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Abstract—A fuzzy predictive pursuit guidance is proposed as an
alternative to the conventional methods. The purpose of this scheme
is to obtain a stable and fast guidance. The noise effects must be
reduced in homing missile guidance to get an accurate control. An
aerodynamic missile model is simulated first and a fuzzy predictive
pursuit control algorithm is applied to reduce the noise effects. The
performance of this algorithm is compared with the performance of
the classical proportional derivative control. Stability analysis of the
proposed guidance method is performed and compared with the
stability properties of other guidance methods. Simulation results
show that the proposed method provides the satisfying performance.
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[. INTRODUCTION

UIDANCE laws of homing missiles are studied within

the two basic methods: Pursuit guidance (PG) and the
proportional navigation guidance (PNG). The second one has
different versions in applications [1, 2]. PG, guides the missile
to the current position of the target whereas PNG orientates it
to an estimated interception point. Therefore PNG has smaller
interception time than PG, but this method may show unstable
behavior for excessive values of the navigation constant [3].
We propose a new method “predictive pursuit guidance
(PPG)” to ensure a stable guidance without excessive time
delay. This algorithm is developed for an aerodynamic missile
model which has realistic aerodynamic coefficient values and
variations. Proposed guidance scheme is based on the
estimation of target behavior using the target information
measurable on the missile body. This scheme may have the
characteristics of PG and PNG, depending on the relation
between the prediction time and time-to-go. Homing missile
guidance has some parametric uncertainties for the target
maneuver and target behavior is observed through noisy
measurements. In these cases, conventional control
approaches may not be sufficient to obtain the tracking and
interception. Fuzzy control has suitable properties to eliminate
such difficulties. Fuzzy controller has been used in many
fields where the controlled systems are uncertain or model-
free. Recently, developed neuro-fuzzy techniques serve as
possible approaches for the nonlinear flight control problems
[4-6]. However, a limited number of papers have been
adressed to the issue of  fuzzy missile
guidance design [7-9]. Proposed predictive pursuit guidance is

designed considering the noise effect resulted from the
thermal and radar detection sources at the system input. This
noise affects the guidance system entirely. Fuzzy control is
applied to the predictive pursuit guidance system to exploit the
filtering property against to the noise effect. A tracking,
control and interception performance obtained with this
control scheme is compared with those of conventional PD
control. This paper is organised as follows: First, the
mathematical model of aerodynamic missile model is given.
Second, the formulation and development of the predictive
missile guidance are presented. After that, noise effect at the
guidance system input and fuzzy controller for proposed
method are briefly explained. Then, stability analysis is
performed for proposed method using Lyapunov stability
criteria. Finally, the results are evaluated comparing the
performances of the proposed method to classical guidance
methods such as PNG and PD pursuit guidance.

II. PREDICTIVE PURSUIT GUIDANCE

An aerodynamic missile-target model was derived and
simulated in this study [10]. Some former researches [3]
showed the existence of an inverse relation between the
stability margin of PNG and navigation constant (n). This
property causes the stability margin become smaller for large
values of the navigation constant. The same work proved the
tail pursuit guidance has the most stable behavior. On the
other hand, the interception time is larger in PG because it
guides the missile to the current position of the target without
any prediction. The main purpose of this method is to realize
as far as possible stable guidance with smaller interception
time. The target behavior is estimated using variables
measurable directly on the missile. These variables are LOS
distance (R), closing velocity (R), the angle between LOS
and missile axis A and its variation. A relation between
prediction time (t,) and time-to-go (ttg) may be formulated as:

R
== 1

tg == (1)
t,=Cy.ttg (@)

where C; is a constant.
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Fig. 1 Predictive Pursuit Guidance

As seen on Figure 1, if C;=0 is chosen the pursuit guidance
can be obtained due to the description in Section I, but if C1=
1 is taken, pursuit guidance turns into PNG. So, PNG can be
used at launch phase to obtain fast, predictive guidance and it
can be changed to the pursuit guidance at the interception
phase to achieve the desired stability properties.

The variation of angle of attack ¢ can be measured using
velocity gyroscope and the time derivation of ¢ leads to
estimation of ¢« . Then

c=a+i 3)
G=d+i )

can be written. Figure 1 gives the equation of angle between
LOS and V; as

(p=atan(VM sinA-Ro (5)
VM cosA+R
So, it can be written
B=oc-¢ (6)

using (3) and (5). Closing velocity of the missile and the
variation of LOS angle o are

R=-Vp (cos A — Vicos ) @)
M

6o VM smx?.I;VT sing )

(7) and (8) can be modified to an other form as written below

VT cosg = R +V)p cos A ©)
V1 sing =V)\ sinA - Ro (10)

If (9)and (10) are arranged for Vy

vr=JNMsmﬂ—Rdﬂ4{R+VMcmlf (11)
is obtained.

A. PD Control Design

Estimation of the target velocity Vr and target angle f
allows obtaining the equations of the proposed guidance
scheme. If t,< ttg, an intermediate position of the target and
the missile can be estimated. Then equations from Figure 1 are
written as shown below:

VTtpsing

tan(lp) = ———— 12
an(2p) R+Vrtpcosp (12)
VTtpsin
Ap = atan(=— P (13)
R+Vrtpcose
where 4, is prediction angle. When (13) is arranged
VTtpsingcos Ap =(R+Vrtpcosg)sindp (14)

can be found. If the expressions of Vr.cosg and Vr.sing from
(9) and (10) are replaced in (13)

Ripo

R+ Rt
p

Ap =atan(—

(15)

can be written. Time derivation of both sides of (14) with
@ =0—f and S constant, will lead to

ip:Co"de (16)
where
G=¢ 17)
1+ tanptan(4
oo an ¢ tan( p) (18)
1+ tanptan(4 —
+ tan ¢ tan( p)+VT cosplp
tan(lp)
V- t
d - T cosptp (19)
1+ tanptan(A4 )+L
P VT cosptp

Then, control input u(t), for PD control can be written as

ut)=Kpe+Kye (20)
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where

e=(lp-4) 1)
e=(ip—4) (22)

and K, and K, are the control coefficients chosen for a

required system dynamic behavior.

B. Fuzzy PD Design

Target position measurement is not precise and has a fuzzy
distribution due to previously mentioned thermal and radar
noises. This particularity allows the fuzzy controller is an
alternative to the conventional deterministic PD control. The
noise is modeled as a gaussian density function described as

F0) = %e_(x_”ﬂ /20?) 23)

2o

where z is mean value, o is variance.

The input and output variables of the fuzzy controller are
the linguistic variables because they take linguistic values.
The input linguistic variables are error ( € ) and change of
error (€) and the linguistic output variable is the control
signal u. The linguistic variables are expressed by linguistic
sets. Each of these variables is assumed to take seven
linguistic sets defined as negative big (NB), negative medium
(NM), negative small (NS), zero (ZE), positive small (PS),
positive medium (PM), positive big (PB). Triangular
membership functions are preferred (Fig.2) to simplify the
computation in real time operation. Boundary values of the
universe of discourse are determined depending on the limit
values of the gaussian density function to filter the noise
effect.

B ] NS 7 23 P FE

.35

0 i
-5 0 5

Fig. 2 Membership Function Type of the Variables

The rule base contains the collection of rules. A set of 49
rules in Table 1 has been used in this study to achieve our
purpose. They have been constituted for fuzzy PD control
scheme [11]. Minimum Mamdani type inference is used to
obtain the best possible conclusions [9]. This type of inference
allowed easy and effective computation and it is appropriate
for real time control applications.

TABLE 1
RULE BASE
¢

“ NE | M | % | 2E | B | P | BB
NE | N6 | K8 | 75 | 5B | FB | PE | IR
WM | ¥E | WM | ZE | PM | M | PE | IR

N | N2 | WM | Ne | B3 | PM | BB | IE

¢ [[2E | m8 | WM | s | #E | Ps | PM | PR
P | N& | B | N | N | PS | PM | IR

PM | B | NB | nM | NM | gE | PM | IR

PE | N | @ | NE | ME | W | P | IR

The outputs of the linguistic rules are fuzzy, but the
guidance command must be crisp. Therefore, the outputs of
the linguistic rules must be defuzzified before sending them to
the actuators. The crisp control action is calculated here using
the center of gravity (COG) defuzzification method. This
criterion is computationally easier than the others and it
supplies defuzzified output with better continuity.

III. CONTROL APPLICATIONS

Aerodynamic coefficients were evaluated by interpolating
from tabulated values. Fuzzy control coefficients were scaled
according to the system limitations, and then performance of
the proposed control scheme was investigated by comparing
with the other guidance methods. The criterions are the
interception time and the noise rejection capability. The initial
conditions for the missile are ©(0) = 1.5 rd., &40) = ©0), Vn(0)
=480 m/s, Xy(0) = 0 m., Yn(0) = 3000m., q(0) = 0 rd/s, 5,4(0)
= 0 deg., 6(0) = 0 deg. Target is maneuvered by changing

S suchas f= % where ar = 60 m/s’, V1 =240 m/s. Firstly,

a flexible fuzzy predictive pursuit guidance (FPPG) is applied
to the system. During this application, PNG is used at launch
phase to provide the fast heading, and then the intermediate t,
values are performed at the midcourse phase, finally the
pursuit guidance is applied at the interception phase to obtain
a stable behavior. Table 2 shows that how t, is changed
during simulation. Interception is obtained in 7.54 s in this
application (Fig.3), this period is shorter than the interception
time (7.68s) of the conventional pursuit (CP) as seen on Fig.
4. This value is very close to the PNG result given on Fig. 5.
We would like to emphasize the shortest interception time is
possible with PNG by choosing greater navigation constant,
but in this case the stability problem may appear[3].
TABLE 11
VARIATION OF THE PREDICTION TIME

Simulation Prediction
Time (s) Time(s)
0<=T<=2 t,=ttg
2<T<=4 t,=ttg/1.2
4<T<=6 t,=ttg/2.4
6<T<=7 t,=ttg/4.8
T>7 t.=0
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Fig. 3 Interception Trajectory and LOS Distance for FPPG
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Fig.4 Interception Trajectory and LOS Distance for CP
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Fig. 5 Interception Trajectory and LOS Distance for PNG

Fig.6 shows the control performances of FPPG and CP. The
noise rejection capability of the FPPG can be seen obviously
on this figure.
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Fig. 6 Control Performance Comparison

IV. STABILITY ANALYSIS

Lyapunov 2™ method was used to analyze the stability of the
guidance methods [3]. The stability concept will be mentioned
here is not the missile stability, it is the stability concept of the
interception problem. Lyapunov function includes the
necessary criterion to track the target. The criteria are miss

distance and the angle between LOS angle (o) and flight path
angle (). Then the state equations of the Lyapunov function
are determined as [3]

=Ro6 , xp=0-y (24)
The proposed Lyapunov function is:

2 2

X X
V:k171+k272 ki >0,k >0 (25)

The stability margin is defined for this Lyapunov function
such as

kg + 2250 s —am—a (26)
Vim

kixp + === kaXa <0 Sm =—as —am 27)
Vim

where Sy, is the stability margin, ay, is the missile acceleration
and ag is the critical acceleration. agcan be written as

ky.x).a¢ k2.X].X2 - k].RX2
k2.X2
Vm

(28)

Ki.xp + R{ky. x| + —=—=
1-41 1-41 v;

kp-xo
m

Sm >0 must be provided to obtain a stable guidance. Fig. 7 a
shows that the (CP) satisfies the stability condition because Sy,
>0. Fig.7.b indicates the unstable PNG (navigation constant
n=>5) because Sy <0. If navigation constant is taken greater
than this value, unstable margin for PNG will be greater [3].
FPPG with constant predictive time (t,=ttg/2) satisfies the
stability condition as shown in Fig.7.c. When this stability
criterion is applied to the FPPG with flexible prediction time,
the stability margin is obtained as shown in Fig.7.d. Since the
PNG is applied at launch phase S, can be smaller than zero.
This case is possible because fast guidance is required and the
interception stability is not important for this phase. When the
missile closes to target, stability criterion must be satisfied and
especially during interception phase. So, PNG is gradually
changed into the pursuit guidance method at the interception
phase in order to manage a stable guidance.

V. CONCLUSION

Fuzzy predictive pursuit guidance has been presented in this
paper. A new method is proposed to realize the shortest
interception time with a stable guidance law and is compared
with the conventional guidance methods as the proportional
navigation and the conventional tail pursuit. The simulation
results showed that the proposed method managed a fast
guidance. The stability analysis of this flexible application has
shown that the stable guidance behavior is obtained at the
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interception phase. Because the stability is particularly
significant at this phase the result is highly satisfying. The
other results of the stability analysis showed that the
predictive tail pursuit and the conventional tail pursuit have no
unstability problem but the proportional navigation guidance
behave out of the stability margin. The FPPG was compared
with the CP. It is shown that the fuzzy controller has far better
noise rejection performance than the classical version. From
all results obtained, fuzzy predictive tail pursuit guidance law
is suggested for the future studies in the homing missile area.
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