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Robust Direct Adaptive Fuzzy Controller
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Abstract : In this paper is proposed a new direct adaptive fuzzy controller that can be applied for
tracking control of a class of uncertain nonlinear SISO systems. It is shown that, in the presence of
the perturbations such as fuzzy approximation error and external disturbance, boundedness of all
the signals in the system is ensured, while under the assumption of no perturbations, the stability
of the overall system is guaranteed. Also, the concept of persistent excitation in the adaptive fuzzy
control systems is introduced to guarantee the convergence and the boundedness of adaptation
parameter in the proposed controllers. Simulation example shows the effectiveness of the proposed
method in the presence of fuzzy approximation error and external disturbance.
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1. INTRODUCTION

The stability of adaptive fuzzy control systems
has been studied by many researchers [1, 2, 3,
4]. Wang has proposed stable direct and indirect
adaptive fuzzy controllers for nonlinear systems [1,
2). There are proposed adaptive fuzzy controllers
combined with sliding mode control regime (3, 4].
Chen et al. proposed indirect and direct adaptive
fuzzy controllers in view of H™ control technique
to achieve H* tracking performance [5].

The approximation error in the adaptive fuzzy
control systems is generally inevitable [1, 2]. The
approximation error can be considered as a distur-
bance in the adaptive fuzzy control systems, which
may cause the divergence of the adaptive process.
Also, in the practical applications, system variables
are continually contaminated by external distur-
bances and noise. Thus, it is important to in-
vestigate the behavior of the adaptive fuzzy con-
trol system in the presence of both external dis-
turbances and approximation error. The adaptive
fuzzy controller should be designed to be robust
to cope with external disturbances and approxima-
tion error. That is, in the absence of approxima-
tion error and external disturbances, the objective
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is to design a stable adaptive fuzzy controller that
would ensure asymptotic trajectory tracking; how-
ever, in the presence of approximation error and
external disturbances, it is no longer possible to en-
sure asymptotic trajectory tracking, and the objec-
tive is to design a controller that ensure the bound-
edness of all the signals in the system and satisfy
the specified performances. In this study, design of
the adaptive fuzzy controller to achieve both ob-
Jjectives is discussed.

The stability of certain adaptive fuzzy control
systems can be assumed as shown in (1, 2]. How-
ever, the approximation error of the fuzzy sys-
tem and external disturbances may deteriorate the
tracking performance due to the fact that the in-
fluence of approximation error and external distur-
bances on the tracking error cannot be efficiently
eliminated (5, 6]. In these cases, the parameter er-
ror in the adaptation process may not be small even
when the tracking error is small and, in addition,
it can diverge as in the case of conventional adap-
tive control systems. In this regard, it could be a
challenging realistic problem to design an adaptive
fuzzy controller that guarantees the boundedness of
both tracking error and parameter error in the pres-
ence of approximation error and external distur-



bances. Wang][1, 2] and Chen et al.[5]) employed the
projection technique in the update law to keep the
parameters within an upper norm bound of param-
eter vector. This method requires a priori informa-
tion regarding the bound on the parameter vector
and the parameter may converge to its upper or
lower bound under continual perturbations. Lu et
al.[3] and Su et al.[4] used an additional switching
controller in sliding mode control to attenuate the
influence of approximation error and external dis-
turbances. However, this latter method may lead
to generation of higher frequency switching control
signals and may excite high frequency modes of un-
modeled dynamics as in sliding mode control. To
resolve these problems, we propose a new adaptive
algorithm which can improve the robustness of the
adaptive fuzzy control system.

In this paper, a new direct adaptive fuzzy con-
trollers is proposed so that not only the stability
of adaptive fuzzy control system is guaranteed but
also, in the presence of approximation error and
external disturbances, boundedness of all the sig-
nals in the system is ensured. Also, the concept of
persistent ezcitation in the adaptive fuzzy control
systems is first introduced to guarantee the conver-
gence and boundedness of adaptation parameter in
the fuzzy system. Simulation results indicate the
effectiveness of the proposed method in the pres-
ence of approximation error and external distur-
bances.

2. ROBUST DIRECT ADAPTIVE Fuzzy
CONTROL

2.1 Fuzzy Logic systems

In this section, we consider a fuzzy logic system
whose basic configuration is shown in Fig. 1.
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Fig. 1. Basic configuration of fuzzy logic system.
Specifically, consider the fuzzy logic system stud-

ied in [1, 2] as:
o 0 (I pp, ()
Yoa (M2 pp (34))

where M is the number of the fuzzy rules, 8;
is the point at which pg, achieves its maxi-

y(z) =

(0

mum value. Let us defene fuzzy basis function

as &(z) = H;;m,..(z»/kf (i (22), & =

=1
1,2,---, M. Then, the fuzzy logic system (1) can
be rewritten as the fuzzy basis function expansion

[2]:

Mk

y(z) =Y &) =€ ()0, (2)

k
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where § = (8;,--,0)7 is an adjustable parame-
ter vector and & = (&), -+, &x)7 is a vector of fuzzy
basis functions, which in this study is called a fuzzy
basis vector. It is remarked that the fuzzy logic sys-
tem (2) is capable of uniformly approximating any
nonlinear function to any degree of accuracy [2]. In
this study, we use the fuzzy logic systems (2) as ba-
sic building blocks of adaptive fuzzy controller for
nonlinear systems.

2.2 Design of a direct adaptive fuzzy controller

Consider a class of single-input nonlinear systems
described by

x(")=f(z,i,--~,z("'1))+u+d(t), y=z (3)

where f is unknown but bounded continuous func-
tion, d denotes the external disturbance which is
unknown but bounded, and u € R and y € R are
the input and output of the system, respectively.
Let z = (z,&,- -, 2N = (z,,23,---,z,)T €
R™ be the state vector of the system which is as-
sumed to be available.

The control objective is to force y to follow a
given bounded reference signal y,,,. Let us denote
the output tracking error e = y,, —y, the error state
vector e = (e, &, , e NT = (e,e3,---,e,)T €
R™ and the tracking error metric as

s = e, (4)

where ¢ = (e1,--+,cn_1,1)7 such that all roots of
h(p) =p"~ '+ -+ cap+c; =0 are in the left-half
plane.

The direct adaptive fuzzy control(DAFC) in [1]
has attempt to directly approximate the following
control law

u = —fl@) +y + ke (5)
Let us consider the following control law
ura(z/8) = €7 (28 (6)

From (3) and (6), the following tracking dynamic
equation can be obtained.

e = —kTe — (ug.(z/8) —u")—d. (7)
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Define the optimal parameter vector §* as fol-
lows:

8" = argmingeq, | sup [u” —up.(z/0)ll,  (8)

zZEN,

where Qg and Q, are the sets of suitable bounds on
8 and g, respectively. Also, the minimum approxi-
mation error is defined as

wa = up(z/07) —u” (9)
The error dynamic equation(7) can be rewritten as
—kTe+ T (@¢ - (watd), (10)

where ¢ = 8* — 8. Here, we can find that,
when ¢,wq and d are bounded, the tracking errors

e, i=0,1,---,n — 1 will be bounded.

e =

2.8 Robustness of the proposed DAFC system

From (6) and (10), the time derivative of the track-
ing error metric (4) can then be written as

—kas + (ug:(2/07) — uys2(2/0)) — (wa + d)
= —kas+ & (2)p — (wa +d). (11)

Let us assume that {d(t)] < Dg, €¢g = Dy + |wql
and A = kg + FII Then, we get the following the-
orem which shows the properties of the proposed
direct adaptive fuzzy controller. For clarification
of the remaining proof, the notations are simplified

§ =

as follows: uy, = us;(z/8) and u}, 2 ug,(z/8").

Theorem 1 Consider the nonlinear system (3)
with the control law (6) and the adaptive low

b= 1-(5+Mas) - £(a). (12)

Then, the tracking error and the approzimation er-
ror of fuzzy system are uniformly bounded. These
bounds depend on the bound on approzimation er-
ror wq and bound on external disturbance d. More-
over, If the fuzzy basis vector £(z) is persistently
ezciting, the parameter error vector ¢ is bounded.
Also, whenever wy and d tend to zero, tracking er-
ror and approximation error of fuzzy system will
converge to zero. That 1s, if we,d,eq € Lo, then
S,g,u'f'z —uf; € Lo,

Proof
Consider the Lyapunov function candidate
_1 15 17
V(S,Q)-z(kds +n9 ?). (13)
Differentiating the Lyapunov function V with re-
spect to time,
1.7

Last+ 147

vV =
kq n—

(19)

1 N .
< —g*+ EfdM - (u}, —u/,)2 + ealuy, — uy.|

201

From above inequality, V < 0 outside a compact
region 14, where the set 0y is defined as

% B {5,218l < (G-)eas 17D < (e

(15)
Since V' (s, ¢) is a scalar function with continuous
partial derivatives in 15 and satisfy 1) V(s,¢) >
0Vs,¢€Qs 2 Vis,¢) <OVs,¢€ Qg and 3)
V(s, ¢) belong to class K, s is uniformly bounded,
ie., |s| £ A4, Also, (4) can be rewritten as

e dca1e™ 4 b b toe = s

(16)

From the input-to-state stability theory[9] and the
design assumption about the vector ¢, if the input
s of the system (16) is bounded, then the tracking
errors e, i =0,1,---,n — 1 are bounded.

The adaptation law (12) can be rewritten as

6= —nE@)EE) ¢ +1((ha — ka)s —wa — d)E(). (17)

Since £(z) is a piecewise continuous and bounded,
when £(z) is persistent exciting, i.e.,

t+To
/ Ea(r)E (z(r)) dr 2 al Yt>to, (18)

it can be shown (7] that the nominal system
¢ = —né(z)€(z)T¢ has an exponentially stable
equilibrium state ¢ = 0. Since £(z),s,wq and d
are bounded, if s is assumed to be bounded, the
perturbation term p = n{{(Ag — kq)s — wg — d)&(z)
is also bounded. Since the system (17) has the ex-
ponentially stable nominal dynamics and the per-
turbation p is bounded, the parameter error vector
¢ is bounded [9]. Therefore, the parameter vector
g also is bounded.

From the equation (14),

o la 1., 2, 1 1,
V< 58" - 5(ufs ) +§(1+‘Eg‘)fd- (19)

Integrating both side of (19), we obtain

/ (8" + (uf. —up)’)dt < 2V — 2V
0

1 o0
+ (1+—2)/ €3dt.
k3 /s

Because Vj, Vi are bounded, if wy,d,eq € Lo, it
follows that s, e,u}, —uy, € L£3. Also, from (6),
(10) and(11), we can find that s, e, uf, ~ufs € Lo
Therefore, from the lemma in [7](if g € £2N L and
g € Lo, then limy o lg] = 0), s,e and u}, — uf;
converge to zero as t — oo. This completes the
proof. |

Also, in the absence of approximation error and
external disturbance, we obtain the following re-
sult.



Corollary 1 Consider the system (3) with the
control law (6) and the learning law (12). Then, the
tracking error and the approzimation error of fuzzy
system asymnptotically converge to zero, and the pa-
rameter error vector ¢ remains bounded. Moreover,
If the fuzzy basis vector £(x) is persistently exciting,
the parameter error vector ¢ asymptotically con-
verges to zero.

Proof Similar to Theorem 1.

Remark 1 If the condition of Theorem 1 are sat-
isfied and a tracking error metric (4) is defined by
s(t) = (& +y)""le(t), ¥ > 0, then the actual
tracking errors can be shown (8] to be asymptoti-
cally bounded by

1 1

16(1)(”! S 2i7i—n+l(_ _ "-)6, i= 0, .

5 ,n—1

Remark 2 The equation (17) represents a stable
time-varying filter. Thus, the parameter search
goes along a "filtered” direction. Also, this indi-
cate that parameter and tracking error convergence
can be smoother and faster than the adaptive fuzzy
controllers with the adaptive law of the form

f=—n-s &)

3. SIMULATION EXAMPLE

(20)

Consider the Duffing forced oscillation system [2]

J:'1 = X2,
Zy = —0.1zy -5 +12cost +u+d.

The system is chaotic if u(t) = 0 and d(¢t) = 0. The
reference signal is assumed to be y, (t) = 1.5sin(t)
and the external disturbance d(t) = sin(6t) is
present. Let the initial state z(0) = (2,0)7 and
the parameter vectors 8(0) = 0. We simply
choose k; = 2, k; = 1, 7 = 25, and Ay = 2.
Also, the membership functions for z;, and z,
are selected as follows: up ,(x;) = exp[-((z: +
2.5)/0.4)%), pr,(z:) = exp[—((z; + 1.5)/0.4)?],
P'Fa.;(zi) = el‘p[‘((zi + 05)/04)2]1 #Fq,.‘(zi) =
expl-((z)/03)2),  pr,,(z) = expl~((z: +
0.5)/0.4)2, ur,, (x:) = exp|—((z; +1.5)/0.4)%] and
pr,, (z:) = exp{—((zi +2.5)/0.4)%], which cover the
interval [~2.5,2.5]. We directly integrate the dif-
ferential equations of the closed-loop system and
the adaptive law with step size 0.02. Fig. 2-3 show
the simulation results by proposed method and the
conventional method using the adaptive law (20).
Also, we can see that, in the conventional method,
even though the tracking error is bounded, the pa-
rameter vectors 8 diverges as t — oo. However,

in the proposed method, we can find that the ef-
fects of both the approximation error and external
disturbance are attenuated efficiently, and the all
signals in the system are bounded.
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(b) Using the adaptive law(20).
Fig. 2. State trajectory in the phase plane
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Fig. 3. Trajectories of element of parameter vector §
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4. CONCLUSIONS

In the paper, a direct adaptive fuzzy controller
is designed based on the new adaptation scheme
which can guarantee the boundedness of all the sig-
nals in the system. In the proposed method, the
concept of persistent excitation is first introduced
to assure the convergence and the boundedness of
adaptation parameters of fuzzy system. Simulation
results shows that, in the presence of approxima-
tion error and external disturbance, the adaptation
parameters of the method with adaptive law (20)
can diverge. However, in the proposed method, we
can find that the effects of both the approxima-
tion error and external disturbance are attenuated
efficiently.
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