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In this article, a guidance problem for cooperative
salvo attack of multiple missiles against a single sta-
tionary target is investigated. The proposed guidance
law combines the well-known PNG law and coopera-
tive acceleration command, which is based on the feed-
back of state error between the current missile and the
mean value of participant missiles. The state variable
in this paper is used as the approximate calculation
of time-to-go. The cooperative acceleration command
is designed to adjust the flight path and impact time,
which leads the multi-missiles to hit the common tar-
get simultaneously. During the engagement, the veloc-
ities of missiles are not changed and presetting impact
time is not needed. Simulation results show the effec-
tiveness of the proposed guidance law.
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1. Introduction

Ever since the 1960s, efforts have been made to de-
velop the accurate guidance of missiles, especially in the
research of proportional navigation guidance (PNG) and
optimal guidance. An optimal guidance law for a missile
with an unconstrained acceleration vector was proposed
by Hoetal in 1965 [1]. A comprehensive study of PNG
was made by Guelman in 1971 [2], which is considered as
a significant and fundamental theory of missile guidance.
Furthermore, plenty of attention was paid to complement
and extend the missile guidance theories.

As a matter of fact, spear is always accompanied by
shield, such that more and more missile defense systems
have been fielded to protect the target from enemy mis-
siles. The most famous missile defense systems are Na-
tional Missile Defense System (NMD) and Theatre Mis-
sile Defense System (TMD). The Close-in Weapon Sys-
tem (CIWS) is an important part of TMD, aiming at
destroying incoming missiles at short range by closely
grouped fire.

Warships and main battle tanks are mostly seen to
be under protection of CIWS. These defensive weapons
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with powerful fire capability and various strategies seri-
ously intimidate the survivability of the conventional mis-
siles. Hence, missile developers have made great efforts
to develop a high-performance missile system with ul-
timate sea-skimming flight and terminal evasive maneu-
vering capabilities despite a huge cost [3]. Usually, the
shorter the engagement time, the better the missile sur-
vives the threats, as the reaction time of the target against
the missile is reduced [4]. Also, missiles with terminal
evasive maneuvering capability, to a certain extent, can
avoid being shot during the attack course. Advanced mis-
siles should make maximum speed, overload and thrust-
to-weight ratio as large as possible to penetrate, and these
missiles deserve expensive effort of control and cost much
to produce. In this work, the strategy for cooperative at-
tack is studied as another method for conventional mis-
siles to survive and fulfill an attack task. This strategy
requires the participant missiles to hit the target simulta-
neously. Clearly, it is difficult to defend against a group
of attackers bursting into sight at the same time, even
though each member is the conventional one in perfor-
mance. So the simultaneous attack of multiple missiles
is a cost-effective and efficient cooperative attack strategy
taking advantage of the vulnerability of CIWS’s one-by-
one engagement feature [3].

Jeon et al. developed an impact-time-control guidance
law (ITCG) for anti-ship missiles [4]. Jeon and Lee pro-
posed a cooperative proportional navigation (CPN) for
many-to-one engagements [3]. Both of the two guidance
laws are based on the combination of PNG and the feed-
back of the impact time error. ITCG needs to preset a des-
ignated flight time to all missiles at the beginning of the
homing phase, while all time-to-go (time left before hit-
ting) should have been estimated in advance and the mean
of time-to-go estimates of participant missiles is needed in
the CPN. Sun and Xia proposed another cooperative guid-
ance law which follows the conclusion in the work of Jeon
and Lee and applies optimal guidance [5]. Zhao and Zhou
introduced coordination algorithms into the guidance for
multiple missiles [6]. Zou et al. proposed a distributed
adaptive cooperative guidance law for multi-missiles with
heterogeneous leader-follower structure to implement the
cooperative salvo attacks [7]. The leader missile adopts
a PN guidance law with constant navigation gain, while
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Fig. 1. Guidance geometry of salvo attack scenario.

follower missiles adopt a distributed cooperative guidance
law which is based on the PN guidance law with adaptive
variable navigation gain. The research result of Zou et
al. shows that speeds and missile-target distance of all the
missiles converge to a compromise [7]. Sun et al. ex-
tended the work of Zou et al. for attacking maneuvering
targets [8].

The goal of the cooperative guidance law proposed in
this paper is to solve the salvo attack problem without
changing missile speed, presetting impact time or having
access to all estimates of the time-to-go of participant mis-
siles. This article begins with introducing a statement of
the homing problem for multiple missiles against a single
stationary target. Next, the kinematic model and propo-
sition of cooperative acceleration command are shown in
Section 3. Then, simulation results illustrate the perfor-
mance of the cooperative guidance in Section 4. Finally,
conclusions are presented in Section 5.

2. Problem Statement

First of all, this paper mainly focuses on the guid-
ance law of multiple missiles in cooperative attack.
The missiles and the target are regarded as particles.
Consider the homing guidance geometry of n mis-
siles M1,M>, ..., M, salvo attacking a stationary target T,
as shown in Fig. 1. Although each missile has a different
missile-to-target range and an initial heading angle, they
are requested to reach the target simultaneously. V; de-
notes the speed of M; and is supposed to be constant
during the engagement. g; is the acceleration command,
which controls the missile and is perpendicular to missile
velocity.

As illustrated, M; and T are separated by a distance vec-
tor r;, known as the line-of-sight (LOS). Flight-path angle
and LOS angle are denoted by 7); and g;, respectively,
while o; stands for the heading error. 1); and ¢; are posi-
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Fig. 2. ITCG trajectories with different designed impact time.

tive when they are in the counterclockwise direction from
reference line. ; is positive when the velocity vector is in
the counterclockwise direction from LOS. In the homing
process of a single missile against a stationary target, the
guidance law is obligated to eliminate the heading error
as soon as possible. Equally, the missile should not be
too sensitive to disturbance. As shown in the well-known
PNG

a=NV§, . . . oD

where N denotes the effective navigation constant and ¢ is
the rate of the line-of-sight angle. Then the flight-path
angle rate is calculated as follows

a

._a )
n v ()
or
n=Nqg. . . . . . ... ... .... 0
The rate of LOS can be obtained as
Vsino
g=-— P (/3

r

and 0 = 11 —gq. Therefore, the governing equations can be
expressed in terms of r and ¢ as follows

Fr=—-Vcoso, . . . . . . .. .. ...

(N—1)Vsino
p .

6=— . (6)

It is obvious from Eq. (6) that |o| would decrease to
zero if N > 1. When o is equal to zero, the missile will
move along the LOS and straight toward the target, mean-
while the guidance command also converges to zero. N
is chosen in the range from 3 to 5 in general cases, and
mostly set to be 3 for energy-optimal control.

In order to attack the target simultaneously by multi-
missiles without changing missile speed, a cooperative
command is added to the PNG. The additional command
is applied for adjusting the control effort by using the im-
pact time differences with other missiles. This additional
command has been proved efficient in ITCG [4]. As de-
picted in Fig. 2, the missile will generate a more bending
trajectory when the designated impact time is longer than
the original impact time. In the ITCG case, missile speed
is not changed during the engagement. As the designated
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impact time is set longer, the optimal solution of the feed-
back problem will reduce the control effort (or even re-
verse the acceleration direction) in the early stage of the
flight. Then the missile will follow a more bending and
longer trajectory to hit the target at the designated time.

3. Cooperative Guidance Law

3.1. Kinematic Model

Consider the relative motion between missile M; and
stationary target 7 in polar coordinates:
i = —V;cos o;
) V;sin o;
q4i= ——)
ri
for 0; = n; — ¢; and 1; = a;/V;, such that

a; V;sino;

0 =— N (4
i Vi+ - (7
Let
T
T = ’
Vicos o;

then the model turns into

ti=—1+7tanoc;. . . . . . . . . ... (&
. a; tan o;

6i=— N )
=g+ ©)

3.2. Cooperative Acceleration Command

The acceleration command is composed of two differ-
ent commands:

a; = ag; + ar;,

the first one is ap; for reducing the miss-distance, and the
second one is an additional command a; for synchroniz-
ing the impact time. In this paper, ap; is chosen as PNG
command so that

ag; = NViq;.

The other command ag; is chosen as
2
ap; = Sgl/l(CF,‘)I(Tl.é',‘7

1

where K is a positive coefficient, & is the difference be-
tween 7; and the meanof 7; (j=1...m,j#i).

1 m
g=|— o I ()
l (m_lj;;#irj) " 1o

Let
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Calculate the variance of 7 as

1
==Y @-u ... ... ... 13

m =

22

It will be shown that X? decreases during the homing
guidance, when using the cooperative guidance law a; =
2
NVig; + sgn(o;)K \;—"_85 with a positive gain K. The gov-
erning equations in term of r and ¢ can be expressed as

2
“(t
fi——\/i<1——6’()>7 . (14)
2
. (N—-1)Vo; Vi
6,=———"—+sgn(o;))—Kg;. . . . . (15
ri ri
Under the small angle assumption of o;
sino;=0;,+0(67), . . ... ... .. (16)
tanc;,=o;+0(c’), . . . . . .. ... A7]
o?
cosc,-:l—j+0(6,-4). e )

From the differential equations, Eqs. (14) and (15), and
Eq. (11), we get

2
ri(t—i—At)—ri(t)—\/iAt(l—%), . (19

Gi(t+A[) = G,'(l‘)
VAt (N — 1)oi(r) — Ksgnl(oilt) &)
r,-(t)

. (20)
Neglecting the higher-order terms of Az, we have
G (t+Ar) = 6 (1)
ViAt K ilt))Eil!
207 (- Kool)ete))

ri(t) oi(r)
2D
For
T ri 2

0= e = % (1%
such that

(1 +At) =1;(t) — At — (N — 1)0%(1) At .

+ Ksgn(o;(t))oi(t)€i(t)Ar.

From Eq. (11), it can be derived that

Bt ) = 7() —a— DAY g2
m =

f_%jilfﬁ S an +%:Zlegn(o,(r))o,(z)g,(r). . (23)
then

8,-:mn_11(f—ri). R V)
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For
THr+Ar) = %i (t+A) =Tt +A1))°,  (24)
such that "~
£+ Ar) = 520
-2 i(f(x) — (1)) [Ksgn(o(1)) o (1) (1)
—(Nj: 1)o; (1)) A (25)

where o;(t) is supposed to be small, furthermore, (N —

I)sz(t) can be neglected in Eq. (25) if K is chosen to be

relatively large.
Then consider

Y2 (1 + Ar)
= 20) -~ Y (20) - 50 Ksen(o,(0) 0 ()
£
= 20) - 25 L0 - 0 Ksen(o,0)o )

(26)

It is easy to see that Ksgn(oj(t))o;(t) is always non-
negative for a positive gain of K, such that the variance
of 7;(t) decreases. And in many articles, 7 is used for
the estimation of time-to-go, so the proposed cooperative
guidance law a; = NV;g; + sgn(cr,‘)Ks,-Vi2 /ri is effective
in adjusting the impact time, especially at the beginning
of the homing phase when the heading error is relatively
larger. Note that when the missile is near the target, this
command becomes PNG as heading error is zero. As the
two parts of the acceleration command in this solution is
perpendicular to missile velocity, engaged missiles will
not decelerate for a longer flight time. The second part of
the acceleration command ensures that this solution will
synchronize the impact time of all missiles.

As the missiles approach the target, the control com-
mand may blow up because the sensitivity of ap; to the
time-to-go error is inversely proportional to r;. In order
to circumvent this property, a switching rule is incorpo-
rated. The cooperative guidance law should be switched
to PNG when the calculated variance of the impact time is
reduced below a certain small value. This scheme could
ensure a smooth homing process with acceptable impact
time error.

4. Simulation Description

In this section, we illustrate the application of the pro-
posed cooperative guidance law by considering a scenario
in which three missiles attack a single stationary target.
The target is located at (0,0). The constant speeds, ini-
tial positions and headings of three missiles are shown in
Table 1. Under the initial conditions, the initial heading
errors o1, 0> and 03 can be calculated (see Table 1).

304 Journal of Advanced Computational Intelligence

Table 1. Engagement scenario for cooperative attack.

Parameters Missile 1 Missile 2 Missile 3
Velocity (m/s) 300 340 380
Initial

Position (km) (—6,6) (—5,—-8.66) | (5,—8.66)
Initial

Heading (deg) 0 0 20
Initial Heading 45 60 30
errors (deg)

6000 ——-@\ : : : : ]
Missile 1. : :
{300m/s)

4000

3048 sec

2000

= -2000 :
2158 sec
-4000

-6000 [

-8000 |-

Missile 3

10000 L(340msE T e — zeoms) |

Missile 2
(340misy:

—2000 o]
H{rm)

—6000 -4000 2000 4000

Fig. 3. Flight trajectories of three missiles.

Suppose that the navigation ratio N of three missiles is
3.2. As shown in Fig. 3, in the case of PNG, the impact
time of the missiles are 30.46 s, 35.16 s and 27.07 s, re-
spectively (trajectories are indicated by dashed lines).On
the other hand, the proposed cooperative guidance law is
used to drive the three missiles to hit the target simulta-
neously, with the same initial conditions (trajectories are
indicated by solid lines). It is obvious from Fig. 3 that
all three missiles reach the destined point nearly at the
same time. The discrepancy of impact time is less than
0.77 s around the mean value of time, so the intervals of
arrival time are too short for the target to make effective
response. The time histories of 7|, 7, and 73 are depicted
in Fig. 4, which figures out that the impact time of three
missiles converges to a compromised value at the early
stage of the process.

The variance of T was proved to be decreasing during
the cooperative homing phase in Section 3. Fig. 5 shows
the history of the variance of the impact time of three mis-
siles. Due to the relatively large dispersion of impact time,
the variance declines rapidly at the first 5 seconds.

In the simulations of Zou et al. [7], missiles adopting an
adaptive guidance law decelerate sharply in the first 5 sec-
onds of the adjusting time. In practice, however, a sharp
deceleration leads to the risk of aerodynamic stall, reduc-
ing the feasibility of the guidance law. In contrast, the
three missiles with the guidance law proposed in this pa-
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Fig. 5. Time histories of the variance of impact times.

per will attack the stationary target simultaneously with-
out changing the speed of missiles.

Also, unlike the method proposed by Jeon et al. [4],
the proposed guidance law does not need to prescribe any
desired impact time before the homing phase starts. In
the simulation of Jeon et al. [4], the impact time of four
missiles with PNG are 35.67 sec, 30.83 sec, 27.40 sec,
and 31.89 sec, respectively. Accordingly, they applied
ITCG to the four missiles for simultaneous attack and des-
ignated impact time of 37 sec to the four missiles. As
claimed in the work of Jeon et al. [4], the designated im-
pact time should be selected to be larger than the maxi-
mum impact time of missiles by PNG. Instead, following
the guidance law proposed in this paper, the time-to-go of
the missiles during cooperative homing process converge
to a certain mean value which is certainly smaller than
the designated time in the research of Jeon et al. [4]. In
this sense, the reaction time for the target to defense and
survive will be reduced. Therefore, by the proposed guid-
ance law, the simultaneous attack of multiple missiles can
be completed more efficiently. The quantitative compari-
son between ITCG and proposed guidance law (under the
same initial conditions) is shown in Fig. 4 and Table 2. In
Fig. 4, the starting values of two approaches are different
because the estimate methods are different.

Noteworthy, it can be seen from Figs. 3 and 4 that, the
three missiles did not reach the target with exactly the
same impact time, due to estimation error. Similar re-
sults were also observed in other works [4,7]. The max-
imum difference among the impact time of all missiles is
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Table 2. Flight time of ITCG and proposed guidance law.

Method Missile 1 | Missile 2 | Missile 3
ITCG 3527 35.40 36.22
Proposed g

larvc;p“ed guidance | 4 o) 31.58 30.04

1.5 seconds, which is usually acceptable in practice. It
was also observed that the heading errors of all missiles
almost decrease to zero after 10 seconds, so the adjust-
ment of is limited. Besides, Fig. 5 demonstrates that the
variance of the time-to-go of all missiles approaches zero
very quickly. So, the missiles can reach consensus with
acceptable performance.

5. Conclusion

The cooperative guidance problem for multi-missiles
against a single stationary target is discussed. The gov-
erning equations expressed in terms of 7 and ¢ were in-
troduced, and the state variable T was chosen as the esti-
mate of impact time. Also, the proposed cooperative guid-
ance law was proved to be effective. Furthermore, the law
does not require any desired impact time be commanded
to all missiles in advance. And, the missile speed was not
changed during the adjustment, which is more feasible in
application. Novel ways to diminish the impact time error
would be studied to further improve the performance of
the guidance law in the future.
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