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A new method of integrated guidance and control for homing missiles with actuator fault against manoeuvring targets is proposed.
Model of the integrated guidance and control system in the pitch plane with actuator fault and some uncertainty is developed. A
control law using combination of adaptive backstepping and sliding mode approaches is designed to achieve interception in the
presence of bounded uncertainties and actuator fault. Simulation results show that new approach has better performance than

adaptive backstepping and has good performance in the presence of actuator fault.

1. Introduction

The traditional way to design a missile guidance and control
system is to form subsystems separately followed by inte-
grating them. This method presents successful results and
demonstrates some remarkable performance in designing
several missile guidance and control systems. However, since
in this method interactive relationships between the cooper-
ating subsystems cannot be completely exploited, the overall
system performance may be constrained. Therefore, a design
method named as integrated guidance and control (IGC)
system is provided by incorporating some control theories to
enhance the performance of the whole system.

There are a variety of methods to solve IGC problem that
some of them are presented in the following. In [1] an adaptive
nonlinear IGC approach is proposed by adopting a back-
stepping scheme for missile-target engagement model with
uncertainties without fault. Reference [2] has addressed IGC
problem using nonlinear optimal control technique which
is called 8-D method. In work [3] an integrated guidance
and autopilot system is designed for homing missiles against
ground fixed targets. To this intent, an integrated model in
the pitch plane is formulated, and then the adaptive nonlinear
control law is designed by adopting the sliding mode control

approach. Also, other control theories have been employed
in the design of guidance laws, including H., control [4],
variable structure control [5], feedback linearization scheme
[6], sliding mode control [7], and adaptive fuzzy sliding mode
control [8].

A fault tolerant control system is capable of controlling a
system with satisfactory performance even if one or several
faults occur in the system. Fault tolerant control systems can
be classified into two main families: passive fault tolerant
controllers and active fault tolerant controllers. In a passive
fault tolerant controller, deviations of the plant parameters
from their actual values or deviations of the actuators from
their expected position may be efficiently compensated by
a fixed robust feedback controller [9]. Many control design
laws described by fault tolerant control have been proposed
in [10-12] for different practical systems. In [13] some fault
tolerant controllers designed guidance strategy in the pres-
ence of actuator faults. Furthermore, authors of [14] have
proposed a fault tolerant control for induction motors based
on backstepping strategy.

In this paper, first, IGC system in the pitch plane with
an actuator fault and some uncertainties is modelled. Since
the actuator fault uncertainty is multiplied by input, we
must use some scheme of such sliding mode. Then a control
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FIGURE 1: Two-dimensional missile-target engagement geometry.

law using combination of adaptive backstepping and sliding
mode is designed to achieve the interception in the presence
of bounded uncertainties and actuator fault. The proposed
control law is compared with control law of [1] for a free
fault system. Then, the performance of designed law control
is investigated for the faulty system.

The paper is organized as follows. In Section 2, missile-
target engagement geometry will be derived in the pitch
plane. In Section 3, actuator fault is modelled. In Section 4
control law is derived using the proposed new approach. In
Section 5 control law is derived for the faulty system. Sim-
ulation results and their analysis are presented in Section 6.
Finally, a conclusion is made in Section 7.

2. Engagement of Model Derivation

In this section, the integrated guidance and control model
for two-dimensional point mass missile-target engagement
geometry is driven in the pitch plane [1]. In order to establish
a better understanding of the concept, engagement strategy is
illustrated in Figure 1. Consider an inertial coordinate system
fixed to the surface of a flat-earth model. The corresponding
kinematic equations of motion are given as follows:

R =Vycos(A—¢p) = Vyrcos (A=),

€]
.V v,
A:_?Tsin(A—¢T)+?Msin(A—¢M),

where R is the range along the line of sight (LOS); A is the
LOS angle; V,; and Vi are the speed of missile and target,
respectively, that both are assumed to be constant. ¢,, and
¢r are missile and target’s flight path angles, respectively.

Differentiating A yields

A= —2%;\+ % —cos (A = ¢p) %VI, (2)

where V = R, a,, and a are normal acceleration of missile
and target, respectively, and ar, is the projection of bounded
target acceleration perpendicular to the line of sight.
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For modelling of planar missile dynamics, proposed
model in [1, 7] is used as follows:

O=a+¢y =
_ L(a,9) f):_q)
mVy,
L(w3,) ©)

&= —
1 mVy,

a=0

. M(aq,9,)
4=—F—

Therefore

6=q, (4)

. M(a,q,6,)
q = ]—s

where 0 is the pitch attitude angle and g is the missile pitch
rate; 9, is deflection angle for pitch control and m and ], are
the mass and moment of inertia, respectively. Also, M is the
pitch moment and L is the lift forces, where

L
=(—"‘>o¢+AL:l“a+AL,
m

L
m
]M= ]l (Mo + Mg+ M5 8,) + Ay )

z

=myo+meq+mgs 8, + Ay
Therefore

l
G=q— —a+A,

Vm
- ©)
q=maoc+mqq+msz5z+AM,

where I, = 0l/0a, m, = 0m/0x, and A , = —A | /V,, in which
A and A, are bounded uncertainties. On the other hand,
missile acceleration can be written as

ap = Vb = Lot — VA . (7)

By substituting (7) into (2) and defining x, = A, x, = &, and
X3 = q one can obtain

%y = apx; +cos (A+x, = 0)apx, +A,,
Xy = apX, + X3+ Ay, (8)

X3 = A3,%, + 33X +bu+ Ay,
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where
Ve
= TEps
o
a - T
12 R
Ly
ay = -5
22 Vi,
a3y = My; )
a3 = my
b_m6z’
ar  cos(A - VA
Aq:—q+ ( ¢M) M oc;
R R
u==~0

The above closed-loop system dynamics are actuator fault-
free. In next section, closed-loop system dynamics with
actuator fault is driven.

3. Modeling of Actuator Fault

A loss of effectiveness actuator fault is considered in this
work. For this, the desired control input §, was disconnected

and replaced by a faulty control signal 8, that takes control
over the plant. The true input of the plant can be written as

(9]
u=3,+0(3,-9,), (10)
where

1, if actuator fails,
0, otherwise.

The faulty control signal 5, can be expressed as follows:

2= [0 (12)

(=)

where f is a random constant that 0.3 < f < 1. If f becomes
less than 0.3, the actuator is saturated. Therefore, a faulty
system can be written:

%y = apx; +cos (A+x, = 0)apx, + A,
X, =X, + X5+ A, (13)
X3 = A3,%, + A33%; + bfu + Ay

In the following sections, first, a control law using new
approach is derived for a free fault system so one can be able
to compare the results of the new approach with the results of
[1]. Next, the given approach is applied to the faulty system.

4. Integrated Guidance and Control
Design Using Combination of Sliding
Control and Backstepping

System (8) is not in the standard form of common backstep-
ping procedure because x, appeared in the nonlinear term
of cos(q + x, — 0)a,,. In order to deal with this situation,
[1] has introduced an adaptive backstepping control scheme
to design an IGC law that can zero LOS rate and maintain
stability of the overall system.

In this paper, sliding mode control is used to improve
the performance of proposed IGC in [1] and we can consider
actuator fault. To this purpose, suppose that virtual controls
a, (x1) and a, (x,, x,) in two backsteps are obtained such that
they keep x, around zero and guarantee x;, and X, = x, —
«; to be input-to-state stable with respect to uncertainties,
respectively [1]; consider

1
X = ay (x;) = ——kxy,
)

X3 =0, (X, %,) = (oz+—1 )3?
3= (XpX) = - 2
2683

o«

—cos(A+x, —0)a;,x; —ayx, + B_tl (14)

o«
+ 8_1 ayx; +cos(A+x, —0) ap,x,
X1

_ Lg%
262" %0x, )’
where k, ¢,, §),, and the expressions of partial derivatives
0« [0x; and da, /0t can be found in [1].
Now, instead of using of backstep again for calculating u,

sliding mode control is used. To this purpose, sliding surface
Sis selected as

S =330, (x1,%,). (15)

It is obvious that if a dynamic state feedback control law is
designed such that the trajectories of the closed-loop system
are driven on the sliding surface and kept along it, then the
guidance strategy can be achieved. Therefore, differentiation
of S must be zero:
$ =3 = &y (%1, %)
(16)

= a3X, + ay3x; tbu+ Ay — ay (x, %)

Then
-1 .
Uegq = —b [@3,%, + as35 — 6y (%1, %,)] - 17)

With the given sliding surface, the control law is obtained as

U=Ugg + AT:I sign (S)
(18)

= b Ay, + ag3x; — &y (%, %,)] + > sign (S),

where |A /| < M.
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FIGURE 2: Comparing missile acceleration and deflection angle for free fault system.

In order to prevent chattering, one can write

u=-b" (a3, + 3325 — dy (1, %)
(19)

M
+ m tanh (eS), &> 0.

5. Fault Tolerant Control Design

For the faulty system, sliding surface S is selected as before.
Differentiation of S must be zero; then

S = az,x, + azx; + Fu—d, (x5, x,) = 0,
(20)
where F = bf.

Equation (20) can be rewritten as

S=a32x2+a33x3+13u+(F—13)u+AM
i 2
—d, (x;,x,) =0, where F=bf,

where f is the nominal value of f. By considering the input
as

U= Uegg + Vs (22)
(21) can be expressed as follows:
S=v+A(x,v), (23)
where
A(x,v):AM+(F—13)<ueq+%), (24)
1 .
eq = 3 [—apnx, — ag3x5 + &, (x,x,)] . (25)

-0.6 | E
-0.8 . . . .
0 5 10 15 20 25 30
Time (s)
--- Backstepping [1]
—— Sliding mode + backstepping
By substituting (25) in (24),
(F-F) (F-F)
A(x,v) = Ay — ——=Fa3,%, — ——=033%3
F F
R R (26)
(7)o s P
+ — X, (X, X + — V.
7 2 (X1 Xy 7
From (26) it follows that
A(x,v) <M +k, |x1|+k2|x2|+k3 |x3|+k|v|, (27)
where
kloc2 = kl’
F-F
‘ = (a32+k2(x2) <k,
F-F
—a,,| < ki, (28)
‘ 72 3
F;AF < k’
F

|‘5‘2 (xl,x2)| < kg, |x1| + ko, |x2|.

Values k;, and k,, can be calculated from [1] easily. By
defining
B(x) =M +ky|x| +ky|x,] + ks |x5| + by, By >0 (29)

control law is obtained as

u=u +&tanh(s$).

“«* F1-k (30)

6. Numerical Results and Analysis

To evaluate performance of the proposed approach, in this
section, first the proposed approach is compared with the
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FIGURE 6: Relative range and interception trajectory for faulty system with f = 0.3.

results of [1] for free fault system. This comparison is shown
in Figure 2. As it can be seen, the proposed control law, with
less acceleration applied to the missile, causes smaller miss
distance. This shows efficiency of the proposed approach to
use for faulty system:

—4
MDBackstepping =7x10 "m,

) (1)
MDSliding + Backstepping — 2x10 "m.

The initial missile and target flight path angles, their initial
velocities, and the relative motion parameters can be found
in [1].

Next, performance of the proposed control law is inves-
tigated for faulty system. For this purpose, actuator effec-
tiveness is selected between 30% and 100%; in other words
0.3 < f < 1.Itis assumed that the actuator commands are
taken as a first-order lag system with a time constant 0.001
and limited by |5,| < 45 deg.

As can be seen in Figures 3-6, the controllers are robust
to achieve the missile interception in the presence of the
target acceleration and actuator fault. It is clear that the less
efficiency of actuator increases the time to go, interception
distance, and deflection angle for pitch control. Also, it
increases the control effort (Figure 7).

7. Conclusion

In this paper, we introduce a new approach to design of
guidance laws for two-dimensional point mass missile-target
engagement in the presence of bounded uncertainties and
actuator fault. In proposed approach, sliding mode control
is combined with adaptive backstepping to improve the
performance. Numerical results show that the new control
law has better performance than adaptive backstepping and
has good performance in faulty system.
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