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In the linear-quadratic pursuit-evasion game, the pursuer (interceptor) wishes to minimize the terminal miss,
whereas the evader (target) wishes to maximize it. Therefore, the optimal strategy of the interceptor is derived against
the anticipated worst possible strategy of the target. If the interceptor has alag, the current approach is to include this
lag directly in the system dynamics, which are known to both players. In this problem formulation, the optimal cost
could easily go to infinity, which means that the target will win the game. This is expected, because the target has
knowledge about interceptor’s lag. To ensure the existence of an interceptor strategy, the weighting on the terminal
miss has to be chosen small enough so that the optimal cost will remain finite. However, this manipulation prevents
the target from maximizing the terminal miss and effectively constrains the target strategy. Therefore, the
interceptor strategy is derived against the worst-case target strategy that is not really the worst case. In this paper, it is
shown that this interceptor strategy performs poorly in realistic situations where the target tries to maximize the
terminal miss. Instead, two new interceptor strategies are derived against target strategies that are determined
without knowledge about the interceptor’s lag. These two optimal interceptor strategies improve the game-theoretic
guidance law for homing missiles by correctly taking into account the autopilot lag.

1. Introduction

OMING missile guidance has been an important area of

research in the past few decades. Because proportional
navigation [1-4] incurs large miss distance in the presence of
maneuvering targets, many advanced guidance laws have been
developed by using two different methods. One method is to use the
target model in which the target is assumed to perform a certain
maneuver. For example, the augmented proportional navigation is
derived, assuming that the target acceleration is constant in an inertial
direction [3—6]. More realistic guidance laws are derived, assuming
that the target acceleration vector may rotate but is orthogonal to the
target velocity vector, and its magnitude is either constant [7] or
sinusoidal [8]. The other method is to use the differential game in
which the target is assumed to be intelligent and tries to maximize the
miss distance. This is the well-known linear-quadratic pursuit-
evasion game [2,4]. In the problem formulation, the pursuer
(interceptor) wishes to minimize the terminal miss, whereas the
evader (target) wishes to maximize it. Therefore, the optimal
interceptor strategy is derived against the anticipated worst-possible-
target strategy.

Because the acceleration command generated by the guidance law
isrealized by the control law (autopilot), which tracks the acceleration
command by modulating the interceptor’s fins or thrusters, there
always exists a lag between desired and achieved accelerations.
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Therefore, the interceptor’s performance can be improved by using a
guidance law that takes into account this autopilot lag, which is
usually modeled as first-order dynamics. For guidance laws that use
the target model, it is rather straightforward to include the
interceptor’s lag [3-5,8]. For the game-theoretic guidance law,
the current approach is to include the interceptor’s lag directly in the
system dynamics [4,9,10]. In this problem formulation, because the
system dynamics are known to both players, the target strategy is
determined with the knowledge about the interceptor’s lag. Then, the
target may maneuver at a small time-to-go to produce large terminal
miss, knowing that the interceptor will not have enough time to
respond due to its lag. Therefore, if a large weighting is placed on the
terminal miss, the optimal cost could go to infinity, which means that
the target will win the game, even though the target is less
maneuverable than the interceptor. This is consistent with the finite
escape time of the associated Riccati equation. To ensure the
existence of an interceptor strategy, the weighting on the terminal
miss has to be chosen to be small enough so that the optimal cost will
remain finite. However, this manipulation prevents the target from
maximizing the terminal miss and effectively constrains the target
strategy. Therefore, the interceptor strategy is derived against the
worst-case target strategy that is not really the worst case. This
interceptor strategy will not perform well against targets that intend to
maximize the terminal miss. In a realistic engagement scenario,
shown later, where the target performs a simple maneuver, this
interceptor strategy performs much worse than the classic interceptor
strategy, which does not consider the interceptor’s lag. This
interceptor strategy also performs much worse than the proportional
navigation that considers the interceptor’s lag.

In this paper, a new approach is proposed to improve the game-
theoretic guidance law in the presence of autopilot lag. Instead of
being determined together in one optimization problem, the
interceptor strategy and target strategy are determined separately in
two optimization problems. First, the target strategy is derived in a
two-sided optimization problem that does not consider the
interceptor’s lag. Then, the interceptor strategy is derived in a one-
sided optimization problem that considers the interceptor’s lag
subject to the target strategy derived in the first optimization problem.
In this problem formulation, the target strategy is determined,
assuming that the interceptor does not have a lag. Therefore, the


http://dx.doi.org/10.2514/1.44618

CHEN, SPEYER, AND LIANOS 1265

interceptor strategy derived in the presence of interceptor’s lag
against this target strategy is more realistic and effective. However,
this new problem formulation does not have a saddle point condition
because of the additional dynamics of the interceptor’s lag. Therefore,
this new interceptor strategy is considered as the worst-case design,
where the target is perverse enough to determine its worst strategy but
is not perverse enough to actually change its strategy as the game
evolves [2]. In other words, it is implicitly assumed that the target
plays first by announcing its strategy ahead of time. Note that, if the
second optimization problem does not consider the interceptor’s lag,
this new interceptor strategy is equivalent to the classic interceptor
strategy. Finally, another interceptor strategy is derived where the
second optimization problem considers the target strategy as an open-
loop strategy instead of a closed-loop strategy. That is, the target
strategy is a function of the states of the first optimization problem
instead of in feedback form as a function of the states of the second
optimization problem. Therefore, the target assumes that the
interceptor plays optimally, as in the first optimization problem, and
will not take advantage of any nonoptimal play made by the
interceptor [2]. While the interceptor strategy derived against the
open-loop target strategy satisfies a less stringent type of optimality, it
can be solved in closed form, which significantly reduces the
computation.

This paper is organized as follows. In Sec. I, the differential game
and linear-quadratic pursuit-evasion game are reviewed. In Sec. III,
the linear-quadratic pursuit-evasion game is formulated when the
interceptor has a lag. In Secs. IV and V, the optimal interceptor
strategies are derived against closed-loop and open-loop target
strategies, respectively. In Sec. VI, the two proposed guidance laws
are demonstrated in a numerical example where the three-
dimensional guidance law is equivalent to two two-dimensional
guidance laws through a decomposition of the three-dimensional
relative motion between the target and the interceptor into two two-
dimensional planes.

II. Background
A. Differential Game
Consider the linear differential game [2],

min max J

iy iy

where the cost is
1 T Lfir T T
J= Ex(zf) Qpx(ty) + 3 (x"Ox + ujRyu; —ujRyuy)de (1)
fo

subject to the dynamics
X =Ax + Byu, + Bu, )

where x is the state, u, is the pursuer’s control, and u, is the evader’s
control. Q, Ry, R, and Q are designing weightings. By using the

X2

LOS angle { &)
Interceptar ¥4

calculus of variations, the first-order necessary condition produces
the optimal solutions:

i = —Ry'B]A (3a)

wi = Ry'BY) (3b)
and the dynamic equation for the Lagrange multiplier
A=—ATAk — Ox @)

where A (t7) = Qyx(t;). By using the sweep method, where X 2 Sx,
the optimal solutions can be written as

ui = —R;'BISx (52)

us = R;'BYSx (5b)
where S satisfies the Riccati equation:
—S=SA+ATS+Q—S(B,R;'BT — B,R;'B})S  (6)

and S(¢;) = Q. Finally, by solving the two auxiliary problems [2], it
can be shown that the pursuer and evader strategies in Eq. (5) satisfy
the saddle point condition; that is,

J(ut uy) < J(uf, ui) < J(uy, ub)

B. Linear-Quadratic Pursuit-Evasion Game

Consider the one-dimensional relative dynamics between the
target and interceptor in the direction that is orthogonal to the
nominal line of sight (LOS), as shown in Fig. 1 [2,4]:

i=v (7a)

V=ar—aq (7b)

where X is the relative position, v is the relative velocity, ay is the
target acceleration, and a; is the interceptor acceleration. The linear-
quadratic pursuit-evasion game is [2,4]

1 I
. 1ony ]
rﬂl"'ﬁ?x{zcx( 1) +2[

0

Tf[

a0 — yar (i) dr} ®)

subject to Eq. (7), where ¢~! > 0 is the design weighting on the
terminal miss and y >1 is the design weighting on the
maneuverability of the target. Note that it is assumed that the inter-
ceptoris more maneuverable than the target. When y — oo, the target
is nonmaneuvering.

By comparing Eqs. (7) and (8) with Eqgs. (1) and (2), the state, the
pursuer’s control, and the evader’s control are

Target

MNominal LOS

Fig. 1 One-dimensional relative motion between target and interceptor in two-dimensional plane.
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x . .
X = 5 up =day, u, =dar

n[o) wl]

,1 0
Ry=vy; Qf=|:co 0]

By substituting the system matrices and design weightings into
Eq. (6), the Riccati matrix can be solved in closed form as

3 1T
= go
S (1—y )Tg +3c [Tgo Té(,] )

with system matrices

0 1
=[5 0]
and design weightings

0=0; R =1;

where T, £ t; —t is the time-to-go. Then, by using Eq. (3a), the
guidance law for the interceptor is

oo 4T (10)

*(f) =
a1() (1 —Vﬁl)Tgo—F?)C

Note that this interceptor acceleration is applied in the direction that
is orthogonal to the nominal LOS.

For this set of system matrices and design weightings, Egs. (3) and
(4) can also be solved directly as follows. By integrating Eq. (4),

i = %[T]m]i(rf) (an

By substituting Eq. (11) into Eq. (3), the interceptor strategy and
target strategy are

Ty,
aj () = £ (1) (12a)

sy = 1203 12b
aT(t)—%x(t/) (12b)

To implement Eq. (12a), the interceptor acceleration needs to be
expressed in terms of the current state instead of the final state. By
integrating Eq. (7) with Eq. (12),

1— —1 T3 —1
i) = [1 +%} [{(0) + Tou(d]  (13)

Then, by substituting Eq. (13) into Eq. (12a), the guidance law for the
interceptor is obtained, which is equivalent to Eq. (10), as expected.
Remark I: From Fig. 1, the LOS rate is

- d X X + Ty
jo= S () =T el (14)
dr V. Ty V.12,

where V. is the closing velocity (i.e., the relative velocity along the
nominal LOS) assumed to be constant [2,4]. By using Eq. (14),
Eq. (10) can be written as

a; =NV (15)
where

313,

S S 16
1~y )T% + 3¢ (16)

is the navigation ratio. Note that

th = lim N = 1
im -

T~>oo l—y

When y — oo and ¢ — 0, Egs. (10) and (15) become
. 3
ajy :T—go(x + Tyov) =3V, A

which is equivalent to the proportional navigation [2—4].

Remark 2: 1If the two-dimensional relative dynamics, as shown in
Fig. 1, are considered instead of the one-dimensional relative
dynamics,

)‘CI = V; )2/'2 = VUy;

U1=aT1—a1;

. U, =dar, —ay

2
Then, the two-dimensional guidance law for the interceptor can be
obtained similarly as

3T,
af = (3 + Tyovy) (17a)
T A=y T3, + 3¢

go

a;fa = # ('XZ + g()UZ) (l7b)
> (I=y DT + 3¢

Note that the interceptor acceleration is independent in each
direction. From Fig. 1, the LOS rate is

. d X1V — XUy
A= t 2 —_— 18
dt(an Xy 0) X+ 4o

where A is the angle between the nominal LOS and the x; axis. The
closing velocity and time-to-go are

xlvl + XoUp

V.2 \/ i+a= /———~2 (192)
+
R 2 2
T A = Atn (19b)
R X1V + XoUy

where R is the range and R is the range rate. Then, by using Eqgs. (16),
(18), and (19), Eq. (17) can be written as

a cos(k—i—ko—i—%)
[ "] NV,

h sin(k + Ao+ g)

Note that this two-dimensional interceptor acceleration vector is
orthogonal to the instantaneous LOS. Therefore, depending on the
relative dynamics considered in the problem formulation, the
interceptor acceleration can be applied in the direction that is
orthogonal to either the nominal LOS or the instantaneous LOS.

III. Problem Formulation

Consider the one-dimensional relative dynamics in Eq. (7), but
now the interceptor has a lag due to its autopilot. This lag is modeled
by first-order dynamics with the pole at —« and the zero at — % That

is, the transfer function of the lag is
a(s) _Ps+a
a(s)  s+o

(20)

where a; is the interceptor acceleration command. It is sometimes
important to include the zero in the lag. For example, tail-controlled
missiles have a nonminimal phase zero that can be modeled with
B <0 [L1]. Note that a lag without any zero is a special case of
Eq. (20) with B = 0. The interceptor acceleration in Eq. (20) can be
expressed as

a; = (1-pB)a, + Ba, 20

where
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a;=—wada; + aaq;

If the interceptor’s lag is included directly in the system dynamics,
as suggested by [4,9,10], the linear-quadratic pursuit-evasion game
becomes

minmax{ifc(tf)2 + l/lr [a;(H)? — yaT(t)z]dt} (22)
2¢ 2Js

ar ar

subject to
X=v (23a)
v=ar—(1-B)a, - Ba, (23b)
i, =—ad; +aa, (23¢)

In this problem formulation, because the system dynamics in Eq. (23)
are known to both players, the target strategy is determined with
knowledge about the interceptor’s lag. Then, the target may
maneuver at a small time-to-go to produce a large terminal miss,
knowing that the interceptor will not have enough time to respond
due to its lag. Therefore, if the weighting on the terminal miss (i.e.,
¢ is too large, the optimal cost could go to infinity, which means
that the target will win the game even though the target is less
maneuverable than the interceptor. This is consistent with the finite
escape time of the associated Riccati equation [4,9,10]. To ensure the
existence of an interceptor strategy, c~' has to be chosen small
enough so that the optimal cost will remain finite. However, this
manipulation prevents the target from maximizing the terminal miss
and effectively constrains the target strategy. Therefore, the
interceptor strategy is derived against the worst-case target strategy
that is not really the worst case. This interceptor strategy will not
perform well against targets that intend to maximize the terminal
miss. In Sec. VLB, the numerical example shows that this interceptor
strategy performs much worse than the classic interceptor strategy in
Eq. (10), which does not consider the interceptor’s lag, and the
proportional navigation that considers the interceptor’s lag.

IV. Optimal Interceptor Strategy Against
Closed-Loop Target Strategy

To overcome this difficulty, a new approach is proposed, where the
target strategy and interceptor strategy are determined separately in
two optimization problems instead of together in one optimization
problem. First, the target strategy is derived in the two-sided
optimization problem that does not consider the interceptor’s lag.
This optimization problem is equivalent to the classic linear-
quadratic pursuit-evasion game in Sec. IL.B. By using Eqgs. (5b) and
(9), this target strategy is

1707” 3 1 T, N\[5] 1
L1 o —_BTSx (24
“ V[l} {(1—V*‘)T§o+3C[Tgo Tfo}}[v} y 2 @9

where

X 0

x=| v [; B,=11
3 1 T, O
S=——" | T,, T2, 0

— 73 g0 “go
(I =y )Tg + 3¢ 0 0 0
By substituting Eq. (24) into Eq. (23),
1
X = (A+;BZBZTS)x+Blci, (25)

where

0 1 0 0
A=|0 0 —(1-p) |; By=| -8
00 —o o

By substituting Eq. (24) into Eq. (22), the one-sided optimization
problem for deriving the interceptor strategy in the presence of
interceptor’s lag is

minl 33705 +5 [ Wor+ apar] o

subject to Eq. (25), where

1 ¢l 0o
Q=—-SB,BIS; Q,=| 0 0 0
Y 0 00

By using the calculus of variations, the optimal solution is
ar=—B'Sx Q27
where S satisfies the Riccati equation:
—S=5(A +1B,BYS) + (A +'B,BIS)'S — 1SB,BLS
— SB\BTS

In this new problem formulation, the target strategy in Eq. (24) is
determined, assuming that the interceptor does not have a lag.
Therefore, the interceptor strategy in Eq. (27), derived in the presence
of interceptor’s lag against this target strategy, is more realistic and
effective. This is shown by the numerical example in Sec. VL.B.
However, this problem formulation does not have a saddle point
condition because of the additional dynamics of the interceptor’s lag.
Therefore, the interceptor strategy in Eq. (27) is considered as the
worst-case design, where the target is perverse enough to determine
its worst strategy but is not perverse enough to actually change its
strategy as the game evolves [2]. In other words, it is implicitly
assumed that the target plays first by announcing its strategy ahead of
time. Note that, when @ — 00, the interceptor strategy in Eq. (27) is
equivalent to the classic interceptor strategy in Eq. (10).

From Eq. (27), the guidance law for the interceptor can be written

as
a;=(BS;, —aS;3)x + (BSy — aSy)v + (BSy — aSy)a, (28)
where
_ Sll Slz 513
S = §12 S_zz §23
Si3 S S

By using Eq. (14), Eq. (28) can be written as
a; =NV + (BSy —aSy)a, 29)
where
N= Téo(ﬁglz - “513) = Tgo(ﬂSZZ - a.§23)

Note that this interceptor acceleration command is applied in the
direction that is orthogonal to the nominal LOS. It can be shown
similarly, as in remark 2, that if the two-dimensional relative
dynamics are considered, the interceptor acceleration command will
be applied in the direction that is orthogonal to the instantaneous
LOS.

Remark 3: Another approach for deriving an effective interceptor
strategy in the presence of the interceptor’s lag is to further include
the target’s lag [4]. Then, the target cannot maneuver instantaneously
at a small time-to-go to produce large terminal miss. However,
because the target’s lag is now included in the system dynamics, the
implementation of the guidance law for the interceptor requires the
estimation of the target acceleration. Furthermore, the interceptor
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usually does not have knowledge about the target’s lag in realistic
situations.

V. Optimal Interceptor Strategy Against
Open-Loop Target Strategy

Here, another interceptor strategy is derived similarly, but its
second optimization problem considers the target strategy as an
open-loop strategy instead of a closed-loop strategy. That is, the
target strategy is a function of the state of the first optimization
problem instead of in feedback form as a function of the state of the
second optimization problem. From Eqs. (12b) and (13), the open-
loop target strategy is

(1) = Teo s 30
arp(t) = %xl(tf) (30)

where

(1 - yil)Tgo

-1
} (X1 (1) + Tovi (] (31)
and the subscript 1 represents the state of the first optimization
problem.

By substituting Eq. (30) into Egs. (22) and (23), the one-sided

optimization problem for deriving the interceptor strategy in the
presence of the interceptor’s lag is

1 1 [t _
main[ﬂxz(tf)z + 5/{0 a(1? dfj|

subject to
Y=, (32a)
. Tgo - ~ _
Uy =%x1(ff) — (1 - B)a, — Ba, (32b)
i, =—od; + ad, (32¢)

where the subscript 2 represents the state of the second optimization
problem. In this problem formulation, the target assumes that the
interceptor plays optimally, as in the first optimization problem, and
will not take advantage of any nonoptimal play made by the
interceptor [2]. Therefore, the interceptor strategy derived against the
open-loop target strategy satisfies a less stringent type of optimality
than the interceptor strategy [Eq. (27)] derived against the closed-
loop target strategy. However, this interceptor strategy can be solved
in closed form as follows, which significantly reduces the
computation.

To solve this optimization problem, the Hamiltonian is written as

1._ Ty _ - _
'H=§a% + A, +k2|:y—gcx,(t_f) —(1-pB)a, —ﬂal]

+ )u3(_a&1 + Otﬁ,)
where A, A,, and A; are Lagrange multipliers. From the first-order
necessary condition, the optimal solution for the interceptor
acceleration command is

aj=—ouky+ phy (33)

and the dynamic equations for the Lagrange multipliers are

A1=0 (34a)
ho=—A (34b)
Ay=ak;+ (1= Bk, (34c)

where A, (t;) = %iz(tf), Ay(t;) =0, and A5(¢;) = 0. By integrating
Eq. (34),

1
(1) = ziz(ff) (35a)
T,
Ao(t) = TXZ(tf) (35b)
— 1- ﬂ —aTe) ¥
As(t) = e (1 —aTy — e™w)x, (1) (35¢)

By substituting Eq. (35) into Eq. (33), the interceptor strategy is

1
aj()y=—Al—p—oaly,—(1- Be e ]k, (1) (36)

To implement Eq. (36), the interceptor acceleration command
needs to be expressed in terms of the current state instead of the final
state. By integrating Eq. (32¢) with Eq. (36),

- - 1 g 1+5
_ ,aTy, - ”_ Ty,
a0 =iy + 1 (14 £ 1 P
- 12_aﬂ e*”@)fcz(zf) 37)
By integrating Eq. (32b) with Eqgs. (36) and (37),
— 1- ﬁ T, ~
v, (1) = T(e o —1)a(tr) + vy(ty)
I —-p T 12,
re| T e e [ - 25 G

By integrating Eq. (32a) with Eq. (38),

_ 1-p -
xZ(Z) = az (1 + aTgo - eaTgo)al(tf) - TgoUZ(tf)
1 T3 2(1 — ﬁz)T,
— | Qe ——80_+ T’/
*ac [ €773 o?
1-p° - T3, _
+ v (eTe — efaTg°)i|x2(ff) + 67;63‘1(’/') (39

Now, the current state is expressed in terms of the final state, as in
Egs. (37-39). By inverting these equations and using Eq. (31), X, ()
can be expressed in terms of the current state as

iz([f) = E[}Ez(l‘) + Tgnvz(t) + 1(;2/3 (1 — aTgn — e*aTgo)al(l‘)

3 s
+ ° (1) + 20 t 40
G = D1, + e (7—1)T§o+3l’cvl()] @0

where

1+28-38 n 2(1 — /B)ZTgo 2(1 — ﬂ)Tg0
o3 2 -

c= 26‘|:26 +
o o

+ Zigo _ 4(1 - ﬁ) ( ﬂ) eiaTg“ _ (1 _3ﬂ)2 efzarg“i|71

P 4P
3 o? g°+oc o

Then, by substituting Eq. (40) into Eq. (36) and letting x = x; = X,
and v = v; = v,, the guidance law for the interceptor is obtained in
closed form as

T3, + 3¢ Ty (T3, + 30)
ai(f) = c* g0 e g0\ g0 ‘
ajy( c |:(1—y‘l)T§0+3CX()+(1—J/_])Tgo+3cv()
1 —
w0 ar, - a0 @
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where

2
cr=——[1=F—al,
p g

2(1 - IB)ZTgo 2(1 - :B)Téo 2T§0
+ 2 +=8
o o 3

B (1, B
o? 8y

Note that, when o — oo, the interceptor strategy in Eq. (41) is
equivalent to the classic interceptor strategy in Eq. (10). That is, in
the limit when the time constant of the interceptor’s lag goes to zero,
this new guidance law is equivalent to the classic game-theoretic
guidance law, which does not consider any lag.

By using Eq. (14), Eq. (41) can be written as

2@
_ (1 _ ﬁ)e_aTg“][ZC + #

(1 - ﬂ)z 67201Tg(,i|71

0[3

1—
w:wa+C( D1 —ar,, —ewmra, @)
where
*TZO T3O + 3
N = % 43)
(l -V )Tgo +3c
and
lim N = il
Tgo—>00 1—y

Note that this interceptor acceleration command is applied in the
direction that is orthogonal to the nominal LOS. It can be shown
similarly, as in remark 2, that if the two-dimensional relative
dynamics are considered, the interceptor acceleration command will
be applied in the direction that is orthogonal to the instantaneous
LOS.

Remark 4: For the purpose of comparison, the guidance law for
the interceptor obtained by solving the optimization problem in
Eq. (22) is

-

El}*(t)zc*[)‘c(t)—{— v(t)+ P (I1—-aTy— Tgo)d,(z)] (44)

where

¢ == 2[1— Ty~ (1 = pe=v]
+ 2(1 - /g)zTgo _ 2(1 - ﬂ)Téo + 2(1 - Vﬁl)Téo
o o 3
RUELTPR A

o?
When B = 0, Eq. (44) is equivalent to the guidance law in [4]. Note
that, when o — oo, Eq. (44) is equivalent to Eq. (10). By using
Eq. (14), Eq. (44) can be written as

6(1 ﬁ)

1+28-382
PREEE

ar=NVA+——""(1—aT

£0

TNd,  (@45)

where
— k2
N = c*T,

Note that, when y — oo, Eqs. (41) and (42) are equivalent to
Eqgs. (44) and (45) and are the proportional navigation that considers
the interceptor’s lag [3.4].

VI. Numerical Example

The proposed guidance laws in Egs. (29) and (42) are compared
with the guidance law in Eq. (45), which is similar to the guidance
law in [4] and the classic game-theoretic guidance law in Eq. (15),
which does not consider the interceptor’s lag. The performance of

Table 1 Initial conditions of target and interceptor

Target Interceptor
Position, ft (1500, 2000, 2500) (0,0,0)
Velocity, ft/s (0, — 1000, 0) (480, — 360, 800)

these four guidance laws are evaluated against a maneuvering target.
The three-dimensional intercept geometry is shown in Fig. 2 and
Table 1. The initial interceptor velocity vector is chosen, such that the
magnitude is 1000 ft/s and the orientation places the interceptor and
target (if nonmaneuvering) on the collision triangle. The interceptor
acceleration command vector is updated at 100 Hz, and its magnitude
is limited below 10 g. The interceptor’s lag in Eq. (20) is chosen with
a =2and 8 = —0.2. That s, the time constant of the lag is 0.5 s, and
it has a nonminimal phase zero. The target starts maneuvering
without any lag by pulling up vertically at different instances of the
engagement. Specifically, the target acceleration vector is in the
vertical plane that contains the target velocity vector, and its
orientation is orthogonal to the target velocity vector with a constant
magnitude of 5 g. In Fig. 2, the target starts maneuvering after 1 s into
the engagement, and the interceptor uses the guidance law in
Eq. (42).

A. Guidance Law Implementation

To implement the guidance laws, the three-dimensional relative
motion between the target and the interceptor is decomposed into
two two-dimensional planes: the vertical plane that contains e, and
e, and the horizontal plane that contains e, and ey, as shown in
Fig. 3 [12]. The coordinate frame (e,, €y, ;) is derived from the
inertial coordinate frame (X;, X,, X3), first with the rotation around
the X; axis by 6 (azimuth) and then with the rotation around the
intermediate X, axis by —¢ (elevation), so that e, is along the
instantaneous LOS, and

cos ¢ cos 6 —sin 6
er:|:cos¢sin9i|; e;=| cosf

sin ¢ 0
—sin¢gcosf
e, = | —singsinf
cos ¢

The LOS rate vector is
e, =wxe,= (9sin¢e, — dey + fcos pe,)
X e, = 6 cos Pey + <]5e¢
where w is the angular velocity of the coordinate frame (e,, ey, e,)
with respect to the coordinate frame (X, X, X3). Then, the LOS

rate in the vertical plane (e,,e;) is (/3, and the LOS rate in the

horizon plane (e,, eg) is 6cos ¢. Therefore, the three-dimensional
interceptor acceleration command vector is

3000+
2500+
2000+

1500+

Position z (ft)

1000+

500+

04 Intercépt‘or 2000
2000 1500
1000 1000

-1000

-2000 O

Position y (ft) Position x (ft)

Fig. 2 Example trajectories of target and interceptor.



1270 CHEN, SPEYER, AND LIANOS

a e, +a,e (46)

where a;, and 4, are obtained by using the guidance law in
Egs. (29), (42), and (45) or Eq. (15) with A = ¢ and A = Hcos ¢,
respectively. Note that, when the design weightings for the two two-
dimensional guidance laws are chosen to be the same, Eq. (46) is
equivalent to the interceptor acceleration command in [12] when the
interceptor’s lag is not considered.

To generate the simulation results in Sec. VLB, it is assumed that
perfect information is available. That is, the relative position x,, x,,
x3, and the relative velocity v, v,, and v; are known perfectly.
In practice, they can be estimated by using the game-theoretic filters
in [8,13], which are derived based on the linear-exponential-
Gaussian differential game with different information patterns solved
in [14,15]. Then, the LOS rates can be obtained by using

¢_g( in-! X3 ) =(x%+x%)v3_x3(-xlvl + X0,)
d VA +x+x VX + 303+ x5+ x3)
(47a)

g4 (tanq ﬁ) _ Xiv — X5y 7b)

dt X X3+ X2
The closing velocity and time-to-go can be obtained by using

X1Vp + XU + X303

. d
V=_p=_9 /21212 48
¢ dr ¥t n X3+ x% + X2 (“45a)
R 24 .2 2
Tp=— = B Sk Bk (48b)
R X1V +xZU2 +X3U3

It is also assumed that a I and a,, are known perfectly. In practice,
they can be obtained by using Eq. (21), where a;, and q,, are
measured and a, , and a;, are known.

Remark 5: If the three-dimensional relative dynamics, as shown in
Fig. 3, are considered instead of the decomposition into two two-
dimensional relative dynamics, the three-dimensional guidance law
for the interceptor can be obtained, similarly to Eq. (41), as

T3, + 3¢

3 = o . Ty (T, + 30)
N LA =y O, 37!

(- y HT5, 3¢

1-—
2P0, - e‘“TS“)[z,l] (492)

o T3, + 3¢ . Tyo(T3, + 3¢) .
b (l_y_])Tgo—'_:;C ? (l_y_])Tg()+3C ?

1—
REP.
e x Té’o + 3¢ Tgo(Tg0 + 3c¢)
ap =¢ 3 X3 73 U3
} (l—]/7 )Tgo+3c (l—)/7 )Tgo+3c
1—- -
+ 7’3(1 — otTgo — e"“Tg")a13] (49C)

Note that the interceptor acceleration command is independent in
each direction. By using Eqgs. (43), (47), and (48), it can be shown that
Eq. (49) is equivalent to Eq. (46) when the design weightings for the
two two-dimensional guidance laws are chosen to be the same. Note
that this is also shown in [16] in a more compact way by expressing
the guidance law in the vector form when the interceptor’s lag is not
considered.

X3 oA LOS
,)?Target
4
s
I
// I
< |
s
- |
— // !
-+ g 7 !
€¢ 7 :
= :
Interceptar i — ¥y
S !
e |
\\‘\ |
~!

Fig. 3 Three-dimensional relative motion between target and
interceptor.

B. Simulation Results

To determine the best performance and understand the behavior of
the four guidance laws, arange of design weightings (i.e., y and c¢) are
applied. Because y and ¢ have a one-to-one relationship with the
navigation ratio when T, — oo (denoted as N;) and the maximal
navigation ratio (denoted as N,,,), N,, and N, are used as the

Miss distance
»s ' i . . v v v .
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SS
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10 ; =
f LV
i ‘o
) (U
Ji \ \/--
J [
\
T .
0 . . : x ; |
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Time-to—go when target starts maneuvering (sec)

a) Target starts maneuvering at different time-to-go

Average miss distance
50 T T T T T r

40+

351

30k

25 30 35 40 45 50
Maximal navigation ratio

b) Different maximal navigation ratios
Fig. 4 Miss distance results for guidance law in Eq. (29).
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Fig. 5 Miss distance results for guidance law in Eq. (42).

independent variables instead of y and ¢ for the parametric study
because of their physical meanings and importance. Furthermore, the
maximal navigation ratio is limited below 50 to be practical, while
results with a higher maximal navigation ratio can be inferred.

For the proposed guidance law in Eq. (29), with N, = 50, Fig.4a
shows the miss distance versus the time-to-go when the target starts
maneuvering. Itis shown that Eq. (29) has the best performance when
N,, ~ 4. Note that when N, = 3, y — 00, and it is equivalent to the
proportional navigation that considers the interceptor’s lag. By
averaging the miss distance over the entire range of the time-to-go
when the target starts maneuvering, Fig. 4b shows the average miss
distance versus the maximal navigation ratio. It is shown that Eq. (29)
has the best performance when N, ~ 4 and N,,,, > 35.

For the proposed guidance law in Eq. (42), with N, = 50, Fig. 5a
shows the miss distance versus the time-to-go when the target starts
maneuvering. Itis shown that Eq. (42) has the best performance when
5 <Ny, <7. Note that when N, =3, it is equivalent to the
proportional navigation that considers the interceptor’s lag.
Figure 5b shows the average miss distance versus the maximal
navigation ratio. It is shown that Eq. (42) has the best performance
when5 < N < 7and N,, > 35. From Figs. 4 and 5, the guidance
law in Eq. (42) performs better than the guidance law in Eq. (29).

For the guidance law in Eq. (45), which is similar to the guidance
law in [4], Fig. 6a shows the miss distance with N,,, = 50 versus the
time-to-go when the target starts maneuvering, and Fig. 6b shows the
average miss distance versus the maximal navigation ratio. It is
shown that Eq. (45) has the best performance when N, = 3, where it
is equivalent to the proportional navigation that considers the
interceptor’s lag. Therefore, Eq. (45) performs worse than the

Miss distance
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Fig. 6 Miss distance results for guidance law in Eq. (45).

proportional navigation that considers the interceptor’s lag. While
only one target maneuver and one intercept geometry are considered
here, the poor performance of Eq. (45) is uncharacteristic for a game-
theoretic guidance law, which is designed conservatively by
considering the worst-case target strategy. As discussed earlier, this is
because Eq. (45) exists only when ¢! is small and is derived against
the worst-case target strategy that is not really the worst case.
Although this approach is mathematically correct, its interpretation
of the differential game and application to the missile intercept
problem are clearly inappropriate. From Figs. 4-6, the guidance laws
in Egs. (29) and (42) perform significantly better than the guidance
law in Eq. (45) by correctly taking into account the interceptor’s lag.

For the classic game-theoretic guidance law Eq. (15), which does
not consider the interceptor’s lag, ¢ — 0 is chosen and the navigation
ratio becomes a constant for which the value depends on y. Figure 7
shows the miss distance versus the time-to-go when the target starts
maneuvering. Itis shown that Eq. (15) has the best performance when
5 <N <10. Note that, when N =3, it is equivalent to the
proportional navigation that does not consider the interceptor’s lag.
From Figs. 6 and 7, the guidance law in Eq. (45) performs much
worse than the guidance law in Eq. (15), even though Eq. (45)
considers the interceptor’s lag while Eq. (15) does not. Furthermore,
from Figs. 4, 5, and 7, the guidance laws in Egs. (29) and (42) perform
significantly better than the guidance law in Eq. (15) by considering
the interceptor’s lag.

Finally, Fig. 8 shows the navigation ratio of the guidance laws in
Eqgs. (29), (42), and (45) versus the time-to-go where N,; =4, 5 and
4, respectively, and N,, = 50. When the time-to-go is small, the
navigation ratio of Eq. (45) is very small, which indicates an
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Fig. 7 Miss distance results for guidance law in Eq. (15).

ineffective guidance law, because the interceptor acceleration is not
commanded in the last second before intercept. This explains the
poor performance of Eq. (45), shown in Fig. 6, where the target is
always maneuvering. Furthermore, the better performance of the
guidance law in Eq. (42) over Eq. (29), shown in Figs. 4 and 3, is
probably because the maximal navigation ratio of Eq. (42) occurs
closer to the intercept than Eq. (29). Finally, to compensate the initial
response of the interceptor acceleration in the opposite direction of
the interceptor acceleration command due to the nonminimal phase
zero, the navigation ratio is negative when the time-to-go is very

60 T T T -
Guidance law Eq. (35)
- = - Guidance law Eq. (48)
50 » - - Guidance law Eg. (51)[

40

30

20

4 6
Time-to—go (sec)

a) Normal view

60 T T T T
— Guidance law Eq. (35)
= = = Guidance law Eq. (48)
50+ N == Guidance law Eq. (51)H

0.2 0.4

. .6 0.8 1
Time-to—go (sec)

b) Zoomed view
Fig. 8 Navigation ratio of three guidance laws.

small. Note that if the guidance laws do not consider the nonminimal
phase zero, the navigation ratio will always be positive.

VII. Conclusions

It is revealed that the game-theoretic guidance law that considers
the lag previously published in many papers and books performs
poorly against targets that try to maximize the terminal miss. In
particular, it performs worse than the classic game-theoretic
guidance law, which does not consider the lag, and the proportional
navigation that considers the lag. The problem is identified as the
incorrect and unrealistic assumption that the target has knowledge
about the interceptor’s lag. Therefore, two new guidance laws are
derived against targets that do not have knowledge about the
interceptor’s lag. Although there exists no saddle point condition for
these two guidance laws, they can be considered as the worst-case
design, where the target plays first by announcing its strategy ahead
of time. The numerical example shows that these two new guidance
laws improve the game-theoretic guidance law for homing missiles
by correctly taking into account the autopilot lag.
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