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Fig. 3 Simulation results for the step and time-varying commands.

Conclusions
A model-following pitch autopilot using adaptive quasi-sliding

mode control for a sampled-data system with model uncertainties
and disturbances has been presented. The unknown parameters,
whichneednot satisfythe matchingconditionsand theunknowndis-
turbances and whose upper bound need not be known, are compen-
sated for by applying an on-line adaptive algorithm. The proposed
controller shows the asymptotic tracking of the pitch acceleration
of the reference model and is able to provide robust performanceof
the system to the model uncertainties and disturbances.
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Introduction

G ROUND and� ight testsof severaladvancedhigh-performance
aircraft have exhibited a variety of nonlinear aeroelas-

tic responses, including limit-cycle oscillation (LCO) and even
instability.1;2 Recently,a seriesof papershave consideredthe control
of the aeroelastic system.2¡5 Most of the precedingpapers consider
the single-input, single-output aeroelastic control problem, that is,
� ap de� ection has been used to control the pitch angle, and the
plunge displacement has been shown to be asymptotically stable
without control2;5; or the plunge displacement has been controlled
by the � ap de� ection, and the pitch angle has been shown to be
asymptotically stable without control.4;5 Moreover, most of these
design methods require a system model and complex design proce-
dures. However, the modeling of an aeroelastic system is a work of
approximation, and the precise model of an aeroelastic system can
be dif� cult to formulate.

Fuzzy control using linguistic information can model the qual-
itative aspects of human knowledge. Fuzzy control also possesses
several advantages such as robustness, model-free and rule-based
algorithm.6 However, the huge amount of fuzzy rules makes the
analysis complex. Some researchers have proposed fuzzy sliding-
mode control design methods to reduce the fuzzy control rules.7;8

This Note proposes a hybrid fuzzy sliding-mode control (HFSMC)
scheme for a nonlinear aeroelastic system. The aeroelastic system
can be represented as two second-order subsystems that represent
the plunge and pitch motions, respectively. By using the sliding-
mode control, each subsystemcan be controlledin terms of a corre-
sponding sliding surface. A hybrid sliding surface, which includes
two subsystems’ information, is de� ned to generate a control effort
to make the state trajectoriesof both subsystems move toward their
sliding surface and then simultaneouslyapproach zeros. A compar-
ison between an adaptive control and the proposed HFSMC for an
aeroelastic system is presented. Simulation results indicate that the
proposed HFSMC can achieve superior control responses for the
simultaneous control of plunge and pitch motions.

Nonlinear Aeroelastic Control System
A prototypicalaeroelasticwing section is shown in Fig. 1. De� ne

the state variables and the control input as

x D [x1 x2 x3 x4]T D [h Ph ® P®]T (1)

u D ¯ (2)

where h is the plunge displacement, ® is the pitch angle, and ¯ is
the � ap de� ection. The equations of the motion can be written as

Px1 D x2; Px2 D f1.x/ C g1u

Px3 D x4; Px4 D f2.x/ C g2u (3)
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Fig. 1 Aeroelastic model.

Fig. 2 Block diagram of hybrid fuzzy sliding-modecontrol aeroelastic
system.

where
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£
k2U

2 C p.x3/
¤
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and the expressions for the parameters are given by Strganac et al.2

Hybrid Fuzzy Sliding-Mode Control
A HFSMC is proposed to control the whole system states to

approach to zeros with satisfactory transient responses. De� ne a
hybrid sliding surface as

sh D s2 C ¸hs1 (5)

where s1 D x2 C ¸1x1; s2 D x4 C ¸2x3; and ¸1 , ¸2, and ¸h are positive
constants. From the sliding-mode control viewpoint7 the slope of
the hybrid sliding surface ¸h will govern the transient responses of
the states. The control objective of the HFSMC is to let the hybrid
sliding surface sh approach zero. In this case the sliding surface
variables s1 and s2 will simultaneously converge to zeros, and then
the two subsystems (x1 , x2) and (x3 , x4) will also converge to zeros
simultaneously.A principal diagram for HFSMC is given in Fig. 2,
which includes two fuzzy inference systems, the slope inference
rules, and the fuzzy sliding-mode control rules. The slope of the
hybrid sliding surface ¸h will play an important role in governing
the interactive transient responses between the states of these two
subsystems. The slope inference rules are expressed as

Rule i : If s1 is F i
1 ; then ¸h is 2i (6)

Table 1 Fuzzy rules for
the slope of the hybrid

sliding surface

S1 2i

NB 0.1
NM 2.5
NS 10.0
ZO 20.0
PS 10.0
PM 2.5
PB 0.1

Table 2 Fuzzy rules for
the control action

Sh Ä j

NB ¡0.20
NM ¡0.15
NS ¡0.07
ZO 0
PS 0.07
PM 0.15
PB 0.20

where F i
1 , i D 1; 2; : : : ; n are the labels of the fuzzy sets

characterized by the fuzzy membership functions ¹F i
1
.¢/ and

2i ; i D 1; 2; : : : ; n are the singleton hybrid sliding surface slope
given in Table 1. This slope inference system is constructed by the
idea of decreasing trajectory convergence time. The fuzzy sliding-
mode control rules are designed as

Rule j : If sh is F j
2 ; then u is Ä j (7)

where F j
2 , j D 1; 2; : : : ; m are the labels of the fuzzy sets

characterized by the fuzzy membership functions ¹
F

j
2
.¢/ and

Ä j ; j D 1; 2; : : : ; m are the singleton control actions given in
Table 2. The singleton fuzzy sliding-mode control rules are con-
structed using the idea that the state can quickly reach the hybrid
slidingsurfacewithout largeovershoot.The fuzzy labelsused in this
study are negativebig (NB), negativemedium (NM), negativesmall
(NS), zero (ZO), positive small (PS), positive medium (PM), and
positive big (PB). The defuzzi� cation of the output is accomplished
by the method of center of gravity:

¸h D
Pn

i D 1 »i £ 2iPn
i D 1 »i

(8)

u D

Pm
j D 1 v j £ Ä jPm

j D 1 v j

(9)

where »i D ¹F i
1
.s1/ and v j D ¹

F
j

2
.sh/ are the � ring weights of the

i th and j th rules of Eqs. (6) and (7), respectively.

Simulation Results
In this section numerical results for the plunge displacement and

pitch angle control are presented. It should be emphasized that the
derivation of the proposed HFSMC does not need to use the aero-
elastic system model in Eq. (4). The design of HFSMC is based on
the assumption that all of the states (h, Ph, ®, and P®) are available.
To investigate the effectivenessof the proposedHFSMC, two open-
loop cases—a LCO case [h.0/ D 0:01, Ph.0/ D 0, ®.0/ D 0:1, and
P®.0/ D 0] and an unstable case [h.0/ D 0:01, Ph.0/ D 0, ®.0/ D 0:25,
and P®.0/ D 0]—were considered.For comparison,an adaptive con-
trol technique (ADC) presented in Ref. 5 is also applied for the
aeroelastic control system. The simulation results using HFSMC
and ADC are shown in Fig. 3. The plunge displacement responses
are shown in Figs. 3a and 3d, the pitch angle responses are shown
in Figs. 3b and 3e and the associated control efforts are shown
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a)

b)

c)

d)

e)

f )

Fig. 3 Time responses of the aeroelastic system for a limit-cycle oscillation case and an unstable case: (——, hybrid fuzzy sliding-modecontrol; – – –,
adaptive control; and ¢ ¢ ¢ ¢ ; uncontrol).

in Figs. 3c and 3f for a LCO case and an unstable case, respec-
tively. Simulation results show that the control performance using
the HFSMC is better than using the ADC. Thus, the HFSMC is
more suitable for the aeroelastic control by simultaneously control
the plunge displacement and pitch angle.

Conclusions
In this Note, a hybrid fuzzy sliding-mode control (HFSMC) of

an aeroelastic system is proposed. The idea behind the control law
is as follows. First, the aeroelastic system is treated as two sub-
systems such that each subsystem has a separate control target ex-
pressed in terms of a sliding surface.Then, a hybrid sliding surface,
which includes two subsystems’ information, is de� ned to generate
a control effort to make both subsystems move toward their slid-
ing surface. The proposed HFSMC comprises two fuzzy inference
systems. The slope of the hybrid sliding surface is tuned by a slope

inference system, then the behavior of the states is regulated by a
fuzzy sliding-mode control system. By comparing with the adap-
tive controltechnique,the proposedHFSMC, which simultaneously
controls the plunge displacement and pitch angle of an aeroelastic
system, can achieve better control performance.
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