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Optimal Midcourse Guidance for Medium-Range
Air-to-Air Missiles

Fumiaki Imado and Takeshi Kuroda
Mitsubishi Electric Corporation, Hyogo, Japan
and
Susumu Miwa
Tokyo Denki University, Tokyo, Japan

An advanced midcourse guidance law for medium-range air-to-air missiles is proposed. The law consists of
two different guidance modes: the final velocity maximum or the final time minimum, depending on the initial
missile-target geometry. The former is preferable against a highly maneuverable target at a great distance,
whereas the latter is demanded against a near target. This midcourse guidance law is combined with augmented
proportional navigation in the homing phase. Performance is evaluated by computer simulations against con-
ventional and advanced targets. The results show that the proposed guidance law is far superior to the guidance
law that employs only augmented proportional navigation throughout the interception course, in regard to ex-
tending the launch boundaries or minimizing the interception time.

Nomenclature t =time
Cp, C,  =drag and lift coefficients, respectively I =ipterception time
Cro =zero-lift drag coefficient s = time-t0-go
Cr, =0C;/da v =velocity ‘
D =drag X, X, =missile and target horizontal coordinates
g = acceleration of gravity o o =angle of attack and zero-lift angle
h,h, =missile and target altitudes, respectively Y =missile flight-path angle
k =induced drag coefficient o =air density
ki, ky =penalty coefficients of performance index ¢ = performance index function
L =lift Q =stopping condition
M =Mach number ) =time derivative
m =mass
r =slant range between missile and target Subscripts
s =reference area iLf =initial and terminal values, respectively
T = thrust max, min =maximum and minimum values, respectively
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Introduction

HE recent development of high-speed microprocessors

has made it possible to apply optimal control theory to
actual missile guidance systems, and many studies have ap-
peared in this field. But only a few of them seem to have ap-
plied the concepts to midcourse guidance.!> The purpose of
this paper is to propose an optimal midcourse guidance law
that employs different guidance modes depending on the re-
quired missile velocity and navigation time.

The main purpose of midcourse guidance is to navigate a
missile so that it may operate in optimal conditions in regard
to missile g performance and relative geometry against a target
when seeker lock-on is achieved (the initial point of the hom-
ing phase). For the missile to achieve the necessary g perfor-
mance, a certain minimum velocity is required, which differs
corresponding to the target g performance, distance, and alti-
tude. Against a target at a far distance or at a low altitude,
" missile velocity is a prime factor; therefore, the midcourse
guidance law that maximizes the residual velocity is prefer-
able. On the other hand; against a near target, the time margin
is most important because the missile must destroy the target
before it has a chance to attack its destination; therefore, the
midcourse guidance law that minimizes the interception time is
preferable. These guidance laws are obtained by solving
nonlinear two-point boundary-value problems. A straightfor-
ward implementation of the law by an onboard computer is
too complex, but once the necessary number of solutions is
obtained by an off-line computer for several conditions and
the obtained control is tabulated, then a real-time onboard im-
plementation is possible by the interpolation of the nominal
controls. The real-time correction is possible by solving the
Riccati equation for the perturbed system. For example, the
same technique introduced in Ref. 3 can be employed for this
purpose.

In this paper, the mathematical model of a conceptual
medium-range air-to-air missile is shown first. Second, the
homing guidance laws are described. Third, the midcourse
guidance laws are presented. After the required missile resid-
ual velocity is analyzed against a conventional and an ad-
vanced target, four types of midcourse guidance laws are ex-
plained, with their merits and demerits. Finally, various
simulation results are shown using these guidance laws. The
mixed strategy of the midcourse guidance laws, combined with
augmented proportional navigation guidance (APNG)*3 in
the homing phase, is compared with the other guidance law,
which employs APNG throughout the interception course.
The results are evaluated in relation to the interception time,
the final missile velocity, and the launch boundaries.

Mathematical Model
Figure 1 shows missile force balance, as well as the symbols
employed in this paper. For simplicity, motions are con-
strained within a vertical plane. The missile is modeled as a
point mass, and the equations of motion are

v =(T cosa—D)/m~—g siny )]

mg

Y
Z
Fig. 1 Missile force balance and symbols.
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¥ =(L+ T sina)/(mv) —g/v cosy )

X =vcosy 3)

h =v siny C))
where

L =1/2 pt?s Cy, C, =Cp, (a—ay) )

D =1/2 pv?s Cp, Cp =Cpy+kC,? ()

The aerodynamic derivative coefficients C,,, Cpy, and k are
given as functions of Mach number M, which is a function of
v and A,% and the air density p is a function of A.

p=p(h),

CLQ= CLu(M)9 CDo =Cpy(M),

M=M(v,h) 0]
K=K(M) ®

The missile mass and thrust are given as functions of time ¢,
as shown in Fig. 2,

m=m(t), T=T(1) )

Homing Guidance

Before going into midcourse guidance, let us discuss the
homing guidance law in the final course. Despite many discus-
sions on the applicability of a linear optimal homing guidance
law, it still is rather complex for real-time onboard implemen-
tation, whereas APNG seems to be promising for near-future
application. As PNG is derived as a kind of optimal control
against a nonmaneuvering target,” APNG* can be derived as a
special case of optimal control against a maneuvering target.’
The missile lateral acceleration command a, of these guidance
laws is given by?

PNG:
a.=Neuv.é 10)
- APNG:

a.=Ne(v.6+ V2a,) an
where Ne is the effective navigation ratio, v, the cloéing velo-
city, a, the lateral acceleration of the target, and ¢ the line-of-

sight turning rate given by
v.=—F 12)
a=U/r)(h, = ), — %) — (B — hy) (5, —x)]  (13)

where r is the slant range

F= 106 =X + (= hy)?1V2 (14)
240kg
mass
24000N
thrust
(o] IIO 20
time (sec)

Fig. 2 Time histories of the missile mass and thrust.
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Fig. 4 The available lateral g of the aircraft.

We see in Eq. (11) that APNG requires estimating the target
lateral acceleration (usually by a Kalman filter). Once this esti-
mation is obtained, the application to a current PNG missile is
straightforward. Figure 3 shows a simulation example of the
miss distance by a PNG and an APNG missile. The abscissa is
the time-to-go when the target (a conventional aircraft, as will
be explained in the next section) initiates the sustained maxi-
mum g turn. The initial relative range is 5 km; the initial mis-
sile and aircraft velocities are 600 m/s and 300 m/s, respective-
ly; and the altitudes are both 3 km. In the PNG missile, the
miss distance becomes large when an aircraft initiates a sus-
tained maximum g turn (SMGT) 1 or 2 s before interception.
The same tendency appears in the APNG missile, but the miss
distance becomes fairly small. The reason is naturally thought
to be the predicting term of the target acceleration in Eq. (11).
This APNG in the homing phase is combined with the optimal
midcourse guidance law in the following section and the per-
formance is discussed.

Midcourse Guidance

A conventional aircraft (hereafter called aircraft A) and an
advanced aircraft (aircraft B) are employed as target models
that are different in maximum lateral g performance. Figure 4
shows the available lateral g of the assumed aircraft. Aircraft
A has a performance of 7 g at sea level, whereas aircraft B has
a performance of more than 9 g at an altitude of less than 3
km. The maximum g is limited to 9 g, considering pilot
endurance.

To reduce the miss distance to less than, e.g., 10 m, a certain
amount of residual velocity is required for a missile when the
seeker lock-on is achieved. Study was conducted to calculate
this velocity against a target that maneuvers with the lateral
acceleration shown in Fig. 4 for various missile-target geome-
tries. The results are summarized in Figs. 5 and 6. The ab-

4 5 6
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Fig. 5 Required missile velocity in relation to lock-on range and alti-
tude (against aircraft A).
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Fig. 6 Required missile velocity in relation to lock-on range and alti-
tude (against aircraft B).

scissa shows the lock-on range when the missile starts the hom-
ing guidance, where the missile and the target are supposed to
be at the same altitude. Generally, the missile must have a
larger residual velocity against a target at a greater initial
range or at a lower altitude.

Our previous study® showed that a downward maneuver,
which makes the best use of gravity, is more advantageous
than a horizontal or upward one. But the aircraft may not
have enough time to pull up at low altitudes. Therefore, we
assume here that the aircraft takes a horizontal SMGT at alti-
tudes of less than 10 km, and a more advantageous downward
SMGT (split-S) at altitudes of more than 10 km, where the air-
craft can easily pull up again.

Figure 7 is another expression of Figs. 5 and 6, where the re-
quired missile minimum velocity vs altitude is shown against
two aircraft types at the initial range of 5 km. Looking at the
velocity at an altitude of 5 km, a missile needs 590 m/s v,
when the seeker lock-on is achieved against aircraft A,
whereas 790 m/s v, is required against aircraft B.

This minimum velocity affords just enough dynamic pres-
sure to produce the necessary g for the missile. Figure 8 shows
the relations between the required g performance of the
employed missile at the angle of attack o= 10 deg and altitude
against two aircraft types.

Let us suppose that the interception point is predicted by the
ground support system; then the missile can be navigated by
the guidance laws that maximize the missile terminal velocity
or minimize interception time. Mathematically, the optimal
midcourse guidance laws are obtained by maximizing the fol-
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lowing performance index ¢, in relation to the missile angle of
attack a(f), under the equations of missile motion (1-9)

=(—k1t+kzv):f ' (15)

where the terminal time t; is determined from the next stop-
ping condition,

Q="14[(—x)2 +(h—h)? ~r?]=0 (16)
where 7, is the secker lock-on range. By changing the k, and &,
values in Eq. (15), we have the following two types of optimal
control problems.

Final velocity maximum (v, maximum):
k=0, k=1 an
Final time minimum (¢, minimum):
k=1, k,=0 (18)
The problems are solved by the steepest ascent method.!®
As for maximizing the final velocity, we found at least two

types of optimal controls that produce local extremals. The
first is the type in which the missile ascends sharply at first and
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Fig.7 Required missile minimum velocity vs altitude (lock-on
range =5 km).
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Fig. 8 Necessary missile g performance in relation to altitude (lock-
on range =5 km).
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then descends. The law usually produces the largest terminal
velocity against a target at a far distance, but is time-
consuming. Let us call this type 1. The second is the type in
which the missile ascends gradually and then falls down. This
law also locally maximizes the missile terminal velocity, but
less than with type I, and the navigation time is shorter. Let us
call this type II. The optimal guidance law that minimizes the
terminal time ¢, is named type IIl. Although these optimal
controls have their own merits, they are not suitable for hom-
ing guidance because the calculations of the missile control are
time-consuming, even with the current high-speed digital com-
puters. Therefore, we employ type I-type III guidance laws
only in midcourse guidance: from the launch point through a
near interception point where the missile seeker can lock onto
the target. Following this, APNG is employed in the homing
guidance. In comparison with the optimal guidance laws just
cited, we will consider one that navigates the missile with the
APNG throughout the interception course. We call this law
type 1V.

Now, the following four types of guidance laws are sum-
marized.

Type I: Maximizing missile terminal velocity, sharp ascent
and descent.

type |

A/ lockon line

Fig. 9 The conceptual interception courses of the missiles under type
I-1V guidance laws.
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Fig. 10 The trajectories and control histories of the missile under
type I-1V guidance laws (launch altitude =6 km, x;=24 km, hy=10
km).
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Fig. 13 The final velocity v, and the navigation time ¢, in relation to
horizontal range x and final altitude /2, (launch altitude = 6 km, under
type HI guidance law).
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Fig. 14 The final velocity v; and the navigation time #; in relation to
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type 1V guidance law).
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Fig. 15 The launch boundaries of the missile at 6-km altitudé, under type 1-1V guidance laws (against aircraft A).

Type IT: Maximizing missile terminal velocity, gentle ascent
and déscent.

Type I1I: Minimizing terminal tiine.

Type IV: APNG (A representative of other advanced guid-
ance laws.)

Figure 9 shows the conceptual interception courses with
four guidance laws. Point A shows the initial launch point of
the missile, and point B shows the target point when the mis-
sile enters the lock-on range. In the study, the lock-on range is
assumed to be 5 km. Generally, the missile trajectories with
type I control take a higher altitude than the other types.

Simulation Results and Discussions

The velocities and the navigation times at which the missile
reaches the lock-on line are compared and evaluated.

Figure 10 shows an example of the typical trajectories and
the control histories of the missile navigated by types I-IV
guidance laws. The figure affirms the conceptual interception
courses shown in Fig. 9 and gives numerical ideas on trajec-
tories and angles of attack. Similar results are obtained for
various ‘missile launch altitudes.

The v, and #, values vs horizontal range attained with types
I-1V guidance laws are shown in Figs. 11-14, respectively,
where the missile is launched at 6-km altitude. The type I guid-
ance law assures the largest v, for larger values of the horizon-
tal range, but the final time ¢, becomes quite long. The type 11
guidance law produces a smaller v, at larger ranges than type I
but a larger value than types III and IV, where the ¢ is not in-
creased so much. Type I1I produces the minimum t;. Type IV
produces a comparable £, but a smaller v, compared with type
1I.
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Fig. 16 The launch boundaries of the missile at 6-km altitude, under type I-IV guidance laws (against aircraft B).

From the results, we may say the following. When the target
is detected at a far distance and there is sufficient time until in-
terception, the type I guidance law should be employed as it
produceés the maximum by, and therefore has the highest g per-
formance in the homing phase. Oh the other hand, when the
target is detected at a near distance and small interception time
is favorable, type 11 should be eniployed. Between these two
situations, type II will be préferable as it allows the missile to
intercept within the acceptable time and still assures a larger vy
than types IT1 and IV. For a near target; type Ii brings a larger
vy than type 1. In this casg, type II naturally should be
employed instead of type I.

‘We now propose the guidance law that employs an alternate
strategy of types I-1II at midcourse and APNG in the horming
phase. To illustrate the performance of this guidarice law, the
missile launch boundaries are calculated by  combining
Figs. 11-13 with Fig. 7. By assuming an aircraft type and a
lock-on altitude h,, we know the required velocity v, of the
missile . at lock-on from Fig. 7. Interpolating this v, iiito
Flgs 11-14; we obtain the horizontal range X, and, again, by
using this X7 in these figures, we obtain the navigation time L.
As the aircraft is supposed to be closinig with the velocity of
300 m/s; the approximate value of the horizontal range
boundary of the aireraft position is calculated as x;+ 0. 3t,+ry
(lock-on range)..

Figures 15 and 16 show the launch boundaries of the missile
at the initia] altitude of 6 km, against aircraft A and B, under
thé proposed and the type IV guidance law. The ared under or
at the right side of boundaries shows the targét position where
the missile is unable to destroy the target because of lack of
missile velocity éven if thé missile seeker can lock onto the
target. The launch boundaries are more restricted against air-
craft B than against aircraft A. But the proposed guidince law
consxderably extends the region beyond that of type IV. In'th¢
cases of Figs. 15 and 16, we choose type I11 when the target
horizontal range is less than 20 km and type I when it is more
than 85 kim. Between 20 and 85 km, we choose type I1. As the
differénce between types I and ilI is small, for simplicity, we
may omit type II and employ type IIl instead of the former.
Against an aircraft in the uninterceptable region, we have to

wait until the target comes to the upper or left side of the

boundaries.

Conclusions
. The missile guidance law that employs the altérnate strategy
of either maximizing the final velocity or minimizing the final
time (navigation time) in the midcourse phase, as well as

augm‘ented proportional navigation guidance in the homing
phase, is proposed.

As two types of local optimum solutions in maximizing mid-
course final velocity are found, the proposed guidance law
selects one of .the three types of guidance laws:(two for maxi-
mizing final velocity, one for minimizing navigation time), de-
pending on the situation.

The example of the launch boundaries of the missile navi-
gated by the proposed guidance law is illustrated in compari-
son with the guidance law that employs augmented propor-
tional navigation guidance throughout the intereeption course
against - conventiohal and:advanced aircraft. The launch
boundariés are more restrictéd against advanced aircraft than
against conventional ones. But the proposed guidance law
considerably extends the region compared to that of the latter
guidance law.
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