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Abstract

In this paper, a new guidance law for a short-range

air-to-air missile with constant thrust is presented. It-

is cssentially based on the concept ol proportional nav-
igation. [irst, the theoretical guidance law is derived.
Then, we show Lhe technique {or practical implementa-
Lion of the guidance law. By a computer simulation, it
is shown that the new guidance law gives betler perfor-
maunce than the conventional proportional navigation.

1 Nomenclature

r = desired acceleration command vector
Apy = missile axial acceleration vector
Ar = target axial acceleration veclor
V= missile velocity veclor
Vr = target velocity vector
R = relative distance vector
o = line-of-sight(LOS) angle
o = line-of-sight(LOS) angle rate vector
0 = missile flight-path angle
0 = missile fight-path angle rate vector
én = missile flight-path angle to LOS
¢r = target {light-path angle to LOS
woo=dér—dum
N = navigation constant
N, = cllectiveé navigation constant
Thr = missile thrust vector
I, = specilic impulse
m = missile mass
= gravilational acceleration
t = fight time
t,, = specific time
t,o = time-to-go
t; = lotal flight tine

2 Introduction

It is well known that the conventional proportional
navigation (PN) is one of the most ellective guidance
laws when missile and target velocities are constant.
=3 But in [act, a missile has an acceleration due to
thrust during boost phase. In the previous paper,* one
of the authors presented the guidance law for a mis-
sile with constant acceleration. In praclice, however,
the acceleration is nol constant but is increasing by
thrust with its own profile of each missile, and missile
acceleration and velocity must change significantly as
Figure 1. For instance, a short range air-to-air missile
(AAM) has the axial acccleration that is increasing by
thrust and the axial deceleration due to air drag. Also,
a target may have constant axial acceleration. These
kinds of axial accelerations seriously influence the per-
formance of the missile guided by PN because of their
varying velocities.
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Figure 1 Thrust, Acceleration and Velocity of AAM

So we derive a new guidance law for a missile with
constant thrust- and constant acceleration against a
target with constant acccleration. Thonght the new
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guidance law gives the theoretical acceleration to guide
a missile on a collision course, it is very difficult to im-
plement it on most existing tactical missiles. There-
fore, this paper shows Lhe technique for practical im-
plementation of the guidance law. Finally, the per-
formance of the guidance law presented is compared
with that of PN using simulation studies on the simple

AAM model.
A T TARGET PATH
T : I

CORRECT
COLLISION COURSE

REFERENCE LINE

Figure 2 Intercept Geometry

3 Derivation of a New Guid-
ance Law

Figure 2 shows the intercept geometry of a missile in-
tercepting a target. M and T represent the actual po-
sitions of a missile and a target, respcctively, at time
{. From Figure 2 the line-of-sight (LOS) rate is given
-by the following vector equation:
é'=R><(VT--VM) ()
R?
Assuming that a missile is {lying with thrust and con-
stant acceleration~Axr and a target is flying with con-
stant acceleration A, let the triangle ITM be a colli-
sion triangle — that is, 7 indicates the intercept point.
Ve is the correct missile velocity vector to obtain
a collision at [ and AV is the deviation of missile
velocity vector from V. Then we have

Vu=Vyc+AVy (2)
Substituting Eq.(2) into Eq.(1), we obtain

L R x (VT - VM(;) + R x (—AVM)
- R? n?

()

The first term of the right side of I5q.(3) represents
the correct LLOS rate when the missile flies along the
collision course. The second term is the deviation of
the LOS rate from the correct one. If a missile is guided
with a flight-path rate in proportion to the deviation
of the LOS rate, assuining no niissile dynamic lag, the
missile {light-path rate becomes

R x (-AVy)

b=N-—0s

(4)
where N is the navigation constant. Then the required
lateral acceleration command for a missile to fly along
the correct collision course is given by

F = éXVM
Vype -V
_ —N( MC M) xR % Vi (5)

n?
From Figure 2, V¢ can be written as

sin ¢y Vr sin R
Ve =V, ( + )
me M\ Sin ¢7Vr l sin ¢ It (6)

Substituting Eq.(6) into Eq.(5), we obtain

N Vi sin
F {( Ty S

= g Vg sin ¢ Vi) x R} xVa (7)

Now, if a missile is flying on the correct collision course,
that is,
Vm=Vue (8)

missile flight range is

A t
Vmtgo + ——‘Mtjo + 1,pg{tgo = (ty, ~ lg(,)]()gl_’p |}
2 i.qp - lgo

and targetl flight range is

Ar
VTtgc + 7[30

As the collision triangle gets closed, we have

AI\'I 2 Thr t.sp 1
Vitart St ool o) onl 2
Ar
= R + V']'iyo + '—2—130 (9)
where
I,
tsp = —7":2 (10)
Ihr
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From Figure 2, the component of Bq.(9) perpendicular
to R is given by

Am
2

2
oo

[VMiga -+
tap ,
+ ],,,g{tgo (tsp — tgo)log!i»——t‘} Sin dag
sp — ‘ge
A .
= (vftgo + 77130) sindr (11

Dividing Eq.(11) by t,, sin ¢z, we obtain

Anlgo
Va1 g
M[ + s
Iapg{ tap - t_qo Lsp } sin ¢M
241 - 1 :
+ Vi Lgo 8 lop — tgol sin ¢r
Art
= Vr[l £ 12
T( + 1A ) (12)
Eq.(12) can be rewritten as
Ve ST[] b - 1+er (13)
Vi sin 1+ ean + €rr2
where A
Ttgo
= 14
o= (1)
_ A;\/[tgo -
EM1 = 2y (15)
lap(]{ t.«p - tgo {sp }
Capg = 41— lo, 16
A2 Vi, I glt,p — lqul ( )
Substituting Eq.(13) into Eq.(7), we obtain
N
F= F{(VM ~ V1) x R} « Vs (17a)
where |
k ter (17b)

T 1t e e

This is the new guidance law [or a missile with thrust
to intercept a target. We need much informalion to
compute F, because Eq.(14) has target speed, acceler-
ation dnd {g,; Bq.(15) consists of missile speed, accel-
cralion and t,0; Eq.(16) has information about missite
thrust. Il both a missile and a target have no thrust
and no acccleration, that is, constant velocily, ¢, ean
and ey, become zero and Eq.(17a) reduces to a cou-
ventional proportional navigation. Since the value of
{40 15 required in order to compule ¢r, epry and earz, we

need to derive the equation for ¢,,. Fromn Figure 2, we
have

Ay,
[v)\/liyo + ”‘é‘il;o + ]srg{t_qﬂ - ([Jr - fgo)

logl;:t:'—’ig—ol}] cos ft

o+ ﬂtjg (18)

= Rcos 457' + ‘/j'tg B

2

loglt—”%_r—lg:l}] sin g

= Rsinér (19).

A
[VMtgo + ﬁt;o + Iarg{t_qo - (isp - i_qo)

Squaring both sides of Fqs.(18) and (19) and adding
thein, we obtain

A
WW°+”¥@

2
ta
b st 1o~ o) o2 )]
sp go

Ay
= R4 2R(Vitg + Z5t2,) cos r

2

F(rt A2y (20)
Assuming that Vi, Vo, Ay, Ar, R and ¢ are mea-
sured and [,,, Ty, and m are known, t,, and {,, can
be computed, e, €p; and €p72 can be obtained from
5qs.(14), (15) and (16) and the required guidance ac-
celeration commands are computed from Eq.(17). We
call this guidance law the (rue guidance method.

4 Realization of a New Guid-
ance Law

Since it is very difficult to realize 15q.(17) on an exist-
ing AAM, we consider the real mechanization of the
guidance law.

4.1 On-Board Approximation

[5q.(17) gives the desired missile acceleration for colli-
sion course, when Vi, Vi, Apr, Ay and R are incasured
and t,, is computed from 1q.(20) in real time. But it
is difficult to get such varying data on a flying missile,
hecause its body is too small to be equipped with the
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kind of instruments — Radar, Secker, Rate-Gyro, INS,
High Speed Computer — to measure or calculate all
of these variables with. So we estimate the variables
using the following on-board approximation:

lpo=15— 1t (21a)
~ ty—1t
Ro= Ryt (21b)
ty

Vr = Vro + Arot (21c)

— Loy
Vi = Vo + Amol + g log|t~.—p~t| (21d)

sp
t:; = t_,po-—t (21(’.)

where Viso, Vro, Anro, Ato, Ro, ty and L, are the
initial values of Vi, Vi, Apr, Ar, R, 8, and 1. These
values are given [rom the parent aircraft to the missile
before fived.

4.2 Simplified Design of a Guidance
Law

Let us consider the real mechanization of Eq.(17). The
term Vs — kVp in Eq.(17a) can be rewritten as

14+ cr

Vy—kVyr =V - —oee—— Vo
M T MTTR et carn !
bt er Gt Cara — €r
= — Vu—Vp)+ ———mm
L+en + sz( M 7) L+ e +emz
(22)
Substitating Eq.(22)into Eq.(17a), we obtain
14+ er (VM-—VT)XR
F = (N - x Va,
( 1+ earn + eann R? M
—er VxR
+ (N M1+ ema— €7 Vi X X Vi (23)

L+ e + eann 1?

The first term of Eq.(23)represents proportional navi-
gation (PN) with the navigation constant

14 er

N 1T
1+ emr + em

and the second term represents pure pursuit navigation
(PP) with the navigation gain

epy t+ Cvp — €T
I+ epmy +ean

Proportional
o H
Sl Er o] Missir 0
+ DyNAMICS
I
: Pursuit
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s

Figure 3 Block Diagram for the New Guidance Law

So we can set up the guidance system from Eq.(23)
commbining N with PP as Figure 3. In the previous
subsection, we showed the on board approximation.
Weé can use those values and the effective navigation
constant N,, which is defined by

NV cos @pr

e VC

(24)

Using these values, we modify the block diagram of
Figure 3 in order to rcalize the guidance law simply on
board. Figure 4 is the resulting block diagram. We call
L the simplified guidance method. ‘Fhis guidance sys-
tem can be adapted easily on many air-to-air missiles.
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Figure 4 Block Diagram for the Simplified Guidance
Method
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5 Simulation on an Air-to-Air
Missile

Let us apply the true guidance method and the simpli-
fied guidance method to the simple modcl of a short-
range air-to-air missile (SRAAM) and compare the re-
suits with that achicved with the conventional propor-
tional navigation (PN). Since most SRAAM have solid
rocket motors, their thrust can be assunied nearly con-
stant” during boost phase and it has deceleration duc
to air drag. On the other hiand, the target accclera-
tion can be considered nearly constant because it is
diflicult to change it significantly during the short in-
tercept time. Let us assume that both the missile and
the target are particles which have mass; their trajec-
tories arc limited to two dimensions at 5,000m altilude;
and the total dynamics of the guidance system, includ-
ing the missile dynamics, a noise filter,etc., is given by
a first-order lag with time constant 0.4sec. And other

T T T T T
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-  Proportional
Nagigation
New Navigalion
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{ L 1 1 |-
0 1000 2000 (M)

o0l Proporlignal Navigation

“Time(sec)
dezzzes

I New Navigation
(True Guid. method)
~20F  New Navigation
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LATERAL LOAD FACTOR
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Figure 5 Missile Trajectories and Target Flight Path,
and Lateral Load Factor Time History

conditions are the following. The missile deceleration
due Lo air drag is constant al 2.5¢. The acceleration
of the target is constant al 0.5¢, and the target initial
velocity is 256m/s (Mach 0.8). The initial velocity of
the missile is also 2561/s (Mach 0.8). It has thrust of
1352kg, the specific inpulse is 220sec, and total mass
before firing is 94kg. The efleclive navigation constant
for the gnidance laws was set equal Lo 5.0.

Figure 5 displays the simulation result where the tar-
get is flying straight and the missile is launched along
the collision course. The figure shows that the missile
guided by the true gnidance method flies straight with
no acceleration commands. The trajectory achieved
with PN is curved and requires large lateral acceler-
ation commands. The trajectory achieved with the
simplified guidance law is also slightly curved, but the
deviatton from the trajectory is much smaller than that
with PN. Its required acceleration commands are very
small.

Proprotional Navigation

New Navigation
True Guidance Method

New Navigation
Simplefied Guidunce Mcthod

1 i )
-2000 2000 (m

-2000¢m) -

Iigure 6 Inner Launch Envelope of AAM

Figure 6 shows the launch boundaries for the miss
distance and the maximum lateral load factor specific
as 3meler and 30 g. lere it is assumed that the target
is llying straight and the missile is launched against
the target without lead angle (zero off-bore sight an-
gle); other conditions are the sane as those described
before. The inner launch envelope for SRAAM must
simultaneously salisfy at least Lhese boundaries. Fig-
ure 6 comperes the three inner envelopes achieved with
different guidance laws.
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Figure 7 Miss Distance and Maximum Load Factor
VS Off-Boresight Angle

Figure 7 shows the miss distance and the maximum
lateral load factor varied by the ofl-bore sight angle
of firing from the distance of 1,500meter in the 90deg
aspect angle direction. The figure shows that PN re-
quired large lateral acceleration commands to guide

missiles. Miss distance by PN is worse than that of the -

new navigation. The result shows that the simplified
method has much better off-boresight ahility than pro-
portional navigation and the ability of the true guid-
ance method is the best.

6 Conclusion

A new navigation law for an air-to-air missile (AAM)
has been presented. The proportional navigation is
one of the most effective guidance laws when missile
and target velocities are constant. But in the casc of a
short-range air-to-air missile, velocities of a missile and
a target vary significantly because a missile gets accel-
eration by its thrust in the boost phase and decelera-
tion duc to air drag and also a target has acccleration
for its maneuvering. So we study the new guidance
law “taking missile thrust and other informalion into
accouny in order to improve the performance of AAM
guidance. [rom the simulation studies, the following
results are obtained. The AAM’s trajectory achicved
with the proportional navigation is quite curved and
large acceleration commands are required to intercept
a target. But the missile guided by the new guidance
law flies nearly straight and hit the target with lit-
tle acceleralion commands. Miss distance by the new

—a61 — '

guidance law is smaller than that by the proportional
navigation law. The inner lannch envelope has shown
that the new guidance law provide an overall perfor-
mance improvement over proportional navigation.
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