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A new adaptive intermittent maneuver strategy is proposed, which has switching threshold levels dependent on
the estimated time-to-go for dual-control guidance of passive homing missiles. Guidance performance in terms of
control effort and target observability for the adaptive intermittent maneuver strategy are also analyzed, as well as
proportional navigation guidance. With intermittent maneuvers the guidance command is occasionally disabled to
intentionally increase guidance errors. When provided with suitable switching threshold levels, this intermittent
maneuver strategy improves target observability and, consequently, intercept performance. Statistical simulations
for an atmospheric engagement demonstrate the effectiveness of the proposed intermittent maneuver strategy.

Introduction

N homing missiles equipped with a line-of-sight (LOS) angle

sensor, target position and velocity are not measured directly,
but must be estimated from LOS angle measurementsusing a target
tracking filter.!~> With passiveseekers,however, targetobservability
is not guaranteed, but it is dependent on the relative motion of the
target, which is in turn affected by the guidance activities of the
missile. Previous studies®” attempted to analyze this observability
problem inherent to proportional navigation (PN) and augmented
PN with passive seekers. The guidance problem with angle-only
measurement is a dual-control (or stochastic control) problem for
which control (or guidance) and estimation are not separable.

Although a rigorous solution to this problem has not yet been
found, some dual-control guidance schemes have been devised: a
dual-control strategy using two maneuvers for guidance parameter
estimation and miss distance reduction was suggested in Ref. 8, and
a linear-quadratic dual control was proposed in Ref. 9. Birmiwal
and Bar-Shalom proposed an adaptive dual-control guidance based
on an approximate solution of the stochasticdynamic programming
equationto interceptmoving targetin the presenceof a decoy.!® Tra-
jectory modulation techniqueshave also been developed to improve
target observability under the assumption that better target observ-
ability would result in smaller miss distances. Such techniques are
maximum-information guidance proposed in Refs. 11 and 12 and
intermittent maneuver (IM) strategy studied in Refs. 13 and 14. An
augmented proportional guidance law with a feedback of the LOS
angle was also proposed in Ref. 7 to improve target observability.

IM strategy is a trajectory modulation technique for dual con-
trol, which intentionally increases LOS rates to a certain level by
intermittently switching off the guidance commands. Reference 13
investigated a periodic IM scheme and found it effective in improv-
ing target observability. Motivated by this study, an adaptive inter-
mittent maneuver (AIM) scheme with two threshold values of LOS
rate was proposed in Ref. 14, where the two threshold levels serve
as switching conditions; the upper threshold value determines when
to activate the guidance command, and the lower value determines
when to disable the command. However, this has some drawbacks
such that the fixed threshold levels can cause a large miss distance
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because of large maneuver near the intercept point. To overcome
these drawbacks, Ref. 15 proposes varying threshold levels based
on the observability analysis of Ref. 6.

In this study we briefly review the results of target analysis pre-
sented in Ref. 6 and propose a new set of threshold curves consid-
ering both the interceptand observability conditions obtained in the
previous studies 5!° Next, the conditions under which the proposed
AIM would be stable are analyzed. We also propose a systematic
approach for selecting the appropriate threshold curves through the
analysis of control effort and observability for the AIM. Finally,
the stochastic simulation results are presented for the evaluation of
the proposed AIM.

Target Observability Analysis
Consider an engagement geometry in a two-dimensional plane
depicted as Fig. 1. Let r(#) and v(¢) denote the relative position and
velocity vector, respectively, and a,(¢) and a,,(t) denote the target
acceleration and missile acceleration vector, respectively. We can
then write

r(t)=r(t[)+(t—t[)V(t[)+/(t—f)[at(f)—a,,z(r)] dr (1)

v(t) =v(t;) +/ la,(?) — a, (1)] dz 2

where; is theinitial time. We assume that the missilerange, velocity,
and acceleration are perfectly known. The LOS angle is defined by
3

o= tan_l(rz/rx)

where r, and r, are the components of r(t); r(t)=[r, r.]".
Equation (3) can be written in the form of a pseudomeasurement:

coso (H)r (1) —sino (t)r,(t) =0 “)
Substitution of Egs. (1) and (2) into Eq. (4) gives
M(t)x = y() (5)

where M (t) and y(¢) are determined from the LOS angle and mis-
sile acceleration, respectively, and x, which consists of the initial
conditions of the target model, is an n X 1 constant vector to be ob-
served. The size of x depends on the number of the state variables
of target model.
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Itis known thatx is uniquely determined from the history of o (¢)
if and only if a matrix A(?) defined as

M)
M(1)
A(t) = : (6)
LM(;z -1 (I)J
attains full rank at some ¢ > t;; that is,
det[A(t)] # 0 for t> @

For convenience, we refer to O = det[A(t)] as the observability
determinant. When the target velocity is constant, the target motion
is described by a two-state equation of motion and the observability
determinant is calculated as'®

Oy =260 —36% + 46* ®)

where subscript cv stands for constant velocity (CV) target model.
Analogously, when the target moves with constant acceleration,
the equation of motion has three states and the observability deter-
minantis®

0., = 185209 —1260P5 — 2460 — 60650 D™
+1560@" + 2406360 + 400" — 72062652

—1926%¢® + 54066 + 2886362 — 646° 9)

where ca stands for constant acceleration (CA) target model. The
concrete derivations of Egs. (8) and (9) are given in the references.

AIM Strategy with Varying Threshold Levels

Assume that the missile and the target are point-mass models with
constant velocities. Then homing guidance equations in a relative
polar coordinate system can be given as follows (Fig. 1):

r= Uy COS(V{ - U) — Un COS(Vm - U)
ro = Uy Sin(yl - U) — Up Sin(ynz - U)
Ye=a/v (10)

VY = aln/vm»

For a nonmaneuveringtarget the kinematic relationship of the LOS
angle in the polar coordinatesis given by

6 = (=26 —ay,)/r (11)

where a,,, is the acceleration component of the missile normal to
the LOS. With true proportional navigation (TPN) the commanded
missile acceleration normal to the LOS is given by

Api. = —Nro (12)

where N denotes the guidance gain. We consider a point-mass mis-
silemodel for which the dynamicsof the missile airframeand autopi-
lot are neglected, that is, a,,;, = a,,,,. We also assume an intercept

scenario for which the closing velocity is constant: ¥ = 0. Substitu-
tion of Eq. (12) into Eq. (11) gives

&= (N =2)G/r)¢ (13)

Now substitute Eq. (13) and its higher-order derivatives into the
expressions of the observability determinants Eqs. (8) and (9) to
obtain

Oy = —N(N = 2)k*6? + 464 (14)
O = (N + 1)N*(N = 2)2(N = 3)k56* +36(N* — 2N +2)
X N(N = 2)k*6® + 96N (N — 2)i*¢” — 645° (15)

where « =7 /r. To investigate the significance of each term in the
preceding expressions, we integrate Eq. (13) to obtain

o /oy = ("/"U)N_2 (16)

where subscript O denotes the values at the time of activating the
guidance command. Now substitute Eq. (16) into Egs. (14) and (15)
to obtain the observability determinants expressed in terms of oy,
ro, and r as

O = —N(N =232 o™ =6 + 46, p*¥ 8 0]
O = (N + DN*(N =2)*(N =356, o> =12

+36(N? — 2N + 2)N(N = 2)kjo; p>V ~ '

+96N(N — 2)igo, p'V "% — 646, p"V ' (18)

where ko =7/ry and p =r/ro. We observe that under PN guid-
ance the observability determinants are expressed by the form
0= Zc‘j,o"/, where the constants ¢; and exponents n; depend
on the choice of guidance gain and target model. The ratio of the
first term of O, to the second term is proportional to p~*¥+2. Be-
cause p — 0 as t — 1, where 7, is defined as the terminal time for
which r(z,) =0, we see thatif N > 1 the first term becomes domi-
nating O, ast — t,. Using similar arguments for O,, we can easily
identify its first term as the dominant one. Hence, it is reasonableto
approximate the observability determinants as

Ou & —=N(N — 2262 p*" ~° (19)
O & (N + )N3(N — 2)2(N = 385303V (20)

The guidance command is calculated using the state variables of
Eq. (10), all of which are not measured. This brings the need to use a
state estimator to obtain the guidance command using the estimated
variables. To generate reliable guidance command, it is necessary
to modulate the intercept trajectory to enhance the observability of
the system given as Eq. (10). The AIM strategy proposes the time of
turning on and off the guidance command by comparing the current
value of an index variable, which affects the target observability
with threshold levels. We select the LOS rate as the index variable
based on the target observability in Egs. (19) and (20). Let 6, and
o denote positive upper and lower threshold levels, respectively.
Then we can define an AIM switching function in the following:

Definition I: Let {t,} be the sequence of times to update the guid-
ance command. Then the AIM switching sequence {S,} is defined
as

1, if o(t)| >0
Sy = i |.(z)| oL o
0, if lo(t)] < o
and forall ¢ > 1
1, if lo ()] = oy
Se = 1 Se-1, if oL <|o(t)| <oy (22)
0, it |o@t)| <o

Furthermore, the AIM switching function is defined as
St) =S, fp 1 <Iyy (23)

The key point in designing an AIM scheme is how to choose
the upper and lower threshold levels. The lower threshold level
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should prohibit target observability from decreasing too low. The
upper threshold should be carefully selected by the considering the
missile’s maneuvering capability. If the upper thresholdis too high,
large guidance errors can be produced, and large missile maneuvers
are required to recover these errors. The threshold curves should
satisfy two conditions:

1) The oy goes to 0 as £,, — 0.

2) The magnitude of the observability determinant on the lower
threshold monotonically increases as #,, — 0.

The first condition is necessary to make the commanded accel-
eration reduce to zero at the terminal time, which is important in
minimizing miss distance. The second condition is imposed to in-
creasetarget observabilitynear the end of the engagement. Accurate
target state estimation becomes more important as the missile ap-
proaches the target if the effects of the target’s evasive maneuvers
and measurementnoise are to be suppressed. For the first condition
we choose an upper threshold curve as

oy = uyrt, k>0 (24)

where py is chosen from the initial conditionsof engagement.In the
following, we explain how to choose k from the second condition.
The upper threshold determines when to resume the guidance law.
Once the guidance law is activated, the observability determinant
on the upper threshold for each model is obtained by substituting
Eq. (24) into Egs. (19) and (20) with p =1 as

O = —=N(N —2)py r*=" (25)
Ou = (N + D)N*(N = 2)*(N = 3)fu;, r**=2 (26)

It can easily be shown that the second condition for the threshold
curves is satisfied if k is chosen as

0<k<l, for CV model

0<k<?2, for CA model 27)

for each target model. The lower threshold can be chosen in the
same fashion as

d‘L :l,Ler (28)

where p; must be less than py.

From the preceding definitions of the threshold levels, we can
define the switching region of AIM.

Definition 2: Let the threshold levels be as Eqs. (24) and (28).
Then A={0<r=<ry}x{o,(r)<l|lo(r)|<oy(r)} 1is called
switching region of AIM (Fig. 2).

S k
Oy = HyT

o gk
oL = [’

switching region of AIM

' To

. k
gy, = —HILT

PR k
Oy = —HyT

Fig.2 Switching region of AIM.

Now, we prove that when the PN is applied as a guidance law, the
trajectory(r, o) goesinto the switchingregionof AIM and converges
to the origin of the relative coordinate within that region. This is
required to satisfy the target interception as well as to maintain a
certain level of the target observability.If the velocity of the missile
is greater than that of a target, it is possible to have 7 < 0. This
assumptionis generally applied in the design of short-rangehoming
guidance laws.

Lemma 1: Considerthe systemEq. (10), and 0 < r <r,. Suppose
a,=0,and 7 < 0. Let a,,, =—S(t)Nro where S(t) is given by
Eq. (23) and £ satisfies Eq. (27). If N > k + 2, then the intercept
trajectory (r, o) reaches the switching region of AIM in finite time
and remains inside thereafter.

Proof: Let 6, = pu,r*, where ;< jp < py. Define a new vari-
able z as z=1&| — &,. Consider a positive function as V (z) = z%/2.
Then V (z) becomes

V(@)= @ /n) {[SON =216 — wpkr*},  for 6#0 (29)

If |o| >0y, then S(t) =1, and z > 0. Therefore, the inequality
N > k42 gives

V(@) < @k/r) (161 = uor®) = k2% /r <0 (30)
IfO<|o|<o0.,thenS()=0,andz <0
V(@) = = /r)(216] + pwokr*) <0 (31)

If 6 =0, then z=—6, and V(z) = kz*#/r <0. This implies that
when the trajectory starts at ¢ = 0 the trajectory converges to the
origin to belong to the line of o =0. This is a trivial case because
its neighbors do not converge to the line.

~ Outside of the switching region of AIM except o = 0, we have
V (z) < 0. This implies that whenever z(0) = (0) — 6, (0) ¢ A, |z|
will be strictly decreasing until it reaches region .4 in finite time.
Inside of the switching region of AIM, z = (0 is notaninvariantset so
that V'(z) does not stay at zero. But because V (z) is continuousand
V (z) is negative out of the switching region of AIM, z is bounded,
which implies that for all [r(0), o (0)] € A, the trajectory (r, ¢) is
bounded for all t > 0.

Note that oy — o, — 0 as t — t;, then ¢ — 0. This implies
that the AIM strategy causes the trajectory converge to the origin
(Fig. 2). a

Lemma 1 states the conditions under which the states reach the
region of AIM. If the states reach the region of AIM, the trajec-
tories are enhanced observability by switching action. Otherwise,
the trajectories simply intercept the origin without observability
enhancement.

In practical applications the AIM strategy does not switch pre-
cisely on the thresholds caused by the presence of the actuator time
delay and aerodynamics of missiles. Furthermore, as 7 — 7, the
switching frequency of AIM diverges as the missile approaches to
the target, and the guidance command can become unstable. In the
following, the switching frequency of AIM is analyzed, and the
condition under which the AIM strategy is stable is discussed.

Consider an AIM guidance strategy as displayed in Fig. 3. Here,
the guidance kinematics begin at the upper threshold. Assume that a
missile is guided under the PN with AIM, with guidancekinematics
beginning at the upper threshold and that the closing velocity, V.
is constant. Only the CV target model is considered here. Then the
relationship between the relative range and LOS rate is given by
Eq. (16). In Fig. 3 define the range ratio of transition from on to off
for cycle j, a, as

- 1/(N=2—k)
o A Tjoff (&) (32)
T'jon 1229

Similarly, the range ratio of transition from off to on is given as
Fion/ Vot = (it /py)/?+9 . Thus, the range ratio during an on-
off cycle B is

ﬂ é Tj+1,0n — (&

T'jon 1229

N/(N=2=k)2+k)
) (33)
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Fig.3 Schematic diagram of AIM strategy.

Accordingly, the relativerange after j AIM cycles can be expressed
as

Fion=Bire,  for i=12 .. (34)

In this case the switching function varies with respect to time
depicted as lower part of Fig. 3. Current time ¢ can be expressed as

t =T(n) + 8¢, 8t >0 (35)

where

n

Tm=Y_1

j=0

and 1; is the period of the jth AIM cycle. T(n) is the time
taken for n AIM cycles, and §¢ is the time after t =T (n). From
ro=V,.T (n)+ B"ry, we can obtain T (n) as

T(n)=(1—p" (36)
where 1/ is the total flight time. Then,
T =Tn+1)=Tn) =p"(1- P, (37
On the other hand, Eqgs. (35) and (36) give
B" = (ty—t+8)/t; = (1, + 1) /1, (38)

Substitution of Eq. (38) into Eq. (37) gives the switching frequency
for current AIM cycle:

27 [Ty 41 = 27 [[(tg + 81)(1 = B)] (39)

The switching frequency of AIM must be less than the system or
the actuator bandwidth to maintain the stability. This is expressed
as the following inequality:

to > 2 Jw, (1 — B) — 81 (40)

The preceding condition implies that if 7,, > 27 /[w, (1 — B)] the
AIM strategy works successfully; otherwise, the guidance perfor-
mance and stability are not guaranteed.

Control Effort and Observability Enhancement
Characteristic of AIM

Although AIM strategy enhances target observability, it can con-
sume more control effort than do conventional guidance laws such
as the PN. To prevent excessive control effort as well as to enhance
observability, the parameters of AIM should be carefully selected.
Using Egs. (32-34), we now analyze the control effort and observ-
ability enhancement of AIM. Define the control effort as

L
EP = / |amL|p dr (41)
1,

i

where p is a constantand a,,;, =—S&(¢t) N7o. The control effort for
Jjth cycle can be expressed as

1 off
E,; = / NPVP&P dt (42)
t

j,on

where V, is the closing velocity V. =r. Provided # =0, the total
control effort for the AIM E™ can be given as

| 1 _ap(N—2)+1

1 _ﬂ;}k+1 (43)

o0
AIM __ § : _ g Pk
Ep - E!’-j - 5}’0

j=0

where & = u/, N? V"~V /[p(N — 2) + 1]. Because 1, is zero for
the PN, the total control effort for the PN is

pk + 1
EEN =é&r (44)

Therefore, the ratio of the control effort is given by

EAM 1 — qP(N—2+1

p
= 45)
EEN 1 — Bre+!

To evaluate the observability enhancement, a certain observabil-
ity measure is needed. Hull et al. proposed an observability perfor-
mance index weighted by the relative range.” Similarly, we defined
an observability performance index as the magnitude of observabil-
ity determinant weighted by the time to go. Define observability
measures weighted by 7y, as

iy
J, = / |0 | 12, dt (46)
1,

i

The weighting factor 7, is introduced to account for the fact that
good target observability should be maintained for some time inter-
val to yield a good target estimate. For the linearized geometry with
the IM scheme, the observability determinant at the time of depar-
ture from the upper threshold is given by Eq. (25). Straightforward
calculation for jth cycle gives

?k-ﬁ—q—l(l Y

Sy =nr; NIty (47)

where n =[N(N —2)/(2N =5+ q)u, V!~ Total observability
measure J*™ is calculated by

e 1 — g2N—5+q
AIM __ o 2k4g—1
Jq - Z Jo.; =g 1 — p2+a—l (48)
=0
Because o = 0 for the PN, JqPN is
JIN = ot (49)

Hence, the ratio of the observability of the PN to AIM is given by

JAM 1 — g2N—5+4q
i —

JqPN 1 — k+a—!

(50)
For improved observability J*™ must be greater than J;™; this
condition gives
(n /o) PN =S FOIN=2=K 1 WNOEFg= /N =2=0C+h)
(51)
The condition is satisfied if

N—k—=2>0, qg<>5 (52)
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Table1 AIM performance ratio with respect to
the guidance gains and the types of thresholds

k N=3 N=4 N=5 (Type)
ot 2.00 2.50 2.80 (Constant)
0.5 1.25 1.56 1.75 (Parabolic)
1~ 1.00 1.25 1.40 (Linear)

The first conditionof Eq. (52) is equivalentto the conditionto stay in
the switchingregionof AIM. We can obtainasymptoticperformance
ratios as g /puy goesto 1.

E)™  [p(N=2)+112+h
EMN N(pk+1)

(53)

I QN =5+q9)2+k
JIN T NQk4+qg-1

(54)

For the specific case when p =g =2, we can define the AIM per-
formance ratio:

AIM AIM
E, _ J3

_2N=3)2+k
EPN PN NQk+ 1)

(55)

The ratio of control energy is identical to that of observability en-
hancement in this case. Table 1 shows the AIM performance ratio
for some selected threshold shapes such as constant, parabolic, and
linear, and for some guidance gains.

Simulation Study

In this section the proposed AIM strategy is augmented to the
PN and tested through statistical simulations. The missile is fired in
the direction of the X axis with initial velocity of 550 m/s and is
guided by TPN. The targetis initially located at (2000, 1000 m) and
moves at a constantspeed of 200 m/s along the X axis. In additionto
a constant velocity target, we also consider a maneuvering target to
demonstrate the effectiveness of the AIM. Four different simula-
tions are considered with the target model and the tracking filter
of the missile: case 1: constant velocity target, model-CV filter;
case 2: brief target maneuver near terminal time, model-CV filter;
case 3: constant velocity target, model-CA filter; and case 4: brief
target maneuver near terminal time, model-CA filter. Cases 2 and 4
are included to investigate the target observability enhancement
characteristic of AIM strategy in the presence of unmodeled target
motions. When the target flies with a constant velocity, the estima-
tion errors become larger. At this time a small target maneuver can
produce a large miss distance. A constant lateral target acceleration
of —15 m/s? near the final time for about 1s is considered in these
cases.

Target states are estimated using the modified-gain pseudo-
measurement filter in Refs. 4 and 13. The filter state vectors of
the model-CV and model-CA filters are X7 =[r, r. v, v.]7 and
[re r. v, v. a, a.]", respectively. For the model-CV filter
(cases 1 and 2) the initial target state estimate and covarlance
P(O) are set as xr(0)=[1000, 0, 100,0]” and dlag[P 0)]=
[1000%, 1000%, 10007, 10007], respectively. For the model-CA filter
(cases 3and4) x7(0) =[1000, 0, 100, 0, 0, 0]" and diag[P (0)] =
[10,000%, 10,0007, 10007, 1000%, 100%, 100?], respectively. LOS
angle measurements are sampled at 20 Hz and corrupted by a white
Gaussian noise sequence with zero mean and variance 9 (m rad)?.
The total time delay of the guidance loop is assumed as 0.1 s. To
show well the performance of the AIM, a somewhat large noise
were used for simulations. Threshold levels are chosen as Eqs. (24)
and (28), where k are used 0.5 (model CV) and 1.0 (model CA). uy
and p, are calculated from the initial condition of the engagement:
oy (0)=5.5,and 6, (0) =4.0 deg/s at r =r(0).

The threshold levels are implemented using estimated range 7
and estimated time to go fgo. The performance of the PN is tested
with and without the AIM strategy for all cases. For each case 100
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stochastic simulations are conducted with three different guidance
gainsas N = 3,4, and 5.

Figures 4-6 are the averaged LOS rate, minimum singular value
of the Fisherinformationmatrix, which generally indicatesthe target
observability,! and range estimate for case 1, respectively.In these
figures the upper graph is for PN without AIM, the lower graph
is for the AIM strategy with time-varying thresholds, denoted as
PN/AIM. The switching property of the AIM strategy is evident in
Fig. 4, where the LOS rate is seen to cross over the threshold levels
caused by the time delay of the guidance loop. Figure 5 shows that
the nonsingularity of the Fisher information matrix for the AIM
scheme increases more rapidly than for PN. As shown in Fig. 6,
the target tracking performance is slightly improved by the AIM
scheme; especially, the range estimation error converges to zero
near the terminal time.

Because the target motion precisely agrees with the target model
for case 1, the target need not be observable at all times if there is
no measurement error. In the presence of measurement noise, how-
ever, target observability near the terminal time is important. In the
case of PN, the targetbecomes almost unobservableas 7,, goes to 0.
Hence, estimationerrors caused by measurementnoise are not read-
ily reduced, resulting in poor miss-distance performance as shown
in Fig. 7. The percentage of Y axis in this figure is calculated by

percentage = Prob. of {miss distance < value of X axis} x 100

This figure also shows that the AIM strategy produces a significant
improvement in the intercept performance of PN via observability
enhancement.
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The effectiveness of the proposed AIM strategy is significant
for case 2, which has a target maneuver near the terminal time.
However, the estimation and miss-distance performance is quite
different; the range estimation error diverges for PN. Consequently,
the miss-distancecharacteristicsof case 1 are completely destroyed
by the target maneuver, as clearly seenin Figs. 8 and 9. On the other
hand, if PN/AIM is used, the presence of target maneuvers produces
neither unbounded estimation errors nor unacceptable increases in
miss distance.

£ P
o P i
g 7T
£
8 —PNN=3 | A
5 | _.-7 e PN N=4
o -~ PNN=5 | |
o . ‘ . . . ‘
0 0.1 0.2 03 0.4 05 0.6 07
100 - : . . : .
7
- 8off —— PN/AIM N=3 1
L 1 PN/AIM N=4
L 60t - - PN/AIMN=5 .
o i
g
g 40|l 4
|
20 E
0 . . . ; ‘ .
0 0.1 0.2 03 0.4 0.5 06 07
miss distance (m)
Fig. 10 Miss-distance statistics (case 3).
100 . . . .
sol |[— PNN=3
0 |- PN N=4
- ~— PNN=5
& 6or
g .
s
§ 40t _
[ - -
a g
200 } T
ok L Ee T m o T L 1 L
0 5 10 15 20 25 30
100 —= T T —T == —
: i -
_BOf [ ---7 :
g 2
% 60 ’) i
t i — -
g 401/ PN/AIM N=3 i
] 12 I PN/AIM N=4
& ol - - PN/AIMN=5 i
!
0 % 1 1 1 1 1
0 5 10 15 20 25 30

miss distance (m)

Fig. 11 Miss-distance statistics (case 4).

Similar performances are obtained for the model-CA filter
(cases 3 and 4). It is shown in Fig. 10 that the miss-distance
characteristics of PN significantly deteriorate for case 3. For case 4
the miss-distance characteristics are shown in Fig. 11. If N =3 is
used for the AIM strategy, the target maneuver causes the diver-
gence of range estimation error and significant increases in miss
distance. For other choices of guidance gain, the overall intercept
performance of PN/AIM is greatly superior to that of PN.

Against maneuvering targets, augmented PN is claimed to per-
formbetterthan PN. However, this may notbe the caseif the tracking
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filter is not free from the observability problem, as in the case of
angles-only measurement. Investigationon this issue is left for fur-
therstudy. The AIM strategy has an ordinary guidance algorithmand
a switching mechanism. Conceptually, the switching action is oc-
curred only when the LOS rate is lower than a predetermined value.
When the LOS rate is not small (or guidance errors are large), for
example, for the maneuvering target case, the AIM strategy may
work like the ordinary guidance algorithm because the switch does
not turn off. Hence, the AIM strategy can be used for a maneuver-
ing target whenever the basic guidance algorithm can intercept the
target.

Conclusions

The proposedadaptiveintermittentmaneuverstrategyis very sim-
ple and real-time implementable. Additional variables required to
implement these strategies are line-of-sight rate and time to go,
but both of them can be easily determined using the filter states.
Furthermore, the adaptive intermittent maneuver strategy provides
the trajectory modulation necessary for observability enhancement
without expending excessive control energy. Although the simula-
tion example in this paper is an atmospheric engagement, the pro-
posed dual-control technique is equally applicable to other homing
guidance problems such as guidance of a space interceptor with a
passive seeker against a ballistic missile.
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