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order to design a robust autopilot in the presence of the actuator
saturation, the Composite Nonlinear Feedback (CNF) controller along
with the Adaptive Integral Sliding Mode (AISM) controller and the new
robust controller that is called AISM-CNF control law is proposed. The
CNF part of the controller is used for stabilization of the nominal system
and also improvement of the transient performance by considering the
actuator saturation. The AISM part guarantees robustness against the
model uncertainties and/or external disturbances. Since in the proposed
approach, the upper bound of the uncertain terms is estimated and
therefore there is no need to the prior knowledge about the upper bound
of the model uncertainties. Finally, simulation results show the
performance of the proposed AISM-CNF controller in terms of attitude
stabilization of fighter aircraft, robustness, and the good characteristics of
the transient responses of the autopilot system in spite of actuator
saturation and external disturbance.

1. INTRODUCTION

neglecting this feature may deteriorate the response
of the closed-loop system. Aerial vehicles similar to

The attitude control and stabilization problem for the
fighter aircraft systems with nonlinear characteristics
have a great deal of interest for its vital application.
Practical fighter aircraft attitude control systems
should operate in the presence of uncertainties and
actuator saturation. Therefore, design of a robust
autopilot is an important task.

In the literature, there are many papers which
consider the problem of robust nonlinear controller
design for aerial vehicles. For example, methods like,
control Lyapunov function [1, 2] and backstepping [3]
partial sliding mode [4] have been used for this
purpose.

On the other hand, actuator saturation is an
important nonlinear feature in the physical systems
that should be considered in the controller design and

the other physical systems encounter with this
problem. In [5], a controller has been designed for a
helicopter and in [6], controllers were given for
attitude stabilization of a fighter aircraft. Stabilization
of a spacecraft in the presence of actuator saturation
was also studied in [7].

There are several techniques (such as anti-wind-up
[8], Proximate Time Optimal Servo-mechanism
(PTOS) [9] and Composite Nonlinear Feedback) (CNF)
[10, 11]) which consider a limitation on the upper and
lower bounds of the control input in the design
procedure. However, these approaches are applicable
only for linear systems and are not robust against
disturbances. Among these methods, the CNF
approach achieves more desirable response. The CNF
controller has been implemented in many practical
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systems [12-15]; however, it is not robust against
disturbances. In [16], a method has been proposed to
create robustness against constant disturbances;
however, it cannot reject the time-varying
disturbances. Moreover, the authors of [17, 18]
studied this problem by combining the Integral Sliding
Mode (ISM) with CNF which called ISM-CNF
controller.

The CNF controller can also be used for a class of
nonlinear systems [6]. These nonlinear systems have
a linear part which is connected to the nonlinear part
and is called partially linear composite systems. Many
of nonlinear systems can be transformed to partially
linear composite systems [19].

From practical point of view, the design of a robust
efficient control law is an important issue in the
aerospace industry. Therefore, in this paper, instead
of using the known upper bound (which is used in
ISM-CNF in [18, 19]), the effects of the disturbances
and model uncertainties of the system are estimated
with adaptive gains. This goal is achieved by
considering that the upper bound of the uncertain
terms is unknown and in order to estimate it, an
adaptive controller is taken into account. In this
regard, an Adaptive-ISM (AISM) controller is
suggested in this paper which is combined with the
CNF controller. This new controller called AISM-CNF
controller which has a robust effective performance in
the presence of both model uncertainties and actuator
saturation. The CNF part of controller is used to
stabilize the nominal system and also improvement of
the transient performance subject to actuator
saturation. The AISM part guarantees robustness
against the model uncertainties and/or external
disturbances. In this regard, when the effects of
uncertain terms are increased, the effect of AISM
control law will be increase and for the uncertain
terms with small effect, the AISM control signal will be
reduced. Consequently, the AISM-CNF controller is
less conservative than the ISM-CNF controller. Finally,
the proposed controller is applied on the considered
aircraft and simulation results illustrate the effective
performance of the AISM-CNF controller in
comparison with ISM-CNF control law.

In the remainder of this paper, first the dynamical
model of the fighter aircraft is given. Actuator
saturation and model uncertainties are considered in
this dynamical model. After that, the procedure of the
design of a robust controller by the AISM-CNF method
(with considering the actuator saturation) is
explained in detail. Also, the robust controller is
designed for the fighter aircraft. Moreover, simulation
results are given which verify the theoretical results
and also show the effectiveness of the new AISM-CNF
controller. At the end, conclusions are given in the last
section.
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2. PROBLEM FORMULATION

Consider the fighter aircraft which is shown in Figure
1. The dynamical equations for this aircraft are as
follows [6]:
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Figure 1: Fighter aircraft [20].

where the air speed: v (m/s), angle of attack: « (deg),
and pitch angular rate: g (rad/s) are the state
variables of this system. Deflection of the elevator: u
(deg) is control input with a saturation level
umax=4.5¢. d is the uncertain term. The model (1) is
extracted from the nonlinear model of six degree of
freedoms based on a steady flight condition with
mach = 0.3, height = 1000m, and with a straight and
horizontal flight. The control objective is to set the
angle of attack to a reference attitude 4.8° quickly and
without experiencing large overshoot.

In what follows, first the proposed procedure in the
controller design is explained and then it is applied on
the system (1).

3. DESIGN OF ADAPTIVE ISM-CNF CONTROL LAW

Many of nonlinear systems can be rewritten in the
form of a linear part which is connected to a nonlinear
part so-call partially linear composite system which is
given as follows [6]:

E=1(&y)
X = Ax+ Bu + Bd(x,t) (2)
y =Cx

.
where xeR",£eQC R™ and |:XT , gT] is the state

vector. The { -equation are the nonlinear part and X -
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equation are the linear part of system. Yy € R is the
output and U € R is the control input, d(x,t) is the
matched bounded uncertain term that is due to model
uncertainties and/or external disturbance, f is a
nonlinear smooth vector function, 4, B and C are
constant matrices with appropriate dimension. The
goal is to design a robust controller such that y(t)

tends to a desired time-invariant reference signal r.
limy(t) =r (3)
t—ow

Since in the practical systems, the actuator
saturation should be considered in system modeling,
thus; equation (2) is rewritten as follows:

¢=1(y)
X = AX + Bsat(u) + Bd (x,t) @)
y =Cx

where sat: R — R is defined as

sat (u) = sign (u) min {u . |u|}

u max u>u max

=13u U max <U <Umax

(5)

U max U <—Umax

and U, > 0 is the maximum allowed amplitude of u.
Consider the following assumptions which are
standard in the tracking control literature [19]:

Assumption 1: (4, B) is controllable,
Assumption 2: (4, B, C) has no zeros at s=0.

Assumption 3: Considering f(0,r) =0 ¢-equation,
is asymptotical stable (for y =r), according to the

converse Lyapunov theorem, there exists a
continuously differentiable function V(&):Q —>R

such that [21]:

(| <V (©) < a, (| (6)
a\gif) f(Er) <0 @)

where ¢;(.) and a,(.) are class K functions.
Remark 1: Iff(f*,r)zo for f* #0, then the

transformation & = & —¢& gives

E=f(E+& )= (&r) ©)

where f (0,r) =0. The following theorem is used to

prove the stability of the nonlinear sub-system (i.e., §

-equation) before output y reaches to the constant
reference input r [22].
Theorem 1: Consider the following nonlinear system:

¢="1(5r+n(t) (9)
which satisfies conditions (6) and (7). For any given

y >0 and f# >0, there exists a scalar a > 0such that

for any
)| < pe™ | 120
The solution &(t) for (9) exists and it is bounded for

all t >0 provided that ”f(’[)” <y.
Proof: see [22] ]

3.1. DESIGN OF THE CNF CONTROLLER
The CNF control law (Ugye =U; +Uy) includes a
linear part U (for stabilization and quick response

such that|u,_|<umax) and a nonlinear part Uy (for

overshoot reduction). The structure of the linear part
is as follows:

u =Fkx+Gr (10)
where F is the state feedback gain which will be
designed such that (A+BF) is Hurwitz with a small
damping ratio. Moreover, the matrix G; is as follows:

G, = —[C (A+BF)" B]l (11)

Also, the nonlinear part of the CNF control law is as
follows which is used to modify the damping ratio as
the output y approaches the reference input r:

J— T —
Uy =w(r,y)B P(x—x,) (12)

where w(r,y) islocally Lipschitz function in y which

is non-positive and P is obtained from the Lyapunov

equation (13).

(A+BF)' P+P(A+BF)=-Q (13)
As the output Y tends to the desired reference

input r, the effectiveness of UN increases. Therefore,

damping ratio becomes larger and the overshoot of
the transient response reduces [10].

The effect of the linear part in the closed-loop
system is as follows:
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X =(A+BF)x+BGr (14)
The Laplace transformation of x(t) is:

X(s) = (sl - A—BF) " BG,R(s) (15)
where  R(s) = - Now, if limy(t)=r then
S t—wo

limx(t) = lim(sX(s)) = x, where
t—o s—0
-1
¥ =—(A+BF) BGr=G,r (16)
G, = —(A+BF) 'BG, (17)

Consequently, the linear part (U, ) guarantees the

convergence of the states of system (4) to X,. Now,
the region of state space that |uL(x,t)|£umax should
transformation

be determined. By coordinate

X = X—X,, the linear part of the CNF control law may

be rewritten as follows:
u_=FX+Hr (18)

where

H =[| -F(A+ BF)_lB]Gl (19)

and AXe + Hr =0 therefore,

% = (A+BF)& 20)

For any &§e(0,1), then C;>0is the greatest

possible value for which the following condition is
satisfied:

FRl<u . (1-8) Vxe X, ={x|x"Px<c
max ) )

(21)
and
|Hr| <ou_.. 22)
Hence

|FX+ Hr| <[ F|+[Hr| < (1 )y + Uy < Upi (23)

Therefore, in the region X(S, the condition
‘UL‘:|F)~(+ Hr|<umax is satisfied and since (A+BF) is
Hurwitz, thus X — 0 and therefore X s 1s an invariant

set for the closed-loop system (20).
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For nonlinear part of the CNF controller (i.e, Uy ),

several suggestions exist for w(r,y). One of them is

given as follows [18]:
wiry) =-pE" " —e ) 24

where Y, = Y(0), and the positive constant f is the

tuning parameter. By combining the linear and
nonlinear parts, the CNF control law is obtained as
follows:

Ucne = U HUy

T
=FX+Hr+y(r,y)B P(x-x
w(r,y)B' P(x—x,) 25)
In what follows, the CNF controller is combined
with AISM method to compensate the uncertainties
and results in a robust manner in the face of d =0
and also in the presence of actuator saturation.

3.2. DESIGN OF THE ROBUST AISM-CNF CONTROLLER

This section contains the main contribution of this
paper. In order to achieve robustness with reduction
of conservatism, the AISM-CNF controller is designed
which is a robust adaptive control law. For this
purpose, the following sliding surface is considered:

S(x,t) =G {x(t) —x(0) - [} (Ax(z) + Buo(r))dr} 26)

where X (t) is the state of the uncertain system (4)
(0 =[(AX(x)+Bu ()7 s

related to the closed-loop nominal system and the

and X om t)-x o
differences between x(t) and X om () should be
nullified through the design of an appropriate
(x(0) =X pom (©) ). Also, G

is a raw vector and may be chosen arbitrarily.

robustifying control term

Now, the AISM control law (U, gy ) is added to U
and the new robust control law is given as follows
(According to Lemma 1, uy has no effect on the

stability of the system and is only effective on the
characteristics of the transient responses):

U=U_+Upgy 27)

Assume that the upper bound of d(X,t) is not
exactly known and satisfy the following condition:

ld (x. &<k, @) +k, O] (28)

where k (t) and k,(t) are unknown non-negative

parameters which should be estimated through the
appropriate adaptation rules. This approach leads to
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reduction of conservatism in comparison with the
ISM-CNF method which was given in [6, 18]. In order

to design the U, , the following Lyapunov function

is considered:

1 1~ 1~

V(t):—{82+—kf+—k22} (29)
2 | P,

where ns (for j=12) are positive constants,

k (t) =k — IZi (t) and also lZi (t) is the estimated value
of k, (t) (i=1,2).
The time derivative of V(t) is as follows:

voss— ik - Lik

1 2

(30)

According to equation (26), § is achieved and thus,

V =S| G(AX(E)+ B(u,(£) + Uy (£1) + BA(t) - AX(£)~ B ()

Lk -tk
b, b,

2k2

R 1~ 1-=~34
= S[G(Buygn () + Bd(t))}—p—klkl — —kyk,

1 2

R N 1~+ 1~4
< SGBU 5 (¢) +[S|GB| d(6)] - k=Rl
1 2

< SGBU 5, (¢)+[S]GB|(k, + K, )

~ Lk Lk, (31)
12 p

By choosing the adaptation rules as follows:
,(t) = py[S ()]|GB [sign (S ) (32)
5(£) = .S ()][GB [[x. ®)]sign (S ¢)) (33)
then,
V' <SGBUgy () +[5|GB (K, +K, ) (34)

Considering Unsu (1) as follows:
s (1) =—L(x, 1) sign((GB)S ) (35)
where
L(x,t)=k, +k, "X" +n (36)
77 >0 is a small value and also:
L(x,t)<u... , VxeR", te[0,) 37)

Inserting (36) into (35) results in:

Vs—ﬁ|S”éB‘<0 (38)
Therefore, according to Barbatal’'s Lemma [29], the
system’s states can be driven to the sliding surface
which guarantees that the state variables of the
closed-loop uncertain system via the AISM-CNF
controller follows the state response of the closed-
loop nominal system. =

Remark 2: There are limitations on the maximum
amplitude of the uncertain terms and also the
maximum amplitude of reference input which can be

tracked [19]. Since, according to Lemma 1, Uy has no

effect on the stability of the closed loop system. The
following Lemma shows that if the condition

\U\ < Uyax Is satisfied, then, the AISM-CNF controller

guarantees the robust output regulation.

U=U_+Upsy (39)

Lemma 2: Consider the Lyapunov equation which
is given as follows:

(A+BF)' P+P(A+BF)=-Q
where Q and P, are positive definite matrices. If
|u,SM|:L<(1—5)umaX where &£¢€(0,1), then the
feedback control U forces the output to track the
reference input r, when XeX; and r satisfy
|Hr| < U
According to the given analysis, the complete

procedure for design of the AISM-CNF controller is as
follows:

max » Where 0, =¢+06 -1

1) Determining the region X, and the maximum

admissible value of r, by choosing ¢ .

2) Designing the linear part of the CNF control
law, such that A+BF is Hurwitz.

3) Solving the Lyapunov equation to obtain P.

4) Tuning S for the nonlinear part of the CNF
control law.

5) Designing the AISM control law to compensate
the disturbances. Then tuning the parameters

p;s-

6) Obtaining the robust controller

U=Ucne +Upism

4., COMPUTER SIMULATION

In this section, the robust controller is designed
based on the proposed AISM-CNF controller for the
attitude stabilization of the fighter aircraft. Since the
discontinuous controller (36) suffers from chattering,
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thus the sign function is approximated by a saturation

function with a high slope (é).
g

Consider equations (1), in the structure of (4), then
X=[a q]T, £=v, Yy=a, and A4, B and C are as
follows:

| —0.5923 50.7290 B = -0.1145

|-0.0178 -0.3636 ~0.0676

C=[1 0]

Assume Umx=4.8 and the time-varying external
disturbance as d =3sin(10t). The design parameters

are selected as follows: F =[0.9253 35.5945] (the

eigenvalues of (A+BF) are -1.7677+j1.7677) |,

.
G, =-1.5966, G, =[1 0.0097] , r=5,

p(ry)=— " T—e™), G- and

04 94

£(0) =100.

Figures 2 and 3 show the time responses of the
angle of attack « (deg) and pitch angular rate g
(rad/s) of closed-loop system, respectively. In these
figures, the proposed controller (AISM-CNF) is
compared with the ISM-CNF controller. As seen, the
state variables of the closed-loop system have better
responses via the proposed AISM-CNF controller in
terms of steady state error. Moreover, the time
response of the AISM-CNF controller and ISM-CNF
controller are shown in Figure 4.

--ISM-CNF
—AISM-CNF

X~

5] —

8 -

©

B

)

k=)

c

<

0 0.5 1 15 2 25 3 35 4 45 5

Time(sec)
Figure 2: Time response of the output.

5. CONCLUSION

This paper proposed the AISM-CNF control law for
robust stabilizing of a class of nonlinear systems with
actuator saturation and in the presence of external
disturbances and/or model uncertainties.
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Figure 4: Time response of the ISM-CNF and AISM-CNF
Controllers.

The procedure of controller design was explained
in detail. Then, the proposed method was used to
design a robust controller for a fighter aircraft in the
presence of actuator saturation and external
disturbances. Computer simulation showed the
effectiveness of the proposed controller in robust
output tracking.
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