satisfies the
following inequality:

r<— ' (i + Moy (x0)
“A(1-6) Ao

Inspired by the work in [47], define the terminal sliding
manifold as,

a7

s =% +b1x + by |x|* sign (x) (18)
where
=[x 0]
= [l ol ] (19)
and
| bt O 2%2 | b O 2%2
b1—|:0 b12]€R , by= 0 by e R,
| b1 O 22
b3—|:0 b32]eR (20)

Moreover, sign (x) is the sign function, and the definition
is shown in APPENDIX.
The time derivative of s can be expressed as,
§ =¥ +bix+bobs x> &

= F(x)+Bd}, +d 1)
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and

270 b31—1
——+29¢tan¢+b119+b21b31 613171

F(x): 2¢

=2 46%sin ¢ cos p+b1adp+brbiy 19|72 ¢
(22)
Inspired by the single-variable ASTA control theory

in [35], a multi-variable dual-layer adaptive STA-like guid-
ance law is formulated, according to the system (21),

ay, = -1 (F (x) +u)
u(t) =—a(t)o ” “1/2 +y+®(s,L)
y@m =-B@o ” i (23)
where “o” is schur product symbol, and the definition is

shown in APPENDIX, and

a=[e1 () 2], BO=[A® BO] @4
and the gain « (¢) and B (¢) are defined as,
o (1) = aoy/L (1)
B (1) = BoL (1) (25)
where L (¢) is adaptive element vector, which
Loy=[to o] (26)
ap and B are positive constants, which
ao = [ o1 Otoz]T, Bo = [ Bor ﬂoz]T (27)
and ® (s, L) is defined as
t
®(s,L) = 7 Et; (28)

Take equation (10), equation (18) and equation (23) into
consideration, assume that adaptive element vector L (¢) is
bounded with a non-overestimated but unknown value ag and
the elements are selected so as to satisfy the initial adaptive
element vector Lq (1) > d , which is defined as

Lo (t) = [lo1 (t) lo2 (1) ] (29)
Define following matrices as
1 1 0
—po O
pP1 D2
Co=|10]|, P= 30
o=[110] [Pz p3} G0

where, P is a symmetric positive matrix, and satisfies p; > 0,
p2 > 0and pips > p3.

Motivated by [34], a novel multi-variable dual-layer adap-
tive STA-like guidance law is proposed, and can drive the
LOS angle and its rates converge to desired value in both pitch
and azimuth directions.
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Theorem 1: The proposed multi-variable dual-layer adap-
tive STA-like guidance law in equation (23) can drive the
missile intercept maneuvering targets with the desired impact
angle in a finite time Tjeqep in both pitch and azimuth
directions, if the gains g and By are selected to satisfy the
following inequality,

PAy +AlP +PBoBlP +ClCy < P (31)

and T ;.40 1s formulated as
2
Treach < = V' (0) (32)
14

where

Y = uLoy/ Amin (P),

and u is a positive constant.

Proof: To prove the proposed guidance law in equa-
tion (23) can drive the LOS angle and its rates converge to
desired value in both pitch and azimuth directions, employ

the notation
z=|:z1:|=|:‘/i°s/”s”£:| (34)

22 y

Then, equation (18) can be formulated as following equa-
tion through the auxiliary vector.

y=1[r1 »2] (33)

§=—azi+22+ P, L)+d (35)

Take the derivative of the equation (34) with the respect to
time yields

; —o (1) . VL .
1= 0Z1 oZz2
21Is))'/? 2|Is))'/? 16
z =_£o<_ﬂ(r)oz +§(t)) o
2T s L
since
L) s VL (@)

o + od(s,L)=0 37
VL@ s 2s)? (
In equation (36), & (¢) is the re-defined uncertainty, which
is the deviation of the actuator faults disturbance.

Fo =107 e (38)
= o
VL
since |z1| = /L |Is||'/3, é () satisfies
oo lsitE o € )l
fo|= "o fo|= = el @9
Then, system equation (36) can be transformed to
=D (s) o (Aoz +Bok ) (40)
where
L 0
A = ) , Bo—[1i|,
—Bo O
D(s) = VL/lsI'? (41)
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Take a Lyapunov function candidate:
1

V= EzTPz 42)

along the solution of equation (36) when s # 0, yielding
V =D (zT (Ag P+ PAO) 2+ 22T PBoE (z))

< D (5) (¢ (AfP+PA0+PBoBIP+ClCo) 2+ (1)

(43)
According to the inequality (39), it can be seen
p 1§ @I
| < =2—— < 44
Fo] = T il < bl (44)

Hence,
V =D ( (A]P+PAo+PBoBLP)z+2})
rd (Ag P+ PAg + PBoBIP + C! Co) z (45
Once «p and By satisfy the inequality,
PAg+AlP +PBBIP +ClCy < P (46)

there is

uvNL

———>o0
I G
According to the definition of V,

Amin P) 1213 < V < Amax (P) lIzl13

VLIsI'Y? < llz1 )l < lzll (47)
Therefore,
\ %4
Is'/? < | ——— (48)
Amin (P)L
and,
V<—wl2@®)Lov!? < —yv!/? (49)

In the inequality (37), y > 0. According to Lemma 1,
the proposed guidance law is stabilized in finite-time.

Remark 3: The multi-variable adaptive STA-like guidance
law (23)~(28) can achieve the finite time missile interception
with desired impact angles in both pitch and azimuth direc-
tions, and the dual-layer adaptive gain should be chosen and
bounded.

B. DUAL-LAYER ADAPTION GAIN L(t) DESIGN
According to the above section, the proposed guidance
scheme can drive the system state x and x converge to zero
using a properly chosen bounded adaptive function L(¢).
In this section, the adaptive function L(¢) will be designed.
In [34], a so-called dual-layer adaptive algorithm is pro-
posed to design the adaptive function L(¢). The dual layer
approaches rely on equivalent control technique. However,
the proposed guidance law requires multi-variable form.
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Hence, a multi-variable discontinuous term during the sliding
in equation (23) is developed as follow,

B(t)o—

sl .,

=£(@) (50)

which is referred to as the equivalent control in the proposed
guidance law.

As a theoretic conception, the equivalent control cannot be
accurately measured or calculated in real time. Based on low
pass filtering technology, it can be approximately estimated
using the following first-order differentiator with switched
signal,s

. 1
g () = — o (ﬁ (t) o |i — il (r)) 51)

5|

where T = [11 12} ]T is an arbitrary given positive constant
which represents the frequency of the low pass filter, u,, (t)
represents the estimated value of the equivalent control. As a
result, the bounded total disturbance d can be precisely esti-
mated in both pitch and azimuth directions.

Inspired by the work in [34], define a new vector variable
as,

1
() =L@)— — o ity (t)| — 52
(t) =L () aﬂoo\utq(n € (52)
where the scalara = [a1 a2 ]T is chosen to satisfy

O<a<l1/pyp<1 (53)

T . .. A
and ¢ = [81 & ] is small and positive, which is chosen to
ensure

1 _
%Oiueq (t)|+€/2> |ueq (t)| 54

Then, the adaptive control element L(¢) can be presented as

Lt)=Ily+1@) (55)
where
Io=[ln 102]T
1o =[h® Lo] (56)
I (¢) is the time varying term and satisfies,
1) = —p (1) osign (3 (1)) (57)

The time varying scalar in equation (57) is defined by

p)=qo+q() (58)
where
T
qo = [%1 QOz]
a0 =[a® 0] (59)
and the time varying component ¢q (¢) satisfies
g(t)=yold() (60)

115828

where

y=[n »n]". n>0m>0 (61)

The main conclusion of this section is summarized as
following theorem.

Theorem 2: Subject the system equation (7) into lump
uncertainty vector d (¢) and its time derivative & (), which
satisfies

IE O <ao, |E®)] < ar

the dual-layer adaptive algorithm in equation (51)~(60)
ensures that the adaptive element vector L (t) > |& (¢)] in
finite time.

Proof: For the convenience of demonstration, an auxil-
iary variable is defined as

ai
e(t)=—Ir—q(1) (62)
aBo
Take the derivative of § (f) with the respect to time yields

. . 1 d
§(1) =1(t) — — o — |iteg | I2

aBo dt
. 1 d
=l(l)—a—l&)05|$(t)|12 (63)

Further, it follows from the equations (52), (62) and (63) that
(1) od ()
500l )+ — o215
o — 0 —
dt

IA

aBo
1 d
=—qpold ) —qold )|+ o o 18 (1)l
= —qpold ) +e(t)o|d(1)] (64)

To discuss the ultimate uniform global boundedness of the
dynamical system, following Lyapunov function is taken into
account.

1 1
V(6,e):§806+5eoe (65)

Take its derivative along the trajectories of § (¢) and e (¢) it
follows that,

V (8, e)
= 303+leoé
Y
< —qpo |3(f)l—e(f)0|5(f)|+§e(t)°(—)/ o[ ()
= —¢po |3 ()] (66)

Since V (8, ) < 0, one can imply that § (#) and e (¢) have
their own bound, and 8 () — 0; ast — o0. As aresult there
exists a finite time 7y such that |8 ()| < €/2 holds for ¢ > 1.
It follows from the definition of § (f) in equation (63) that

1 _ &
18 () = L(t)—a—&)0|ueq(t)|—€ <3 (67)
Thus

1
L(t)—%o|ﬁeq(t)|—e>—§ (68)
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It follows from afy < 1, that
L) > —— o iieg O] 45> liteg 0|5 > E D] (69)
aBo 2 2

Furthermore, according to the definition of § (¢) in equa-
tion (52) it follows:

1 1
L) < %o|ueq(t)|+§e
1 1
< |5(f)|+%0|ueq(f)|+§€

<BOI+Lr Le (70)
apBo 2
This completes the proof.

Remark 4: From the control algorithm equation (23)~(28)
and the dual-layer adaptive scheme equation (51)~(60),
the proposed guidance law can achieve the finite time missile
interception with desired impact angles, and the developed
multi-variable dual-layer adaptive control scheme can pro-
vide more precisely estimated disturbance information due to
the actuator faults and target maneuvers. Moreover, the multi-
variable dual-layer adaptive control scheme is creatively pre-
sented in the proposed guidance law to guarantee impact
angles constraint in both pitch and azimuth directions.

IV. SIMULATION RESULTS

In this section, the effectiveness of the proposed guidance
law considering impact angle constraint and actuator faults
are demonstrated through numerical simulations by examples
of homing engagement phase in an impact angel constraint
accurate guidance mission. The simulations are performed
in the MATLAB® platform by using a fourth-order Runge-
Kutta solver with fixed step size 0.001s.

A. SIMULATIONS FOR ACTUATOR FAULTS
To verify the effectiveness of the proposed guidance law,
simulations for the different degree control information loss
of actuator faults are performed.

Let the actuator in 8 direction loses 0%, 5%, 10%, 15% and
25% of control information when the terminal guidance phase

begins, i.e. urg = 0, urg = —0.05u59, uro = —0.1upg, urg =
—0.15upp, urg = —0.25u,9, while the actuator in ¢ direction
loses 10% of control information i.e. ury = —0.1upg.

Let the actuator in ¢ direction loses 0%, 5%, 10%, 15%
and 25% of control information when the terminal guidance
phase begins, i.e. ury = 0,ury = —0.05upgp, ury = —0.1upgp,
ury = —0.15uu, urg = —0.25u,y, while the actuator
in 6 direction loses 10% of control information i.e. urg =
—0.1uy,y.

Simulations are set as follows: (1) initial relative range:
r(0) = 9000m; (2) initial relative velocity: 7 (0) =
—600m/s; (3) initial LOS angles: 6 (0) = 7/6,¢ (0) = 7 /12;
(4) initial LOS angular rates: 6 (0) = 1/15rad/s, ¢ (0) =
1/20rad/s; (5) desired LOS angle 6; = 45°, ¢pg = 25°.

The target maneuver satisfies.

are = —30m/s?, argy = —30m/s>.
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TABLE 1. Design parameters.

Parameter Value Parameter Value
0'/01 ’O'/OZ 5 ql’)] > qOZ 0.1
ﬂOl ’ ﬂOZ 12 801 802 0.05
7,,7, 0.1 b, b, 4
a, .a, 0.75 b, b, 3
V. 7, 0.08 b, b, 2.3
Ly, .1, 0.055 M, 0.8
4
3
E ====25% information loss
= 5 | |= = 15% information loss
3 ====10% information loss
:‘ 5% information loss
1 no information loss
0

4
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FIGURE 3. Simulation results of different degree of control information
loss in ¢ direction: (a) Relative distance trajectories; (b) LOS angle.

The parameters of the proposed guidance law are given as
Table 1.

Fig. 3 shows the trajectories of the relative distance
between missile and target and the LOS angle 67, for different
degrees of control information loss in 0 direction. Fig. 3(a)
shows that the distances in X, Y and Z directions all converge
to zero, which indicate that the missile can intercept the target
successfully for different degrees of control information loss
in 6 direction. Fig. 3(b) shows that when actuator in ¢ direc-
tion loses 10% of information of control and the actuator in
6 direction loses 0%, 5%, 10%, 15% and 25% of information
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FIGURE 4. Simulation results of different degree of control information
loss in ¢ direction: (a) Relative distance trajectories; (b) LOS angle.

of control, all of the 67, can converge to the desired angles
precisely in no more than 14s. The convergence time of 6y, is
affected by the different degree of control information loss.
Fig. 4 shows the trajectories of the relative distance
between missile and target and the LOS angle ¢y for different
degrees of control information loss in ¢ direction. Fig. 4(a)
shows that the distances in X, Y and Z directions all converge
to zero, which indicate that that the missile can intercept the
target successfully for different degrees of control informa-
tion loss in ¢ direction. Fig. 4(b) shows that when actuator in
6 direction loses 10% of control information and the actuator
in ¢ direction loses 0%, 5%, 10%, 15% and 25% of control
information, all of the ¢; can converge to the desired angles
precisely in no more than 14s. The convergence time of 6y, is
affected by the different degrees of control information loss.

B. SIMULATIONS FOR IMPACT ANGLE CONSTRAINTS AND
ACTUATOR FAULTS

To test the terminal impact angle constraint properties of
the guidance law, simulations considering actuator faults for
different desired impact angles with the same initial LOS
angles are performed. Let the desired impact angles 6, be 20°,
25°, 40°, 45° and 55°, when the ¢; = 5°. Let the desired
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FIGURE 5. Simulation results of different desired impact angles in 6
direction: (a) Relative distance trajectories; (b) LOS angle.

impact angles ¢4 be -10°, -5°, 5°, 10°, and 15°, when the
64 = 35°.

Simulations are set as follows: (1)initial relative range:
r (0) = 9000m; (2)initial relative velocity: 7 (0) = —600m;
(3)initial LOS angles: 8 (0) = 7 /6, ¢ (0) = 7 /12; (4)initial
LOS angular rates: 6 (0) = 1/15rad/s, ¢ (0) = 1/20rad/s.
The target maneuver satisfies arg = —30m/s2, ary =
—3Om/s2; the actuator faults: the actuator in 6 direction
loses 25% of information of control when the terminal guid-
ance phase begins, i.e. urg = —0.25u,¢9 while the actua-
tor in ¢ direction loses 25% of information of control, i.e.
ury = —0.25u,4. The parameters of the proposed guid-
ance law with the impact angle constraint are same as in
Sect. VL. A.

Fig. 5 shows the trajectories of the relative distance
between missile and target and the LOS angle ;.. Fig. 5(a)
shows that the distances in X, Y and Z directions all converge
to zero, which indicate that the missile can intercept the target
successfully for different desired impact angles. Fig. 5(b)
shows that when ¢y = 5° and 6; be 20°, 25°, 40°, 45°
and 55°, all of the 8y, can converge to different desired angles
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FIGURE 6. Simulation results of different desired impact angles in ¢
direction: (a) Relative distance trajectories; (b) LOS angle.

precisely in no more than 35s. The convergence time of 6y, is
affected by the different desired impact angles.

Fig. 6 shows the trajectories of the relative distance
between missile and target and the LOS angle ¢ . Fig. 6(a)
shows that the distances in X, Y and Z directions all con-
verge to zero, which indicate that the missile can intercept
the target successfully for different desired impact angles.
Fig. 6(b) shows that when 6; = 35° and ¢4 be —10°, —5°,
5°, 10° and 15°, all of the ¢ can converge to different
desired angles precisely in no more than 25s. The conver-
gence time of 6y, is affected by the different desired impact
angles.

C. COMPARION WITH OTHER GUIDANCE LAWS

To further verify the effectiveness of the proposed guidance
law, a FTC guidance law in [46] and a novel transformed
PNG law [50] are used as comparison, which can provide
reasonable acceleration control command. In order to indicate
results of the guidance law, two engagement cases are studied
here, and the performance of impact angle constraint are
tested as well.

The FTC is defined in the equation below,

ay = B {—f (x) +u},

VOLUME 8, 2020

TABLE 2. Flight time and miss distance.

. Casel Case2
Guidance Law - - — " - P
Fight time Miss distance Fight time Miss distance
The proposed 19.792s 0.6743m 19.949s 0.5613m
FTC 18.092s 0.9352m 18.386s 0.9096m
PNGL 16.679s 0.6792m 16.884s 0.7237m
x (1)
u(r) = —ki (1) 5 —ka()x+g,
llx ()]
c = s () ——— — ks (1) (1)
§=-K 2 X
e )11/

where the adaptive gains k; (¢) (i = 1, 2, 3, 4) are designed as,

ki (t) = c1vL (), k2 (t) = 2L (1),
k3 (1) = c3L (1), ka (t) = cal® (1) (72)

with an adaptive law
L (t) = msign (|x| — &) (73)

where m > 0 is used to regulate the adaptive process,
L > 0 is defined as adaptive parameter, ¢ is a small value
to ensure that L will be bounded. And the positive constants
ci(i=1,2,3,4) are satisfied with following condition,

90%05 + 86‘%63 < 4dc3eq (74)

where the parameters in FTC guidance law are selected as
cir=1,¢c=05c3=2,c4 =1,¢ =02and m = 0.8¢,
respectively.

The transformed PNG law is defined as,

ay = | ~Ni70 +isign (6) + M |Q}ks{gn ©) | 75
—Nor¢ + frsign (qb) + M |¢| sign (¢)
where the parameters in PNG are selected as Ny = 3,
N, =3,f1 =50,/ =50,M = 10 and k = 0.5, respectively.
Two kinds of target maneuver were taken into account
to demonstrate the general applicability and robustness of
the proposed guidance laws, which could be expressed as
follows,
Case 1: the target maneuver is constant,

are = —30m/s®,  ary = —30m/s%;
Case 2: the target maneuver follows the sinusoidal
components,
are = —20sin 2wt) m/s?, ary = —20sin (27r) m/s>

The initial conditions for different cases are selected as
follow: (D)initial relative range: r (0) = 9000m; (2)initial
relative velocity: 7 (0) = —600m; (3)initial LOS angles:
0 (0) = /6, ¢ (0) = m/12;(4)initial LOS angular rates:
6(0) = 1/15rad/s, ¢ (0) = 1/20rad/s;(5) desired LOS
angles: 6; = 40°, ¢pg = 10°.

The parameters of the proposed guidance law with the
impact angle constraint are same as in Sect. VI. A.
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FIGURE 7. Simulation results of Case 1. (a) Relative distance trajectories (b) LOS angle curves (c) LOS angular rate curves (d) Missile acceleration
profiles (e) Profiles of dual-layer adaptive gain L.

For case 1, the simulation results are shown in Fig. 7, and
the information of miss distance and flight time is given in
Table 2. Fig. 7(a) shows that the relative distance trajectories
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under three different guidance laws and the distances in X,
Y and Z directions all converge to zero, which indicate that
all of the three missiles can get rid of the influence of actuator
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faults for case 1 and intercept the target successfully, even
though the flight paths are different. Fig. 7(b) shows the
curves of 0 and ¢, using three different guidance laws.
It is shown that the FTC and PNG cannot guarantee the
convergence of the LOS angles, but the proposed guidance
law can drive the LOS angles converge to desired values in
two directions. Fig. 7(c) shows the LOS angle rate under
three guidance laws all converge to zero. Fig. 7(d) shows
the acceleration of the missile during the engagement, and
the curves of apyg and apyy show the accelerations of the
missile are all in reasonable scales. Fig. 7(e) shows that
magnitude of the dual-layer adaptive gain L is bounded and
gradually converging. The information of miss distance and
flight time is given in Table.2. Summarizing all the above
pictures in Fig. 7, it is concluded that actuator faults can influ-
ence the performance of the guidance laws which does not
consider the practical constraints, and the proposed guidance
law can get rid of the influence of actuator faults. Besides,
the proposed guidance law can also lead the missile intercept
the target with reasonable accelerations. At the same time,
the presented guidance law can also guarantee that the LOS
angles and angular rates converge to desired values with
preferable convergence performances in finite time.

For case 2, the simulation results are shown in Fig. 8, and
the information of miss distance and flight time is given in
Table.2. Fig. 8(a) shows that the relative distance trajectories
under three different guidance laws and the distances in X,
Y and Z directions all converge to zero, which indicate that
all of the three missiles can get rid of the influence of actuator
faults for case 2 and intercept the target successfully, even
though the flight paths are different. Fig. 8(b) shows that the
curves of LOS angle 87 and ¢; converge to desired values
under the proposed guidance law. Fig. 8(c) shows that the
LOS angle rate under three guidance laws all converge to
zero. Fig. 8(d) shows the acceleration of the missile dur-
ing the engagement; Fig. 8(e) shows that magnitude of the
dual-layer adaptive gain L is bounded and gradually converg-
ing. The information of miss distance and flight time is given
in Table 2. Similar to case 1, the results of case 2 also show
that the proposed guidance law can intercept the target with
impact angle constraint and actuator faults. The curves of ayzg
and a4 show that the acceleration of the missile are still in
reasonable scales.

Above all, the simulation results show that actuator faults
influence the performance of the guidance law, and the pro-
posed guidance law can get rid of the influence. The results
also validate that the designed laws in this study guarantee
the missile intercepts the target with impact angle constraint
in finite time.

V. CONCLUSIONS

This paper investigates the accurate interception problem and
proposes a novel dual-layer adaptive STA-like guidance law
in the presence of the impact angle constraint and actuators
fault. The presented guidance law is formed by combining
STA-like and adaptive theory for the first time to realize
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accurate interception with impact angle constraint and actua-
tor faults consideration. More specifically, to guarantee the
interception, the multi-variable STA-like is adopted in the
proposed guidance law drive the line-of-sight (LOS) angle to
the desired value and its rate to zero in finite time in both pitch
and azimuth directions. To satisfy the demand of the nec-
essary disturbance gradient, owning realistic actuator faults
and the independence between missile and target, a multi-
variable dual-layer adaptive scheme is employed to adjust
the control gains and guarantees its precision. Moreover,
the multi-variable dual-layer adaptive scheme can also be
adopted to select the proper design parameters.

Comprehensive effectiveness analysis of the proposed
guidance law is performed. According to the theoretical
investigation, the proposed guidance law can achieve the
finite time missile interception with desired impact angles.
Furthermore, the developed multi-variable a dual-layer adap-
tive scheme can get more precisely estimated disturbance
information.

Three simulations are implemented in the paper. The first
simulation result shows that the proposed guidance law can
realize interception with impact angle constraint for different
target maneuvers in two directions. The second simulation
results shows the presented guidance law can get rid of influ-
ence of the different reasonable degrees actuator faults with
impact angle constraint in two directions. The last simulation
result shows the priority of the proposed guidance law com-
pared with the other two guidance laws. More specifically,
the proposed guidance law can lead the missile intercept
the target with reasonable accelerations and preferable con-
vergence performances in finite time in the actuator faults
consideration. However, the proposed guidance law is carried
out on the basis of the theoretical analysis and numerical
simulations. Hence, in the future study, we will try to deal
with the realistic limits.

APPENDIX
To facilitate the design, some notations are considered for
further application.
Notation 1: Throughout this paper, for any given vector
x = [x1,x2, ...,x,]7, the notations in Table 1 will be used.
More specifically, the sign function is defined as follow,

1 if x>0
sign () =40 ifx=0 (i=12,....,n) (76)
-1 ifx<O,

The schur product in the paper is used for a 2 x 2 matrix with
another a 2 x 2 matrix. For example, the schur product for a
2 x 2 matrix A with a 2 x 2 matrix B is:

aj; ap b1 b2
AoB =
° [azl 322:| ° |:b21 b22}
|:allb11 312b121|

77
ar1by1 axpbon 7
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TABLE 3. Notation and definition.

Notation Definition

absolute value

T
x| =[] o],

% =[x, %0k, ]

5[ Xy

time derivative

-1 -1

T
-1 -1 .
X = I:xl P S ] reciprocal value

HxH =+x"x 2-norm
sign(x) = [sign(x1 ).sign(x,),....sign{x, )]T sign function

A (X) = col(ﬂmax (%) A (%) s A, (v, )) maximum values
Ao (x) = col(ﬂymin (35) A (35, )55 A (5, )) minimum values
Schur product
° symbol

Notation 2: For two any given column vector

T
A = [a19a27-"9an]

B =[by,bs,...,b,)"

with same length, A > B is defined as that every element
in A is larger than or equal to the element in B with the

corresponding position, i.e. a; > by, ax > by, ...
For an arbitrary column vectors A = [ay, ap, ..

k) an Z bn-
., an]F and

any given constant m, A > m (A < m) means that every
element in A is larger (smaller) than or equal to m.
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