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Fighter Evasive Maneuvers Against
Proportional Navigation Missile

Fumiaki Imado* and Susumu Miwat
Mitsubishi Electric Corporation, Tokyo, Japan

A comparative study of several evasive maneuvers of a fighter against a typical proportional navigation missile is
conducted. The aircraft may take a sustained maximum g turn, linear acceleration by maximum thrust, or the op-
timal evasive maneuver. For various initial conditions in relation to relative range, aspect angle, and
altitude, the possible evasive regions are calculated and discussed. Some features of evasive maneuvers intended
to lockoff a missile are also studied. The results show that each maneuver has its advantageous region;
therefore, a pilot should change evasive strategy, depending on missile-aircraft relative geometry and altitude.

Nomenclature
a = lateral acceleration
ac = missile lateral acceleration command signal
Q>>Q, =drag and lift coefficients, respectively
Cm = zero-lift drag coefficient
D = drag
g = acceleration of gravity
h = altitude
J = performance index
k = induced drag coefficient of aircraft
k{ ,&2 = drag coefficients of missile
L =lift
777 = mass
M = Mach number
MD = terminal miss distance
Ne = effective navigation constant
r = slant range between missile and aircraft
s = reference area
t = time
te = sustainer burning time
/go = initial time-to-go
tf = interception time
T = thrust
v = velocity
vc - closing velocity
x,y = horizontal coordinates
ct,<x0 = angle of attack and zero lift angle
6 = attitude angle
6H = seeker angle from missile axis
p =air density
o,<t>,\l/ =line-of-sight, aircraft-bank, and flight-path

angles, respectively
T = missile time constant
ra = missile turn rate lag
0 = terminal condition in Eqs. (20) and (21)
( • ) = time derivative

Subscripts
o,/
m
max, min

= initial and terminal values, respectively
= missile
= maximum and minimum values, respectively
= aircraft (target)
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Introduction

MANY studies have been performed on the optimal
evasive maneuver of an aircraft against a tactical

missile. In most optimal strategies in these studies, an aircraft
strives to maximize terminal miss distance.1-6 Such a maneuver
has been proved to be very effective, but it seems to be dif-
ficult for a pilot to implement. In a more practical situation, a
pilot may tend to take an easier maneuver such as a sustained
maximum g turn or a simple linear acceleration with an after-
burner. It is worth studying the features of these maneuvers,
in addition to the optimal maneuvers, and discussing their best
evasive region. By employing a fairly precise mathematical
model, the calculation of optimum maneuvers and simulation
studies are conducted, and the results are presented in this
paper. Although not mentioned in previous unclassified
papers, a possibility of evading a missile is shown in inten-
tional maneuvers to cause a missile seeker lockoff. Some
results for this maneuver are also presented.

Mathematical Model
Figure 1 shows the relative geometry of a missile and an air-

craft, as well as the aircraft force balance. For simplicity, mo-
tions are constrained within a given horizontal plane. The
following equations of motion are used for calculation of the
optimal control and simulation study.

Aircraft Motion
The aircraft is modeled as a point mass, and the equations

of motion in a horizontal plane are

vt =(Tt cosa-D)/mt

t sina)/(mtvt)

Xt = Vt

yt = vt

where

Two constraints are imposed on the value of CL,

CL <CLmax

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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Missile Motion
The missile lateral acceleration is approximated by a first-

order lag to a lateral acceleration command. For simplicity,
missile mass is assumed constant. (The effect of the missile
mass change can be compensated for by a properly designed
autopilot.) The control law of the missile is assumed to be
constant-gain proportional navigation with signal saturation
taken into consideration; thus,

vm = l/mm(Tm-Dm)

xm = vm

ym = vm

where

for 0<t<te
for te<t

=
c

for
f or

^flcmax
>0cmax

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

In Eq. (15), Ne is the effective navigation ratio, vc the clos-
ing velocity, and a the line-of-sight turning rate given by

vc=-r (16)

o=\/r2[(yt-ym)(xt-xrn)-(yt-ym)(xt-xm)} (17)

where r is slant range,

ym)2]1/2 (18)

Study Conditions
Assuming an actual aerial combat situation, F-4C7, and a

typical medium-range air-to-air missile, two typical operation

Table 1 Parameters

Aircraft
mt = 17,656 kg
Sf = 49.24m2

Case 1 (Medium altitude: h = 4512 m)
VM =290.2 m/s (0.9 M)

= 3.73/rad
= 7 g (sustained)
= 0.0202 A: = 0.198
= 219,755 N (afterburner)

Case 2 (High altitude: h= 10,668 m)
VM =266.9 m/s (0.9 M)
CLa =3.83/rad
0/max =2 S (sustained)
C™ =0.0293 A: = 0.161

-La

-DO

T* max
Missile

™m
Tm
ac max
7

Case 1 (/
Vm0
ki

= 109,878 N (afterb

= 200 kg
= 6000N fe = 8.i
-30 g
±=0.3 s 7Ve = 3

* = 4572 m)
= 645 m/s (2.0 M)
= 0.01041 kg/m

Case 2 (h= 10,668 m)
vm0 = 593 m/s (2.0 M)
k{ =0.00513 kg/m

k2 = 1 .038 x 105 kgm

k2 = 2.11 x 105 kgm

cases are considered in this study. Three-dimensional study
may also be possible but very complicated. A two-dimensional
constant-altitude study, like earlier papers,1'2'4'5 can provide
insight into aspects of this problem and perhaps serve as a
basis for three-dimensional study. In the case where the air-
craft is pursued by multiple missiles, the evasive region is ob-
tained by superposing the results of the simple missile cases.
The parameter values used are presented in Table 1.

Sustained Maximum g Turn and Linear
Acceleration by Maximum Thrust

The natural behavior of a pilot chased by a missile may be
to maneuver his aircraft immediately into a sustained max-
imum g turn. On the other hand, for current high-r/fF-ratio
aircraft, shaking off the missile by simply accelerating an air-
craft with an afterburner may be very effective. These two
types of maneuvers are very easy for the pilot; therefore, they
are frequently employed.

The calculated evasive regions for two typical altitudes of
4572 and 10,668 m are shown in Figs. 2 and 3. In these figures,
the triangle positioned at the origin denotes an aircraft that
turns clockwise with maximum sustained g or moves straight
forward at an initial velocity of 0.9 M. Maximum (after-
burner) thrust is employed in both cases. The surrounding sets
of arrows denote the initial position of missiles and their direc-
tion of velocity vectors which lie in collision courses. The
missile speed is M= 2, with 8-s sustainer fuel left. The hatched
regions show the successful evasive region by the sustained
maximum g turn and linear acceleration by maximum thrust.
In the upper half-plane, the evasive region by sustained max-
imum g turn is divided into two portions, inner and outer, and

Aircraft

Missile

Fig. 1 Relative geometry and aircraft force balance.

occe\erat\on

:ro(km)

Fig. 2 Evasive region by sustained maximum g turn and linear ac-
celeration by maximum thrust at medium altitude.
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Fig. 3 Evasive region by sustained maximum g turn and linear ac-
celeration by maximum thrust at high altitude.
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Fig. 4 Evasive region by delayed sustained maximum g turn (tail-
chase).
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Fig. 5 Evasive region by delayed sustained maximum g turn at
medium altitude.

a large gap appears between them. In the inner portion, a
missile cannot follow the aircraft turn rate because of lack of
navigation time. In the outer portion, a missile cannot follow
the aircraft owing to lack of fuel. This gap becomes smaller
and gradually diminishes in the lower half-plane. The evasive
region by linear acceleration covers mainly the tail-chase
region, but it is worthwhile to note that, up to 120-deg initial
aspect angle, this maneuver is as effective as the sustained
maximum g turn. This is because the sustained maximum g
turn loses its effectiveness as the aircraft velocity decreases due
to induced drag.

At a higher altitude of 10,668 m (35,000 ft), the perfor-
mance of an aircraft is greatly degraded, but a missile can still
maintain its maximum g performance. As seen in Fig. 3, the
missile is effective at far greater distances, and the gap of the
low-altitude case diminishes. In actual combat, it is very hard
to detect a missile at great distances; thus, it is difficult to
evade a missile at high altitude.

Effect of Delayed Sustained g Initiation
In the preceding cases, it is assumed that the sustained max-

imum g turn starts immediately. A more skilled pilot may
delay the maneuver depending on the relative distance. This
maneuver may be more difficult to implement than the
preceding immediate sustained maximum g turn, but it is far
easier than the optimal maneuver presented in the next sec-
tion.

Figure 4 shows the calculated evasive region at an initial
aspect of 0 deg (pure tail chase).

The abscissa is the time ts when the aircraft initiates the sus-
tained maximum g turn, and the ordinate is the initial relative
range r0. The successful evasive regions at 4572 and 10,668 m
are shown by hatched lines. Because of the highly nonlinear
characteristics of the pursuit-evasion problem, the possibility
of evasion becomes uncertain in region A.

For example, at h = 4512 m and r0 = 4.6 km, a sustained
maximum g turn is successful only when a pilot initiates it
5-10 s after initial relative geometry. At r0 = 5 km, a pilot can
initiate it anytime after 4.3 s. This means that a pilot can evade
even if he does not employ a sustained maximum g turn, which
corresponds to the linear acceleration by maximum thrust
described in the previous section.

In the medium-altitude case, the delayed sustained max-
imum g turn extends the evasive region in which an instan-
taneous turn cannot succeed. Figure 5 shows the coverage by
the delayed sustained maximum g turn.

On the other hand, as shown in Fig. 4, the range is not
altered by delay time in the high-altitude case. Thus, the suc-
cessful evasive region cannot be extended by this maneuver.

Optimal Maneuver
Optimal evasive maneuvers are difficult to implement but

very effective. Various versions in relation to the criterion for
optimality can be considered. The criterion adopted here is
that an aircraft maneuvers to maximize the terminal miss.
Many studies have been performed on this version, but most
of them dealt with it in a very simplified manner, whereas the
present study uses a fairly precise model.

Mathematically, this maneuver is obtained by maximizing
the terminal criterion function J in regard to aircraft angle of
attack a and thrust Tt,

J=[(x(-xm)2+(yt-ym)2]tj f (19)

under the system equations and constraints (1-18). Terminal
time tf is the time when the next minimum range condition
occurs,

As is well known, this type of problem is reduced to a
nonlinear two-point boundary-value problem, and several
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methods have been developed to solve this. In this paper the
steepest ascent method8'9 is employed.

Our previous study6 showed that the optimal evasive
maneuver involves turning to be parallel with the missile at
first, then steering in the opposite direction with maximum at-
tainable g's. The resulting maneuver becomes something like a
vertical or horizontal S. In Fig. 6, against a missile from the
left rear, the optimal maneuver becomes like A, and against a
missile from the left front, it becomes like B. The numbered
contour lines show the MD resulting from these maneuvers. A
complete contour of MD- 10 m is superimposed over Fig. 2
and shown in Fig. 7. Figure 7 shows that the pilot can have a
chance to survive by employing the optimal maneuver in the
region where he cannot evade by easier maneuvers.

Figure 8 shows typical histories of aircraft angle of attack a
and thrust Tt (negative a. is a positive a. with 180-deg roll). The
resulting MD depends critically on quick roll timing. Aircraft
maximum g performance atmax and missile time constant r are
also important factors. In practice, this is a last-ditch
maneuver when earlier and easier maneuvers do not work.

At an altitude of 10,668 m, this maneuver does not work
well due to the decrease in aircraft performance, and the
resulting MD hardly exceeds 8 m. This maneuver becomes
employable against a missile of r = 0.5 s, and the resulting MD
lines of this case are shown in Fig. 9.

5 4 3 2 Airc"a1?A

I 0 I 2 3 4 km
RANGE (km)

Fig. 6 Evasive region by optimal maneuver at medium altitude with
r = 0.3s.

acceleration.

ro(km)

Fig. 7 Evasive region by optimal maneuver, sustained maximum g
turn, and linear acceleration at medium altitude.

Maneuver to Cause Missile Lockoff
In the previous section, the limitation of a missile seeker

field of view was not taken into consideration. Recent im-
provements in missile homing heads have made it difficult for
an aircraft to evade the missile field of view, but there is still a
possibility of evasion under some conditions.

Mathematically, this maneuver is obtained in the same way
as the previous problem by maximizing the range by which the
aircraft moved outside the seeker field of view. The next ter-

T (Thrust)

.(Angle of attack)

2.4 4.8
Navigation time (sec)

7.2

Missile

2000

X-range (m)

4000

Fig. 8 A typical optimal maneuver trajectory at medium altitude
(tail chase).

Aircraft
0 1 2 3

RANGE (km)
4 km

Fig. 9 Evasive region by optimal maneuver at high altitude with
r = 0.5s.

LOD

2 3 4
Incidence log ra (sec)

Fig. 10 LOD vs ra and 9Hnn (head-on).
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Fig. 11 200-m LOD line vs ra and 6Hm^x (head-on).
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Fig. 12 A typical maneuver trajectory co cause missile lockoff (head-
on).

minal condition is used instead of Eq. (20).

The missile attitude angle Om is approximated by

(21)

(22)

where ra denotes the missile incidence lag. Figure 10 shows a
calculated example of lockoff distance (LOD), the distance
where Eq. (21) occurs, in relation to ra and the seeker max-
imum field of view 0#max . Note that since the missile still ap-
proaches the aircraft after seeker lockoff occurs, the actual
MD becomes far smaller than LOD. Figure 10 shows the
200-m LOD line in relation to aircraft maximum g, atmax. In
Figs. 10 and 11, initial relative range is 7500 m and case 1 data
of Table 1 are employed, except for the missile acceleration
command #cmax, which is selected as 20 g. From these figures
the effects of ra and 0^max on LOD are large, but the effect of
atmax 1S small. This is because the maneuver employes in-
termediate g and not necessarily maximum g. Figure 12 shows
an example of trajectory and control history of an aircraft
with this maneuver. Figure 13 shows a calculated example of
Ta in relation to velocity and altitude. At high altitude, even
though aircraft attainable maximum g degrades, missile ra in-
creases as shown in Fig. 13, and with a favorable initial aspect
angle, an aircraft may have a chance to survive by this
maneuver; however, as it employs an intermediate g, it seems
even more difficult to implement than the previously men-
tioned optimal maneuver.

400 600 800 1000

VELOCITY (m/sec)
Fig. 13 A calculation example of missile incidence lag in relation to
velocity and altitude.

Conclusions
Some features of the results can be summarized as follows.
In the medium altitude of 4572 m, with enough time-to-go

for tail-chase or near-tail-chase cases, simple linear accelera-
tion with an afterburner is most efficient. This is the easiest
maneuver, and up to the point of 120-deg line-of-sight beam-
attack cases, which are head-on rather than tail-chases, it is
even more effective than a sustained maximum g turn. With a
relatively short time-to-go, there is a region where a sustained
maximum g turn is more effective. For near-head-on cases, a
sustained maximum g turn should be employed. Whether to
take a clockwise or counterclockwise turn depends on the in-
itial aspect angle and relative range.

The sustained maximum g turn effective region is extended
by delaying the start of the maneuver. In the region where
these easier maneuvers are not successful (very short time-to-
go region), only the optimal maneuver is effective and usually
gives a pilot a chance to survive. In this maneuver, quick roll
timing is a critical factor and many other considerations must
be left to chance.

In the high altitude of 10,668 m, the evasive region becomes
far distant and the actual difficulty of detecting a missile from
far off makes it difficult to evade a missile. Because of
degradation of the aircraft maximum attainable g, the optimal
maneuver is not effective either. Under some conditions of in-
itial large aspect angle, a narrow seeker field of view, and a
relatively large missile incidence lag, a maneuver to cause
missile lockoff has a chance to succeed, but it usually employs
an intermediate g and may therefore be even more difficult
than the optimal maneuver.
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