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Abstract

Augmented proportional navigation requires the in-
formation of a target acceleration, which must be esti-
mated by a filtering logic. The process necessary accompa-
nies a time lag, whiciv degrades the guidance performance.

A trade-off study between augmented and conven-
tional proportional navigation is conducted with the time
lag takeu into consideration. The result shows that the
conventional proportional navigation has better perfor-
mance against a target mancuver in the missile-larget
coplane, while the augmented has better performance
against out-of-coplane maneuver.

Nomenclature

Aemas = missile lateral accelelation comand limit

Gp, Gy, Qpe, Ay, = miissile-pitch and yaw-axis latetal acceler-
ations and their command signals

Apey Ay = aircraft-desired pitch and yaw accelera-
tion components, respectively

Qepy Gey = aircraft acceleration components mea-
sured in missile pitch and yaw axis, re-
spectively

Gup, ey = filtered values of a,, and a,,, respectively

Cp = drag coeflicient

Chpo = zero-lift drag coeflicient

Cr1,Clra = lift coeflicient and lift coeflicient deriva-
tive

D, D,, = aircraft and missile drag, respectively

g = acceleration of gravity

Ghias = gravity compensation term in missile
guidance syslem

h = altitude

k = aircraft induced-drag coefficient

ky, ks = missile drag coellicients

L = lift.

MD = 1niss distance

m = mass

N, N,
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missile and aircraft effective navigation
conslants, respectively

relative range Dbelween missile and air-
craft and its inertial x, y and z compo-
nents, respectively

reference area

thrust

time

velocity

closing velocity

inertial coordinates

angle of attack and zero lift angle

flight path and azimuth angles, respec-
tively

introduced angle to rolate line-of-sight
rate vector

air densities al aircraft and missile alti-
tudes, respectively

line-of-sight rate vector and its pitch and
yaw components, respeclively

inertial x, y and z components of &, re-
spectively

missile time constant

target acceleralion filter time constant
aircralt o and ¢ control time constants,
respectively

aircraft roll angle

time derivative

vector

= initial value

I

i

control command signal
terminal (final) value
inertial coordinate
maximum value

missile

pitch component
aircralt (target)

yaw or y component



Introduction

The authors have studied the fighter evasive maneu-
vers against PNG (proportional navigation guidance) mis-

siles, such as the optimal evasive mancuvers, the max-

imum sustained g turns', and the HGBs (high-g barrel.

roll)2. The results show that, the fighter has enough eva-
sive opportunity, if it employs its maximum perfornance.
Many papers suggest the employment of maodern control
theory in order to improve PNG, but its implementation
still seems to be difficult in current hardware point of view,
However, APNG (augmented PNG)? seems promising in
near future. The essential idea of APNG is to introduce a
target lateral acceleration compensation term into PNG.
Therefore provided with the information on the target lat-
eral acceleration, its applicatior to a current PNG missile
is straightforward. Unfortunately the obtained informa-
tion is deeply contaminated by noise, therefore the true
wvalue must be estimated. The use of an extended Kalman
filter is assuned here. The superiority of APNG over PNG
is well exhibited in our preceding studies™, but in these
papers simulations are based on the true target accelera-
tion. As the estimating process is nccessary accompanied
with a delay time, in this paper the effect is introduced as
a first order time lag, and the applicability of APNG in
an actual missile is evaluated. Simuitaneously, a trade-ofl
study of PNG and APNG arc carried out by massive sim-
ulations in the parameter space of the missile and target
initial geometties and guidance law parameters. In this
paper, the mathematical models of the dynamics and the
guidance laws ol the missile and aircraft are briefly ex-
plained first. Next, the results of the simulation study are
summarized and discussed.

Mathematical Simulation Model

The model employed is the same as that of Ref. (1),
but stated here for the reader’s convenience. Figure 1
shows missile and aizcralt symbols. Point mass models
are used for both vehicles, and a no side-slip condition is
assunied for the aircraft. The equatlions employed are as

follows:
;

Aircraft Dynamics

U = ;7-17— (T cosae = D) — g siny, n
1
o= = (L4, sina) cosd - I cosm (2)
Ny v ‘ o,
(L +Tisina) ’
= e sing (3)
Ty = U €87y, COSY, )
T = oSy 5Ny ()
/L‘ = U, Siny, (6)
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Fig. 1 Missile and aircraft symbols

L=1/2pu2 s, C, (7)
Co = Cralor - o) (3)
D=1/2p? 5 Cp (9)
Cp=Cpy+kC} (10)

Missile Dynamics

U COSYp

i = %(7'“ D) - g sinym (11)
tp = (apo—ay) [/ 7 (12)
ay =(te—ay) [/ (13)
Ym = (@ = g COSVm) [ (14)
Y = (15)
{
{

Tn == Vpy COSYy COSYlm 16)
Ym = U COSVoq SINYm 17)
fz,,, = Up SINYp (18)
where
2 2
D, =k v+ k72L::: % (19)
wlhere
kv =1/2 pu 81 Cpoom (20)
ko= km m2 /(1/2 p 5m) (21)

Missile Control

PNG

Roll stabilized proportional navigation is assumed
with signal saturatjon taken into account. The pitch and
yaw-axis acceleration commands a,. and a,. are given by

Novoo, + g forla,] < a
. = . > ias pe| S Aemas
re {anmu s'g"(art) for| Ape | > Qemes (22)
N, v.o forla,| < a
Mg, = € ¥ yc = cmax -
" {“rmu sign(ay.) forlay ] > umae (23)

where g, is the compensation term for gravity, and given
by

Ghias = § COSYin (24)

In Eqs. (22) and (23), N, is the effeclive navigation con-
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stant, 0, and J, are the target LOS (line-of-sight) rate
vector pitch and yaw components measured in the missile
body axes, and v, is the closing velocity given by

L - ryf, — T, Oai .
5=r—x—,£d_ﬁ+)r=%[r:f, _ r‘r,] = {,’,y,} (25)
I

reTy — Tyte 0.1

Op = —SiNp 0,7 + COSY Oyp (26)

Oy = SINY (COSYm For + siNYy 5y1) + COSY or (27)
and . . .

Vo= —f = '(“’*“:r'”'r') (28)

where r is missile-aircraft relative range and r,, ry, and 7,
are its inertial three axes components.

APNG

1t is will known that PNG is obtained as the optimal
control against a nonmaneuvering target, while APNG is
against a maneuvering target.’ In APNG, the target (air-
craft) lateral acceleration must be employed. Practically,
this value must be estimated under a noisy condition, and
an extended Kalman Filter® may be used. Figure 2 shows
an example of the estimated target acceleration. The out-
put is approximated through a first order lag to true tar-
get acceleration, where the time constant 7, is a function
of noise level and sampling time. The pitch and yaw ac-
celeration commands a,, and a,., with APNG, are given

by

forlap | < Acmar (29)

a ={Ne(vc '3p+%&1,,)+ge.‘u.
pe ape) forlap | > Gemaz

Gemas Sigh(

a. = {Nr(Uc dy+%d(y) fOTIa,¢| < dcmn: (30)
e Gemas Sigh(ay.) forlay, | > acmae
where
é"r = (ay — &'P)/Tl (31
&U = (ay ~ &'v)/rl (32)

where a,, and a,, are irue target acceleration pitch and
yaw components given by

Qp = —SiNY (COSYm Z, + SiNY 1) — oS, 2, (33)

Qey = —SINYm &y + COSVm T {34}

Aircraft Control

The LOS rale vector [rom the aircrait Lo the missile
is obtained by changing the sign of 7 in Eq. (25), which
results in the same equation as (25). The pitch and yaw
components of 7 : o, and 0y, measured in the aircrall

body axes are given by

Estimated acceleration

Qep (m/s?)

Actual acceleration

oo to 20 30 o go do 7.0 60 50
3 Time (sec)

Estimated acceleration
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g r ~ -
So.0 1o ) EX) o 5o 6.0 70 6.0 %0

' Time (sec)

Fig. 2 An estimation example by extended Kalman
- filter (Sampling time 30ms)

(i',u = -Sir”//t ('7:1 + COSd’t C",I (35)

Gye = —siny, (costy Gor +sinyy 641) — cosy G (36)

Analogus to the missile PNG, the aircraft has to produce
the acceleration components a,0 and a,q in the pitch and
yaw directions, but for evasion purposes, those sign should
be reversed.

Qpp = ~Neo v é'pl (37)
Ayo = —Net ve dyl (38)

Our previous studies showed that the high-g barrel
roll? is quite an efficient cvasive maneuver against PNG
and APNG missiles ; the prominent feature of the ma-
neuver is producing LOS rate change by rotating the LOS
vector in a pitch-yaw plane. Motivated by this fact, the
arbitrary angle n, shown in Fig. 3, is introduced to rotate
the LOS vector. Then, the desired pitch and yaw acceler-
ation compouents of the aircraft are

Apy = Qyo COSY + Qyo SINY (39)

Uyt == —Qpg SINN + Gy COSY (40)

When n=0, the aircralt evades in a coplane with the mis-
sile, while with =+90°, the aircraft evades the missile by
rotating the LOS vector normal to the current mancuver-
ing plane. In order to obtain the desired aircraft accelera-
tion, the aircraft o and ¢ are determined as follows:

(L 417, sina) sing = m, ay, (41)
(L4 T, sin) cosgp —~ my g cosy, = my a, (42)
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Fig. 3 LOS, its rate vector and n employed in the
aircraft control

Fig. 4 Initial relative geometry

By approximating sina 2 o and from the foregoing equa-
tions, we oblain

¢ = tan"a, / (ap + g cosy) ] (43)
and

a=m,[(a,+gcosy) + a2}/ (1/2pv? 5, CLo +T0) (11)

Simulation Conditions and Results

Figure 4 shows the initial geometry of a missile and
an aircraft. A set of nominal parameters for both vehicles
are given in Table 1. The initial altitude of vehicles is set
at 3000m; the mocdeled aircraft can produce a maximum

normal acceleration of 7g’s at this altitude. Under a high-
g condition, it becomes tather difficult to maneuver an
aircralt with a Jarge roll rate; therefore, the maxinwm roll
rate conmnand f}’m.,,, is Lreated as a function ol a.
Simulations are conducted for a combination of wis-
sile gnidance law and that of the aircraft. As for the latter,
the detarmined strategy is to rotate the relative LOS vec-
tor, and the arbitrary rotation angle 1 is changed over the
-90° to 90° deg range. The effective navigalion constant

Table 1 Nominal parameters

Aircraft
m = 7,500 kg
Sy = 26.0 m?
Uio = 290 m/s
hyo = 3.000 m
To = 4,000 m
Cr. = 4.01/rad
Cpe = 0.0169
k = 0.179
Wmar = 0.13 rad
T = 65,000 N
Ta =03s
r,  =02s

c.ﬁ,,,.“ =16 rad/s (a=0)
8 rad/s (a = 0.065 rad)
3.2 rad/s (o = 0.13 rad)

Missile (with sustainer)

mn. = 165kg(t=0) 150kg(t="6s)
Som = 0.032 m?

Ume = 600 m/s

hmo = 3000 m

ITmo = 0m

Cre = 35.0/red (at Mach 2)
Cpe = 0.74 (at Mach 2)
k = 0.03 (at Mach 2)
T, = 5880N (0 < t < 65)
Aemar = 30 g

T =03s

of the missile N, is set to 3 or 4 ; that of the aircraft N,,
is set to 4 or 6. In the simulations, the aircraft is given a
command in the first second to take the maximum angle
of attack and a preset roll angle. After that, the aircraft
evasive control algorithm stated in the preceding section is
activated. This initial ¢ command is changed from -180
to 180 deg at intervals of 45 deg. Figures 5 through 8 show
MD (miss distance) distributions in retation to n. The four
kinds of differently patterned areas indicate the number of
cases whete MDs are O~4dm, 4~8m, 8~12m and 12~20m,
respectively. Fignre 5 shows a PNG missile case. Small
MD regions are concentrated in the neighborhood of =0
deg. The MD is within 8inin the range over n=-~60 deg to
6O deg, and within 4m from 1=-135 deg to 25 deg. Figure
6 shows a APNG missile case with 7,=0; which means the
case where a target acceleration is ideally estimated and no
lag exists. On the contrary to the result of PNG, small MD
regions are concentrated in the neighbothood of n=+9%
deg. However, even in the worst case where n=10~15 deg,
more than 50 % cases M Ds are still less than 4m. Figures 7
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Fig. 6 Miss distance distribution
(APNG missile, 7,=0)

and 8 show the cases where time lags 71=0.3s and 0.5s cx-
ist, respectively. As 7 increases MD naturally increases,
however, in the neighborhood of n=490 deg, MD is lar
smaller than that of-PNG even in the case where a large
time lag 7,==0.5s exists. These results show that PNG is
favorable for a smnall n and APNG is sperior to PNG for a
7 in the neighborhood of £90 deg even in a case where a
fairly large tite Jag exists for the estimation of the target
acceleration. As these n values in the neighborhood of 0
deg and +£90 deg mean that the target mancuver lies in
or out of nissile-target coplane respectively, and the is-
sile can discriminate which maneuver is being taken in the
process of the target acceleration estimation. Thereflore
for a practical use, it is recommended to switch the guid-
ance algorithm between PNG and APNG depending on
the kind of the target mancuver.
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Fig. 7 Miss distance distribution
(APNG missile, 7,=0.3s)
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Fig. 8 Miss distance distribution
(APNG missile, 7,=0.5s)

Conclusions

A trade-ofl study between conventional and aug-
mented proportional navigation is conducted with the time
lag for obtaining the information of the target acceleration,
which is employed in the augmented proportional naviga-
tion, taken into consideration. Siinulations are conducted
in relation to the guidance laws and the angle  which ex-
presses the direction of the target line-of-sight rate vector.
A 1 in the neighborhood of 0 deg means the target ma-
neuver lies in the missile-target coplane, while a  in the
neighborhood of £90 deg means out-of coplanc. The study
result shows that conventional proportional navigation is
favorable against the aircraft in-coplane maneuver, while
aungmented proportional navigation is superior to the for-
mer against the aircraft out-ol-coplane maneuver even in
a case wliere a fairly large lime lag exists in the target
acceleration estimation. Therefore it is reconunended to
switch the guidance algorithm between conventional and
augmenled proportional navigation depending on the kind

of the target maneuver.
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