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A new hybrid direct/indirect
adaptive  FNN controller with state
observer and supervisory controller for a
class of uncertain nonlinear dynamic
systems is developed in this paper. The
hybrid adaptive FNN controller, whose
free parameters can be tuned on-line by
observer-based output feedback control
law and adaptive law, is a combination
of direct and indirect adaptive FNN
controllers. A weighting factor, which
can be adjusted by the trade-off between
plant knowledge and control knowledge,
is adopted to sum together the control
efforts from indirect adaptive FNN
controller and direct adaptive FNN
controller. Also a supervisory controller
is appended into the FNN controller to
force the state to be within the constraint
set. Therefore, if the FNN controller
cannot maintain the stability, the
supervisory controller starts working to
guarantee stability. On the other hand, if
the FNN controller works well, the
supervisory controller  will be
de-activated. The overal adaptive
scheme guarantees the global stability of
the resulting closed-loop system in the
sense that al signals involved are

uniformly bounded. Two nonlinear
systems, i.e, inverted pendulum system
and Chuas chaotic circuit are fully
illustrated to track sinusoidal signals.
The resulting hybrid direct/indirect FNN
control systems show better
performances, i.e.,, tracking error and
control effort can be made smaller and it
iIs more flexible during the design
process.
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Recently, an important adaptive
FNN control system has been proposed
to incorporate with the expert
infformation systematically and the
stability can be guaranteed by universa
approximation theorem. For systems
with  high degree of nonlinear
uncertainty, such as chemica process,
aircraft, and so on, they are very difficult
to control using the conventiona control
theory. But human operators can often
successfully control them. Based on the
fact that FNN logic systems are capable
of uniformly approximating a nonlinear
function over a compact set to any
degree of accuracy, a globaly stable
adaptive FNN controller is defined as an



FNN logic system equipped with an
adaptation algorithm. Moreover, FNN is
constructed from a collect of fuzzy
IF-THEN rules using fuzzy logic
principles, and the adaptation algorithm
adjusts the free parameters of the FNN
based on the numerical experiment data.
Like the conventiona adaptive control,
the adaptive FNN control has direct and

indirect FNN adaptive control categories.

Based on the Lyapunov synthesis
approach, the free parameters of hybrid
direct/indirect adaptive FNN controller
can be tuned on-line by an
observer-based output feedback control
law and adaptive law. Also a supervisory
controller is designed to cascade with
FNN controller. If the nonlinear system
tends to unstable by the FNN controller,
especialy in the transient period, the
supervisory controller will be activated
to work with the FNN controller to
stabilize the whole system. On the other
hand, if the FNN controller works well,
the supervisory controller will be
deactivated. This will result in a smaller
control effort (energy). Therefore, the
overall adaptive scheme guarantees that
the global stability of the resulting
closed-loop system in the sense that all
signals involved are uniformly bounded.
We have successfully designed the FNN
adaptive controllers with supervisory
control to control the inverted pendulum
and Chuas chaotic circuit to track
reference sinusoidal  signals.  The
resulting hybrid direct/indirect FNN
control systems show better

performances, i.e., both tracking error
and control effort can be made smaller.
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An adaptive fuzzy system is a
fuzzy logic system equipped with a
training algorithm to maintan a
consistent performance under plant
uncertainties. The most important
advantage of the adaptive FNN control
over conventional adaptive control is
that adaptive FNN controllers are
capable of incorporating linguistic fuzzy
information from human operator,
whereas conventional adaptive
controller is not. The adaptive FNN
control is divided into two categories.
One is caled the indirect adaptive FNN
control and the other is caled direct
adaptive FNN control.

To summarize the above analysis,
the design agorithm for observer-based
hybrid direct/indirect adaptive FNN
control is proposed as follows:

[Step 1]:

Specify the feedback and observer
gain vector k. and k,, such that the
characteristic matrices A - Bk. and A
- k, C" are strictly Hurwitz matrices,
respectively.

[Step 2]:

Specify a positive definite 1 n
matrix @ and solve the Lyapunov
equation LTP+ AL,=-Q to obtain a
positive definite symmetric i n matrix
P.

[Step 3]:

Solve the state error equation



e=Ae- Bkie+k,(g-8); a=C'e
to obtan estimate state vector
X=y - é&

[Step 4]:

Specify the parameters My, My, Mp,

, G, @ @& eand V based on the
practical constraints. Although V/is any
given constant, but we let V be the
same as Ve, which can be determined
from M, Wl and /.. of P in
3.1).
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This is to match the magnitude
scale of the system so that the designer
is free from supplying Vat random to
the system.

[Step 5]:

Define the membership function
m, (X for /=1, 2,---, M and compute
the fuzzy basis functions x(X). Then
fuzzy logic control systems are
constructed as
FRla,)=x" (X a,; d(xlq,) =x"(Ra,

Similarly, define the other
membership functions and computeh () .
Then fuzzy logic control system is
constructed asu,(R1d,) =h’ (Xa,

[Step 6]:

Obtain the control and apply it to
the plant, then compute the adaptive
laws (3.2)-(3.8) to adjust the parameter
vectors gr, gy and gp. Following Remark
I, we let the unknown g(xX) to be
9,(X)in (3.7) and (3.8).
® Use the following adaptive law to

adjust the parameter vector gy

1-gx(YB'Pe if (a,|<m,)
ior (a,|=m
_fand PBx"(3gq, * 0)
iProf-gx(9 5’8
1if (g |=M,
%and & PBx(Xq, <0)

(3.2)

where the projection operator Proj{*} is
defined as:

Pro{- g.x(X) B Pg =
- 9.X(X) B Pe+

a.f
® Use the following adaptive law to
adjust the parameter vector gy

(33)

g&PB

U Whenever an element gy

(1)* of gy= e use

i, = l gox (X‘)B Peu, if e PBx' (X)u, <0
¢ TO if & " pBx! (Xu, 20

(3.4)

LRY . IFxis F and -,
F/ THEN = gh+ @+ +Qhx,=
e/[1x']"

and X, is



where x/(%) isthe /”” component of x"(X).

U Otherwise, use

. :‘!-gzz(z?)BTP@, if (g,|<M,) or (g,|=M, and & PBX"(%)g,u, * 0)
7 $Prof-g,x(RB Pay} if (g,|=M, and € PBx"(¥g,u, <0)

where the projection operator Prof{*} is defined as.

Prof{- gz)_((i() BTPEU/} =- gz)_((i() BTeu, +g,€ PB

® Usethefollowing adaptive law to adjust the parameter vector gp:
19:h(X9(B"Pe if (g,|<M,) or (g,|=M,
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i Prof{g,h(R g(X B" P& if (a,| =M, and & PBg(x)h’(%q, <O0)
where the projection operator Prof{*} is defined as.

Proflg,h(R 9(x) B PE} = g,8" PBI(XA(R) - 9,8 PBY()
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An observer-based hybrid
direct/indirect adaptive FNN controller
appended with a supervisory controller
for a class of unknown nonlinear
dynamical systems is proposed in this
paper. It is a flexible design
methodology by the trade-off between
plant knowledge and control knowledge
using a weighting factor « adopted to
sum together the control effort from
indirect adaptive FNN controller and
direct adaptive FNN controller. If the
fuzzy descriptions of the plant are more
important and viable, then choose large
a, otherwise, choose small «. Based
on the Lyapunov synthesis approach, the
free parameters of the adaptive FNN

(3.5)
gggg)_( 2(2()1,// (36)

2,
and 8" PBg(xh" (X)q , 2 0) (3.7)
q,9,h (X) (3.9)
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controller can be tuned on-line by an
observer-based output feedback control
law and adaptive law. Also, it is a
valuable idea that the supervisory
control is appended into the FNN
controller. The supervisory controller
will be activated to force the state to be
within the constraint set as long as the
system tends to be unstable controlled
only by the FNN controller. On the other
hand, if the FNN controller works well,
the supervisory controller will be
deactivated. The simulation results show
explicitly the tracking error of larger 4is
less than smaller &, i.e, the plant
knowledge is more important and viable,
and the supervisory controller only
works in the beginning period and after



that the FNN controller is a main
controller. Two nonlinear systems, i.e.,
inverted pendulum system and Chua's
chaotic circuit are fully illustrated to
track sinusoidal signals. Moreover it is
obvious to see that the control effort is
much less and tracking performance is
better than those in previous works.
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