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Abstract

In this paper, analytical solutions of a class of optimal
line-of-sight (LOS) guidance laws are derived for
moving targets using linearized model. The pursuer
control dynamics is assumed to be perfect and the
maneuvering acceleration is applied normal to LOS.
The closed-loop optimal solutions are obtained for
four different final conditions, i.e., fixed or free final
position and norma velocity. The fina angle
constraint may be applied by the final normal
velocity.
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Introduction

In three-point guidance, a pursuer maneuvers so as to
be on the line-of-sight (LOS) between the target
tracker (or reference point) and the target. This
guidance law is aso called LOS guidance [1-4].
Two implementations of LOS guidance are used in
practice, namely, Command-to-LOS (CLOS) and
beam riding. Beam riding performance can be
significantly improved by taking the beam motion into
account in a CLOS system [1-4].

Most literature on LOS guidance dealt with the
design of controllers with different control techniques,
such as classica control [5,6], feedback linearization
[7], variable structure [8], fuzzy-logic [9-11], and
optimal control [12-14].

Analytical solutions of LOS guidance problems are
more difficult than two-point guidance problems,
because of the trgjectory constraint, so only simple
cases have been obtained in closed-form [15,16].
Closed-loop solutions of optimal three-point guidance
laws are aso more complex than the two-point
strategies. The optimal solution for perfect control
system has been obtained in Ref. [13] for stationary
targets. The optimal solution for the first-order control
system has been presented in Ref. [14] for stationary
targets, as well. To the author's knowledge, the
available closed-loop optimal LOS solutions have
been developed only for stationary targets.

In this work, the optimal solutions of LOS
guidance laws are derived for moving targets with
different final conditions using linearized model.

Linearized For mulation

Consider pursuer P and its target in polar
coordinates(r,q) . The origin of the polar coordinates
is located on the tracker as a reference point. The
governing equations of motion of particle Pin polar
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coordinates are given by
.. ‘2
Fo =Ty =2, (1a)

rd,+2r,d, = a, (1b)
where (a,,a,) arethe pursuer acceleration components
in polar coordinates and the subscript p stands for
pursuer P. The angle error is denoted by

e=0, 0 )
where the subscript T stands for target T. The pursuer

distance from the tracker-to-target line-of-sight is
approximated by
h = r=r@,-) (©)
Equation (1b) can be rewritten interms of h, that is,
f-Imh(r,G +2r,6, ) =a, 4)
M ‘

In our linearized model, the pursuer distance from
tracker O is given as a function of time. Using this
assumption, the state-space equations are simplified as
follows:

h=n

- F P ()

n=-"h-(rd +2rd )+a,

r q

m

Optimal Guidance Problem and Solution
Here, the guidance problem is to minimize the
following performance index

J :%L‘ [b(®)h? +RE)udt , u=a, (6)
subject to state equation (5) where b(t) and R(t) are
positive weighting coefficients and t, is the
predetermined final time. The initial conditions are

h(te) =Ny, N(ty) =N, (7)

Here, four different final conditions are considered as
follows:

Casea) h(t;)=h"(t;),n(; ) ="free
Caseb) h(t,)="free, nf(t;)="free
Casec) h(tf):h*(tf)in(tf):n*(tf)
Cased) h(t,)=free, n(;)=n"(,)

where superscript star denotes the desired final value.
The Hamiltonian is given by

1 1
H ==R@t)u*+=b@t)h®+I.n
> (t) 2() h

. (8)
+1, L—mh +f (t)+u}
where |, and |, are costates and
f () =~(r,0 +2r,a) 9
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The optimality conditions give

u=-I,/R(t) (10)
I =_b(t)h_|V:i (11)
Lo=-l, (12)

Therefore, the state equations for states and costates
are

h=n

CF . l,
n :ah—(rpqT +2r0) - RO

§ (13)
I =-b(t)h—I, ;—m

m

[, =-1,

The above system islinear time-varying, that is,

X =A@M)X +F(t) (14)
X () =@(t,t,)X (t0)+_Lt ®(t, )F( )dI (15)
X (t; ) =0, ,t)X (t)+'|':' @, )F(1)dl (16)

where A(t) is the system matrix, @(t,t,) is the state
transition matrix, and

X =[hni, T (17)
0 10 0
C|fdr, 00 -1/R()
A= -bt) 0 0 -, /r, (18)
0 0-1 o0
Ft)=[0f ) 0Q[ (19)

Therefore, the solution of state equation (13) is
h(t) = (Dn(t -to)ho + q)lz(t vto)no + q)13(t ito)l hy

T+, ), +f D, (t,1)f (1)dl (20)
n (t) = (D21(t ito)ho +(D22(t !to)no + q)za(t ,t0)| hy
‘ (21)
+ D, (t,t) +L D, (t,1)f (1)dl
I () = @y (o) g + Doy (t 10N + Dy (1)1 ho
¢ (22)
+ Dy, (t, 1)1, +L @, (t,1)f (1)dl
Iy () =@y (tto)hg + Dy (8N g + Dyt )] ho
¢ (23)
+ Dt , +L @, (t,1)f (1)dl
or
h(tf ):chl(tf 1t)h +q)12(tf ,t)n +CDZL3(tf 1t)| h
t (24)
+ Ot I, + [ @ ()]
N(t, ) =0, t)h+D,( N+t ),
" (25)
+ @yt )1, + [ Dt 1 (1)
L () = @ay(t, DN+ Do, (t, N +Dy(t, 1),
t (26)
+ Dt )], + [ Dot (1)d
I, @) =D, Hh+D,(t, tn+d,(, ),
(27)

F O DI, + [ @, 1 (1)d]

In acompact form, we have

X, (t):icpij (t,tO)Xj(t0)+L:®i2(t,l ) (1)dl (28)
or -

X, (t, ):ZA:cpij t, )X, (t)+‘[:' @, ,1)f (1)dl (29)
where X il ;15 the ith element of the state vector X and

@, is the ijth elememt of the state transition matrix.

Depending on final conditions, two equations are
selected from the above four equations, e.g., for case
b, we have h(t,)=free,n(t, )=free. Since the fina

time is fixed, we have |, (t,)=0, I ,(t; ) =0. Therefore,
we have a set of two equations with two unknown |,
and |, thatis,
Dt ), + Dy (€, 1), =— Dy, 1) -y (¢, 1N
t
‘L (. 1 )f (1)dl
Dt )+, 1), =—D, (¢ ,Dh-D,,(; ,t)N
t'
—L D, ,1)f (1)dl

Then, 1, is obtained from the above set of two
equations with two unknown costates, that is,

1] [@utt) Dyt 1)
)T [ 0at ) @t 0]

LV

@, DN+ D 0+ [ D, DF (1)

30)

31)

(32)

DN+, N+ [ Dt 1F (1)l

Finaly, the optima control is obtained from
u=-I, /R(t).

A similar approach is used for the other cases.
Hence, the optimal solutions for the mentioned cases
are summarized asfollows:

Casea) h(t,)=h"(t,),n () = free [i=1, j=4]
u=c,h+cn+u, +c, hy (33a)

Caseb) h(t,)="free,n(t; ) =free [i=3, j=4]:
u=c, h+c n+u, (33b)

Casec) h(t;)=h"(t;),n(t;)=n"(t;) [i=1, j=2I:
u=c, h+cn+u, +c, h +c, n{ (33c)

Cased) h(t,)="free,n(t,)=n"(t,;) [i=3,)=2]:
u=c,h+c,n+u, +¢, n¢ (33d)

where the guidance coefficients are

Cp =[P, )@, 1) - D5t )P, ,1)]/D (34
C, =[D5t, )P, 1) —D5(t, 1)D,,(t, ,1)]/D (35)
c, =@,(t ,t)/D (36)
C, ==, ,t)/D (37)
D =[D,(t; )D,(t; 1) - D5t )P, ,( DIRE) (38)
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Also, the control term related to moving beam is given
by
t
Uy = @5t )| @, ,1)f (1)dl /D -
t
~0 ,t)L @, ,1)f (1)dl /D
For time-invariant system, we have @, (t; ,t) = ®; (t,,)
where t, isthe time-to-go the final time (t,, =t, -t).
The time-to-go until the final time is approximated by
the pursuer-target relative range divided by closing
velocity.

Cases a and b can be utilized for LOS guidance,
but Cases ¢ and d with final normal velocity may be
preferred for trajectory tracking. The final trajectory
angle can be applied by the fina norma velocity.
Also, Cases ¢ and d may be used for LOS guidance
with final dive angle. Moreover, as a modified LOS
guidance against moving target, the final normal
velocity can be computed from collision triangle.

Special case

Consider a specia case in which the target angular
velocity is constant. Also, the pursuer range rate is
assumed constant, that is,

r, =V, cosj, (40)
where V is the pursuer speed,  is the angle between
the pursuer velocity and the tracker-pursuer LOS, and
j .isthe average value of | between current time and
the final time. To calculate u, , we assumed j , to be
constant. Therefore,

f (t)=-2/,q; cosj , (41)
Using the following property of the state transition
matrix:

d

Eq)(tf 1) =—d(t, ,1)A({) (42)

and assuming R(t) to be constant, we can obtain
15
[ @ 1)dl =RI®, ¢ L) -D, ¢ 0] @43

Also,

1 fori=4
q)i4(tf A )= 0fori =4 (44)

Therefore,
f’ ®,,(t 1 )f (1 )dl =-2RV g, cosj , x

—®,t 1) fork=4 (49
{1—(13440f t) fork =4

For Cases c and d, we have i,j #4. In this case the

relation for uy simplifies to

Uy =2V @ cosj , (46)

For Casesaand b, we obtain

Uy =, [1—%}1; cosj , (47)

Concluding Remarks

A class of closed-loop optimal line-of-sight guidance
laws is developed for moving targets assuming a point
mass pursuer having perfect control system. The

solution is obtained using linearized model in which
the pursuer range is given as a given function of time
and the maneuvering acceleration is applied normal to
LOS. Since, the governing equations are uncoupled in
the linearized model, the solution can be extended to
two-dimensional case. Moreover, different final
conditions are considered in the solution, i.e., fina
position and final normal velocity are applied fixed or
free, depending on application. Here, the final angle
congtraint is applied by fina normal velocity for
better trajectory tracking problem.

Appendix A

The state transition matrix can be solved for special
cases. The system matrix is simplified by assuming
£ =0,thatis,

0 1.0 0
0 0 0 -1/R(
At) = ® (48)
b@Et) 0 0 0
0 0-1 0

Also, the state transition matrix for R(t)=1 and b as a
positive constant is simply obtained using the
following relation:

ot)=L"[(sl ~A)*"] (49)

where s is the Laplace domain variable and L™
denotes the Laplace inverse transform.

@, (t) = coshwt coswt (50)
J2bY4®,, (t) = coshwt sinwt +sinhwt coswt  (51)
J2b¥4®,(t) = coshwt sinwt —sinhwt coswt  (52)

Vb @, (t) = sinhwt sinwt (53)
V2b ™4, (t) = —coshwt sinwt +sinhwt coswt (54)
@, (t) = coshwt coswt (55)
Vb @, (t) =sinhwt sinwt (56)

J2bY*®,, (t) = —coshwt sinwt —sinhwt coswt (57)
V2b ¥, (t) = —coshwt sinwt —sinhwt coswt (58)

®,,(t) =—/b sinhwt sinwt (59)
@, (t) = coshwt coswt (60)
V2b V4@, (t) = coshwt sinwt —sinhwt coswt  (61)
®,,(t) =+b sinhwt sinwt (62)

V204, (t) = coshwt sinwt —sinhwt coswt  (63)
J2bY4® ,(t) = —coshwt sinwt —sinhwt coswt (64)

D, (t) = coshwt coswt (65)
where

w=b"/+2 (66)
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