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Abstract - This paper presents an adaptive fuzzy control
scheme for nonlinear helicopter system  which  has
uncertainty or unknown variations in parameters. The
proposed adaptive fuzzy controller is a model reference
adaptive controller. The parameters of fuzzy controller are
adjusted so that the plant output tracks the reference model
output. It is shown that the adaptive law guarantees the
stability of the closed-loop system by using Lyapunov
function. Several experiments with a small model helicopter
having parameter variations are performed to show the
usefulness of the proposed adaptive fuzzy controller.

| INTRODUCTION

This paper presents an adaptive control scheme for
nonlinear system by using TSK(Takagi-Sugeno-Kang)
fuzzy system. The TSK fuzzy model consists of TSK
fuzzy rules and the consequents are linear equations
instead of fuzzy sets. The TSK fuzzy rule is represented
as a linear input-output relation in the fuzzy subspace
specified at the premise. The TSK fuzzy model can be
identified using input-output data and represent a
nonlinear system very well with a few fuzzy rules[1-3]

In recently, many adaptive fuzzy control methods are
proposed. [4-7] This paper proposes an adaptive control
algorithm for continuous nonlinear systems using TSK
fuzzy system. The proposed adaptive fuzzy controller is a
model reference adaptive controller. The parameters of
fuzzy controller are adjusted so that the output of plant
follows the output of reference modd. It is shown that
the adaptive rule guarantees the dability of the
closed-loop system by using Lyapunov function.

Several experiments with a smal model helicopter
having parameter variations are performed to show the
usefulness of the proposed adaptive fuzzy controller.

[1 ADAPTIVE FUZZY CONTROL SYSTEM

In order to apply the adeptive fuzzy control scheme to be
shown in this paper, a fird a TSK fuzzy modd of the plant
to be controlled is made by using input-output data, and a
TSK fuzzy controller is designed from the TSK fuzzy moddl.
The parameters of the fuzzy controller are adjusted to the
change of the plant by using the adgptive scheme. The
adaptive rule is made so that the output of plans follows the
output of reference model. The structure of the model reference
adaptive fuzzy control system is shown in Fig. 1.

A. TX Fuzzy Model

The i-th rule of a TSK fuzzy input-output model for
continous time systems is as follows.
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date variable representation of the equation (1) is as follows.
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Fig. 1. The structure of model reference adaptive
fuzzy control system

B. TSK Fuzzy Controller

The eror date is defined as 3 1= x( 1 — %, , then the
equation (2) is expressed as
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where  x is the desired vaue of =il . The TSK fuzzy

sate controller is based on the TSK fuzzy state modd of
equation (3). The i-th rule of TSK fuzzy controller designed



from the fuzzy modd rule of the equation (3) is as follows.
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where the premise part of the rule ' is the same with the
premise pat of the rule W', g &) is a dae
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feedback vector (] =), g lf) is a scdar. g' and g, ae
obtained from the following equations.
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where @ is a dedred date trandtion matrix. If the date
trangition matrix & is the form of equation (7) and stable,
then the behaviour of the fuzzy modd equation (3) controlled
by the fuzzy controller equation (4) is the same as the linear
system of which gstate transition matrix is the desired one @ .
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The control input # is obtained as follows.
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where # is the number of rules and iz} is as follows.
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where Fiz1 is the membership vaue of =, in the fuzzy st
o

C. Design of Adaptive Fuzzy Controller

Let the plant to be controlled be an nth order nonlinear
system as follows.
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where 7 and g are unknown nonlinear functions, i is the
plant input, w is the plant output. Let the state variable x

L2 (x, Ao, 2T e be
observable. The ided contral input «" for the sysem of the
equation (10) is as follows.
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where v, is the output of the reference modd,
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The elements of vector # ¢+, &7 ae the roots
of the polynomia equation s+ &, 5" '+ « « - i and
have negative red parts.

The control input obtained from the fuzzy controller of
equation (8) is expressed as follows.
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The parameters of the controller [g) & = g7 £7]7 ae
adjusted so0 that the plant output follows the reference model
output and the adaptive controller is adapted to the change of
the plant. The control input #« can be expressed as follows.
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f=[g g = g gl'=sr "V (14
i) = | EFCD B
| % 5 b (15
7.-.-:.&'1:( 0wl 751 it
pIETL I ST

If the equations (11) and (13) are subdtituted to the equation
(10), then the following error equetion is obtained.
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The vector form of the error equetion is as follows.
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Assume that the optima parameters is as follows.
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Then the minima error of fuzzy controller 7 is as follows.
A= n (v |6")—u" (20)

Using equations (13) and (20), the error equation (17) is
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The following Lyapunov function is used
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where ¥ is a podtive condtant, F is a podtive definite
matrix satisfying the Lyapunov equation (23), and. gi =) =1.
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where &} is an #==x podtive definite matrix and the matrix .1
is shown in equation (18). Using equations (20) and (22), the

time derivative of 1/, f’:‘,!:' , is as follows.
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Using the following adaptive rule,
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, the time derivative of Lyapunov function, «F/d is
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The fuzzy controller is designed from the fuzzy modd which
represents the system very well, and the adaptive rule of
equation (26) is used to adjust the parameters of the fuzzy
controller to the change of the system. Hence, the # is very

smdl, so tha
system is stable.
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M ADAPTIVE FUZZY CONTROL OF HELICOPTER

A. Helicopter system

The proposed adaptive fuzzy controller is tested to a mode
smal hdicopter in laboratory. The hdicopter conssts of a
base upon which an am is mounted. the am caries the
helicopter body on one end and a counterweight on the other.
The arm can pitch about an devation axis as wel as swive
about a vertical (travel) axis. Encoders mounted on these axis
dlows for measuring the devation and travd of the am. The
helicopter mounted a the end of the am is free to swive
about a pitch axis. Two motors with propelers mounted on
the hdicopter body can generate a force proportiond to the
voltage applied to the motors.

The purpose of the experiment in this paper is to design a
adaptive fuzzy controller that makes the helicopter body have
a desred trave rate.

The only way to apply a force in the travel direction is to
pitch body of helicopter. Assume the body has pitched up by
an angle j as shown in Fig. 2 The horizonta component of
force &, will cause a torque about thet the travel axis which

results in an acceeration about the trave axis.

T Foamifil (28)

where « is the trave rae

The pitch axis is controlled by the difference of the forces
generated by the propdlers
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where f, is the moment of inertia of the helicopter body
about the pitch axis, I, and 17, are are the voltage applied
to the front and back motors, /i, is the force congtant of the
motor/propeller combination., and I., is the digance from the
pitch axis to either moor.

(29)
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Fig. 2. The structure of the helicoper system

B. Travd rate control

Because the travel axis system is nonlinear as shown in
equation (28), a fuzzy contraller is need to control the travel
rae. A TSK fuzzy modd of the travel axis system is
identified and the TSK fuzzy controller is designed from the
TSK fuzzy modd by using the agorithm explained above. The
TSK fuzzy controller is as follows.
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The fuzzy sets in eguation (30) are shown in Fig. 3.

Fig. 3. The fuzzy sets in the fuzzy mode (30)

The pitch axis system is a linear sysem of equation (29).
S0 a linear controller is designed from the linear system, and
the linear controller is used for the helicopter body to keep
the desired pitch angle obtained from the TSK fuzzy controller
of equation (30).

The parameters of the helicopter sysem may be changed
and the adaptive rule of equation (26) is used for the fuzzy
controller of equation (30). The dructure of the travel rate
adaptive fuzzy control system is shown in Fig. 4.



Fig. 4.. Travel rate adaptive fuzzy control system

C. Smulation and experiment results

Computer smulation results of the adaptive fuzzy contral are
shown in Fg. 4. At the Smulation, a disturbance of sze 0.15 is
added to the output a the time 15 sec. and removed & the time
35 sc. It can be shown tha the output controlled by the
adaptive fuzzy controller follows the desired vadue more rapidly
then the output controlled by the nonadaptive fuzzy controller.
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The modd helicopter experiment results are shown in Fig.

5. At the experiment, a disturbance weight of 0.1kg is put at
the crossing point of the pitch axis and the travel axis at the
time about 40 sec.
In the Fg. 5(@), it can be shown tha the output controlled
non adaptive fuzzy controller has large steady state error and
does not follow the desired vdue after the disturbance weight
is put. However, as shwon in Fig. 5 (b), if the helicopter is
controlled by the adaptive fuzzy controller, the output follows
the desired vaue very well.
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[ CONCLUSION

This paper proposed a model reference adaptive
controller. The parameters of fuzzy controller are adjusted
so that the output of plant tracks the reference model. It
is shown that the adaptive law guarantees the stability of
the closed-loop system by using Lyapunov function.

Several experiments with a smal model helicopter
having parameter variations are performed, the results
reveal that suggested methods are practically feasible.
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