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An adaptive fuzzy design for fault-tolerant control
of MIMO nonlinear uncertain systems
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Abstract: This paper presents a novel control method for accommodating actuator faults in a class of multiple-input
multiple-output (MIMO) nonlinear uncertain systems. The designed control scheme can tolerate both the time-varying
lock-in-place and loss of effectiveness actuator faults. In each subsystem of the considered MIMO system, the controller
is obtained from a backstepping procedure; an adaptive fuzzy approximator with minimal learning parameterization is
employed to approximate the package of unknown nonlinear functions in each design step. Additional control effort is
taken to deal with the approximation error and external disturbance together. It is proven that the closed-loop stability
and desired tracking performance can be guaranteed by the proposed control scheme. An example is used to show the

effectiveness of the designed controller.

Keywords: Fault-tolerant control; MIMO nonlinear system; Adaptive fuzzy control; Backstepping

1 Introduction

Fault-tolerant control (FTC) has attracted more and more
attention in recent years since it is important for safety and
reliability of modern engineering systems. The faults that
engineering systems are subject to usually occur in actua-
tors, sensors, and some parts of the plant. As actuator faults
may cause undesired system behavior and sometimes lead
to instability or even catastrophic accidents, it is necessary
to develop FTC methods against actuator faults in system
operation.

Generally speaking, FTC can be achieved either passively
or actively. In passive FTC, the considered faults are re-
garded as external disturbances, and robust control can be
employed to synthesize the controller. While in active FTC,
the controller is designed to be reconfigurable for occurring
faults. Since active FTC can usually get better control per-
formances, it has attracted more attentions in recent years
and several design methods have been developed, such as
multiple-model-based design [1], fault detection and diag-
nosis (FDD)-based design [2], and neural network-based
designs [3, 4]. The common property of these methods is
that a FDD mechanism is needed to determine the fault in-
formation for the controller reconfiguration; thus, when the
information obtained from the FDD mechanism is incor-
rect, the FTC design will fail. With the learning capability of
adaptive approach, FTC can be designed without resorting
to FDD. Adaptive FTC has been developed to deal with ac-
tuator faults in literature. Ye and Yang [5] considered loss of
effectiveness fault of actuator for FTC of linear systems. Tao
et al. [6] and Tang et al. [7, 8] studied lock-in-place (stuck at
some place) fault of actuator for FTC of nonlinear systems.
However, these results require the nonlinearities of the con-
trolled systems to be known. Li and Yang [9, 10] presented
adaptive fuzzy approaches for FTC of unknown nonlinear
single-input single-output (SISO) systems against both loss
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of effectiveness and lock-in-place actuator faults.

Adaptive fuzzy control, as an effective control method
for unknown nonlinear systems, has been widely used since
Wang proposed stable adaptive fuzzy control for a class
of unknown nonlinear systems in [11]. Several control
schemes were developed in [12~19] for some unknown
nonlinear SISO systems based on adaptive fuzzy approx-
imation theory. Adaptive fuzzy control for unknown non-
linear multiple-input multiple-output (MIMO) systems was
studied in [20~23]. For feedback linearizable systems, the
control design is easier because the nonlinearities only exist
in the last state equation of the system dynamics, see ref-
erences [11~15,20]. For strict-feedback nonlinear systems,
backstepping technique is employed to obtain a control law,
see references [16~19,21~23]. In [22, 23], adaptive fuzzy
control of nonlinear MIMO systems was achieved with less
learning parameters. But so far, there have been few re-
sults on FTC of unknown nonlinear systems with multinputs
multioutputs and strict-feedback structure.

In this paper, an FTC scheme is proposed for unknown
nonlinear MIMO systems with strict-feedback structure.
The proposed controller taking the redundant actuation
structure in [8] can accommodate both lock-in-place and
loss of effectiveness faults of the actuators, although the
faults are time-varying. The main contributions of our work
are that 1) it develops an FTC approach for MIMO nonlin-
ear systems with unknown nonlinearities and external dis-
turbances, and 2) it enlarges the tolerable fault set to one,
which contains both time-varying lock-in-place and loss of
effectiveness faults. Therefore, the proposed control scheme
can deal with more types of actuator faults in more gen-
eral nonlinear systems than the existing results. Besides,
the adaptive learning for each fuzzy approximator is within
minimal learning parameterization as in [22]. However, by a
novel design with the help of hyperbolic tangent functions,
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the proposed control law, compared with the one in [22], can
obtain the desired tracking performance with smaller range
of control amplitude despite actuator faults and external dis-
turbances.

This paper is organized as follows. The problem formula-
tion and preliminaries are presented in Section 2. Section 3
gives the design and analysis of the proposed adaptive fuzzy
FTC scheme. In Section 4, a simulation example is em-
ployed to illustrate the effectiveness of the control scheme.
Finally, Section 5 concludes the paper.

2 Problem formulation and preliminaries

Consider the following uncertain MIMO nonlinear sys-
tem:
Tijg = [ii (T1(—pin)> T2(i—piz)> " > Tmli=pim) )
965 (T1G—pin)s T2(—pia)s " »
T (j—pim))Ti(i+1) + dij (1),
‘i‘iPi = flpL (i‘a U, a’ai—l) + g;l;;7 (i‘)’al + diﬂi (t)’
yi=xin, 1<i<m, 1<j<pi—1,

)]
where x;; is the jth state variable of the ith subsys-
tem, and p; is the order of the ith subsystem. u; =
[wir wio -+ Uk, € R*: is the control input vector of
tth subsystem, where k; is the number of its elements, and
y; € R is the output of the ith subsystem. g;,, (z) € R¥ is
a functional vector. f;;(-), gi;(-) forj =1,2,--- ,p; — 1,
fip;(Z) and the elements of g;,, (), which are denoted
by gip;1(Z), -+ Gip,k, (%), are all unknown smooth non-
linear functions. For simplicity, throughout this paper, the
following notations are used: T;; = [m;1 Zio- - @),

T = [T, T3y, =+ Ty, |" and pi; = p; — pj, with p;
being the order of the ith subsystem.
Remark1 Ifj —p;. <0,r =1, ---, m, then the cor-

responding Z,(;_,,) does not exist and does not appear in
(D). If 5 — pir > 0, Zy(j—p,, stands for the rth subsystem’s
state vector, which is embedded in the ith subsystem.

The considered faults are modeled as follows:

1) Lock-in-place fault

ug;(t) = wg(t), t=>tiy, j € {j1.ga 2 dpt, (2

where 1, () stands for the place, where the jth actuator in
the ith subsystem is stuck. ¢;; is the time instant at which
the lock-in-place fault occurs.

2) Loss of effectiveness fault

uli ()= (t)oir (), ¢ >t k € {jnsfas--- 2 Gp}s 3)
where v;1(t) is the kth applied control input of the ith sub-

system, and t;; is the time instant when the loss of effec-
tiveness fault takes place. ¢;x, € [¢,, , 1] is the effectiveness
factor of the corresponding actuator, and 0 < Ql e S 1is the
lower bound of ¢;;. When Qik = 1, the actuator is normal.
Then, taking (2) and (3) into account, the control input
u;;(t) can be written as
uij = (1= 0ij) i (t)vij + 0455 (1),
1= 1727"' uz ]: 1a25"' y Pis
where ¢, is the lock factor defined as follows:

“

1, if the jth actuator in the ith subsystem
is stucked,
0, otherwise.

&)

Uij =
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Different from the case in [6] where the fault changes sud-
denly, the fault signals considered in this paper are continu-
ous with respect to t. This implies that the considered faults
can enter into the system either slowly or fast. Also, it can
be so abrupt that one can regard it as a sudden change. Note
that the faults considered in this paper are time-varying,
and the information about them is not available. This kind
of faults has not been considered in the existing literature;
however, it is more general in the real physical systems.

The control objective is to design a state feedback con-
troller for system (1) such that the desired control perfor-
mance can be guaranteed, that is, all the signals in the
closed-loop system are bounded and the outputs track the
given reference signals as closely as possible, although
the nonlinearities of the system are unknown and some
unknown time-varying actuator faults and external distur-
bances enter into the controlled system. In order to ac-
complish the control task, the following assumptions are
demanded for our design.

Assumption 1 System (1) is so constructed that, for the
ith (1 < 7 < m) subsystem, when any up to k; — 1 actu-
ators stuck at some unknown places, the other(s) may lose
effectiveness but ¢;; € @ij, 1], the closed-loop system can
still be driven to achieve the desired control objective.

Assumption 2 For the ¢th subsystem, there exist con-
stants a;; and @;; such that 0 < a;; < |gs;()| < @ for
J=12,---,p; — 1, there also exist a;,,, and a;p,, such
that 0 < Qipir < |gzpbr()| < dipirs 1 <r< ki-

From Assumption 2, it can be seen that the continuous
functions g;; and g;;, are strictly either positive or nega-
tive. Without loss of generality, we assume that g;; > 0 and
Gijr > 0.

Assumption 3 The external disturbances are bounded,
that is, |d;;(t)| < d;;, where d;; are known constants.

Assumption 4 The time-varying signals ¢;;(t) and
U;;(t) are continuous with respect to ¢.

These assumptions are reasonable for real controlled sys-
tems. In order to clarify the control design, the following
lemmas are introduced.

Lemma 1 For any given real continuous function F'(z)
on a compact set {2 C R", there exits a fuzzy logic system
Y (z) = T¢(x) such that Ve > 0,

|F(2) — 7€) <<,

(6)

where ¥ = (91,92, ,9\m)7T is the weight vector, and

£(@) = (&1(2),&a(x), -, Er(@)T is the vector of fuzzy
basis functions with its elements defined as

n
[In Al (3)
e M
§il@)=5—
>0 T pgi (i)
j=li=1 "
where n is the dimension of x, M is the number of fuzzy
rules, and 11 ,; (;) is the membership function of fuzzy vari-

able AZ One can refer to reference [11] for more details.
Lemma2 Let M (xy,x9,- - ,x,)beareal-valued con-

tinuous function and satisfy
0<am< M(zy,29, ++ ,25) < am

with ay, and ap; being two constants. Define functions V' (t)
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as follows:

z(t)
V(t) = jo XM (x1, 20, -

’ (En) qu
where z(t) and ((t) are real-value functions with ¢ €
[0, 00). Then, the integral function V'(¢) has the following
properties:
1 1

s Lk—1, X + ﬁ(t)7xk+17

5amz?(t) <V(t) < 5aMzZ’(t),
av (t)
dt
= z(t)M(xl, yTp—1, 2(8)+B(t), Thp1, -+ xn)2(E)
+B()2(E) M (21, -+, wp 1;9 2(t)+B(t), Tht1, 5 Tn))
t):rz(t)j 0 2 oM a2

. 1
+B(t), hers - 2a))d0 = (OB [ M,
Tp—1,02(t) + B(t), Thy1, -+ ,xpn))db.

The proof of Lemma 2 can be found in [22].

3 Controller design and stability analysis

In this section, we present the design of the adaptive
fuzzy fault-tolerant controller by backstepping design pro-
cedure. The reason we take fuzzy logic systems but not neu-
ral networks is that it can incorporate both numerical data
and expert knowledge to achieve faster convergence. For
the ¢th subsystem of system (1), the backstepping design
requires p; steps.

Step 1 Define z;1 = =41
that

— ¥id, and it can be obtained

Zi1 = fir + ginxio + di1 — Yia, (7
where f;1 and g;; are short for the unknown functions

Ji1(T1=pi)s > Tm(1=pim) )
gil(‘%l(l—pilﬁ T 7‘i‘m(1—pim))'

Ifl—pix <0,k =1,2,---,m, the corresponding state

vector Ty (1—_,,) dose not exist in (7). Consider a Lyapunov

function candidate as

Vo= [ Ot bt g0 ®)
where
M (X + %ia) = 91 (Tr(1—pi)s > Bl—1)(1=psgs_1)) X
FYids T(i41)(1=pii41))7 " Tm(L=pim) )
and 5,;1 = é“ — 07, with 0} being an unknown parameter

defined later and é“ is the estimate of 8, ;1 is a posi-
tive constant defined by designer. From Lemma 2, the time
derivative of V;; can be obtained as

Vii = 219 21 + Giazingip
1
— Yid Zi1 j M;1 (021 + yia)d0

m 1- Pij

aM’Ll ezzl + yzd)
+ 2 |0 do
j= 12]761 SZ Y f Oz js
+ *91‘1@‘1- ©
il

Take (7) into (9) and pack the continuous unknown nonlin-
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ear functions into f;;, one can get

. ~ _ 1 ~ =x
Vit = zit(wi2 + fir + 957" din) + zeileil (10)
with
A . ST
fir = g1 fi1 — Wi jo M;1(0zi1 + yia)d0
mo P OM;1 (0
TE S N e R L)

J=Tj#i s=1 ;s

fn can be approximated by a fuzzy logic system from
Lemma 1. That is, for a given €;; > 0, we have

le = 19 161 (Xi1) + 6i1(Xin),
where d;1(X;1) is the approximation error satisfying

1031 (Xi1)| < €,

(1)

and X;; defined as

X = [B10-p0) T(i-1)(1=pii-1y) Til

L) (A=picrn) T
The unknown parameter 07, is defined as 9*1 = ||¥;1]]. From

Assumptions 2 and 3, it is obvious that |gl1 din| < dzl/gZl
Let wi1 = i1 + din /a,1, and take the virtual control a1 as

= T
m(l P'nn)] .

) . 2101 1€
a1 = —(ci1 + %)21‘1 — 6;1]|&in || tanh Ziba €l
Ti1
—w;1 tanh Llwil, (12)
Ni1

where tanh denotes the hyperbolic tangent function, and
¢;1, T;1 and n);;1 are positive parameters. Let 2,0 = 20 — ;1
and design the parameter updating law as

X 14
0 = —591'15?1&1

with ;1 > 0, the derivative of V;; can be rewritten as

—ri16i (13)

. . B 1 -
Vit = zin(zia + cir + fa + 957 din) — 791'1

71

)—l

(5 ’ng 1&11 “1‘7”11911)
v 2] Zi éz i
< (e + %) 2 —zﬂ@illlfu\ltanhw
i

—Zi1Wil tanh i + |ZL1|9 ”le” + |Zz1w11|

il

011011650 —
2yi1 T gy

2 .
*Cilz% . Ti1 — fule 02
4711
Ehéin + 2ra g2
dvix i
where the fact that Ve > 0 and q € R,

971911 + 2i12i2

N

+ zi12i2 + K(Tin+11)

+ (14)

0< |q|—qtanhg < Ke
€

with k = e~ (1) (i.e., k = 0.2785) has been used.
Step k(2 < k < p; —1) From the kth state equation of
the ¢th subsystem of system (1), we can get

Zik = fik + 9ikTi(ks1) T dik — Qi(r—1)- (15)
Choose the Lyapunov function candidate as
Vik = Vige—1) + fo XMk (X + @ir—1))dx + vk ezkv
(16)
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where
Oir = O, — 073,
Mik = g3 @1(k—pu)> > T=1)(k—prga_1))» Tih—1);
X+ Qi(k—1), T(i41) (k—pigis1) " Tmlk—pim))-
The derivative of V;; can be expressed as
Vik V(k )+ zie(@ies 1y + fir + 955 dir)

+791k01ka

ik

(17)
where

. . ) 1

fik = 95 fik — Qi—1) j M (Ozip + oy—1y)d0

m k— Pij

OMiy, (0zir+ 1))
+ 2 Z Zikdjs | 0 d6
j= 1737515 ! f Oz js
aMlk? ezzk +az(k 1))
7 18 9 de
+szx J 8.%15
From Lemma 1, f;, = OF &i(Xik) + i (Xix) with

0ir (X ) satisfying |61 (Xi)| < €42, where
Xik = [T1(h—pin) ** Tl=1)(k=pi(s_1)) Tik
- - T
L(i+1)(k—piciyr)) " xm(k*mm)] :
Define 0, = ||| and wir, = i + dix/a;y, the virtual
control in this step and the parameter updating law for 6,
are designed as

@ H zik 0|
i = —(cir + %)zzk — Oi||&ik|| tanh M
—wi tanh R Zi(k—1) (18)
A 1. R
Oir. = —592'1@55@&1@ — rikbik. (19)

With (18) and (19), following the manipulation of (14) but
substituting the subscript k for 1, the derivative of Vj; can
be obtained as

: k. 2r; — €56y 5
Vie < — Z Cz‘jZin— , %05 + Zik Zi(k+1)
j=1 j=1 Yij
k f fz Tij
5 3 (Tij + mij) + 2 Sigbis + 21 i 1952 (20)
j=1 =1 Yij

Step p; In order to tolerate the lock-in-place faults of
the actuators, the proportional actuation structure is taken
as in [6]

vij = bij(Ti)wi, 0 <b;; < bij(Zi) < bij, 21
where Z; = [z;1 X2 -+ Xip,), U, is the control signal that
will be designed later, and j = 1,2,--- , k;. Then, accord-
ing to the p;th state equation of system (1), we can get

_T — .
= fip: + Gip; Ui + dip, — Qi(p;—1)- (22)
Taking the control input (4) into account, the above equation
can be rewritten as

Z’iPi

Zipi - di(pl—l)7 (23)

where
J#J1s 5
with g;,,,; being the short form of
Gip; (T, Qs Pij,) = D
J=3j1, Jp
From Assumption 4, it can be concluded that the unknown
function defined in (24) is continuous. Besides, from As-

Gip;jUij + fzp 24)

bijbijGip:s-
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sumption 2 and the boundedness of b;;(Z;), it can be seen

that a;,, < ip;, < @ip,;, With
Qipi = ] Z ) bz_]iuglplj > O’
=31, dp
Qip, = > bijlip,-
J=J1,5Jp
Define
1, _ _
Mipi =9; »(xlf" s Li—1,Li(p;—1 7X+ai i—1)»
Pi P p
-’Z‘i+17 T 7jm7 ¢ij1a o 7¢ijp)’

and choose the Lyapunov function candidate in this step as

9~2
Vip, = V(pﬁl)*‘f Mip, (X“‘az(pﬁl))dX‘f' 2%,0
(25)
We can get the derivative of V;,, as
. . N _ 1 ~ =
ViPi :V;(Pifl) +Zip, (ui + fz/pl +gip}dipi) + Teipieipw
P4
(26)
where
L e "M, (0 do
fipi - fipigipi — Qi(p;—1) IO iPi Zip; T ai(ﬂifl))
m  Pi—Pij 1 8M 0z, 40, —
+ X D Zipdys in(OZip 0, 1))d9
j=Tj#i s=1 0 D
pi—1 . 1 9
+ 321 Zipi Lis fo GMipi (0zip, + ip,—1)) 0.

A fuzzy logic system 19?07 &ips (Xip,) can be used to approxi-
mate the packaged unknown function
error &;,, (X, ) satisfying |5;,, (Xip,)

L(i—1)(k—pii—1)) Lipi

ip; With the estimate
< €4p,, Where

X = [jl(k_p“)

_ _ T
B4 1) (k—picipr) " Tmlh—pim)] -

Define 07, = ||, || and wip, = €ip, + dml/azp , the con-
trol signal u; and the adaptlve laW for 6; p; are designed as
u; = —(Cip,+ + 2 2 )2ip; — Zi(pi—1)
. 0o || Ei
Oy, b 2l ]
Tip;
—w;,, tanh 2L 2o 27)
niﬂi
X 1 - ~
eiPi = _ialpifzhglpz — Tip; eipi' (23)

Substituting (27) and (28) into (26), the following expres-
sion can be obtained as

: i 2rij — E5&i pi
Vips € 2 (—cijzd; — MGQ )+ D (Ti+1i5)
j=1 4ij j=1
pi &&ij + 21
Y et (29)

j=1 45

Then, we are ready to give the following theorem.
Theorem 1 For nonlinear system (1) with actuator
faults (2) and (3), if Assumptions 1~4 are satisfied, the
adaptive controllers u; in (27) together with the adaptive
laws (13), (19),and (28),5 =1,2,--- ,p;,t =1,2,--- ,m,
can guarantee that all the signals in the closed-loop sys-
tem remain bounded and the tracking error of ith subsystem
satisfies tgrgo 2% < e for any given ¢ > 0, although there

are unknown nonlinearities and external disturbances in the
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controlled system.
Proof Consider the Lyapunov function candidate for
the whole system as
V=> Vi, (30)
i=1

Then, it can be deduced from (29) and (30) that

. m - pi i — ELEii ~
V< —cij 2% — #93
i;[jgl( I 4vi; i)
Li gz 52 1‘
1 30 (Tij 4 1mij) + Z #9;@?]. 31
j=1 Vij
565 + 2ri;
Define §y = Z Z[ E (Tij + mij) + %0;}2],
i=1j=1 j=1 Yij

it is obvious that 50 is bounded. Besides, according to As-
sumptlon 2 and the fact that a;,, < gip, < @ip,, We have

< gij < a; jl. Then, from the first property of Lemma
2, it can be seen that
1

—o—2h <= [ UMy + aigon)dx. (32
For a given p0s1t1ve constant y, one can always choose the

design parameters such that

n H&i

= dry > L_

2@@_ and r;; 2 p+ 5

Therefore, from (30)~(32) and the definition of V;,,, we

can conclude that

Cij 2

m pi
V< —p 3o 20 Vij + 0o = —pV + do, (33)
i=1j=1
which implies that
1] 1]
vV < (V(0) — ﬁ)e-ﬂt + 2 (34)

From (34), it can be concluded that z;; and éij are bounded
and belong to the following compact set

2 = {(2i,0:5)|V < max(V(0), %

i

)
Also, it can be obtained that lim V = ey Besides, accord-

t—o00
ing to Assumption 2 and Lemma 2, for each ¢,
1 Zi1
fﬂzlzl < jo XM;1(x + yia)dx < Vir < V.
Thus, zfl < 2a41 V. Then, for a given small constant € > 0,

: . o
if the design parameters are chosen to meet 2a;; (—0) <&,

it can be obtained that

do
2041
So far, it has been shown that if the initial value V(0) is fi-
nite, the desired control objective can be achieved, that is,
all the closed-loop signals remain bounded and the output
can track the given reference signal with the tracking error
satisfying tllrgo 22 <e.

<e. (35)

thm 211 < hm 2a,1V =
— 00

Remark 2 The adaptive fuzzy controller of this paper
retains the minimal learning parameterization property of
[22] by updating the norm of the parameter vectors. How-
ever, it has been qualified the ability of fault tolerance and
disturbance rejection. Besides, it can be seen from the con-
trol scheme in [22], if one wants to make the output tracking
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error small, some parameters should be chosen small. How-
ever, this will correspondingly lead a considerably large
control input. Generally speaking, very large control signal
is not desired during the control process due to the actuator
saturation phenomenon. With the help of hyperbolic tangent
function, the control law in this paper can guarantee the de-
sired tracking performance within a smaller range of control
amplitude by appropriately choosing the design parameters.
Thus, the problem of actuator saturation can be avoided ef-
fectively.

Remark 3 Compared with the existing advanced FTC
methods [2, 5, 8], the contributions of this work are that,
first, FTC technique is extended to more general systems,
a class of nonlinear strict-feedback systems with unknown
nonlinearities and external disturbances are successfully
controlled to tolerate actuator faults; second, the fault set
that can be tolerated is enlarged to one that contain both
time-varying loss of effectiveness and lock-in-place actua-
tor faults. This development is obviously important because
FTC is necessarily applicable to more and more general
systems and meanwhile should deal with as many faults as
possible.

4 Simulation

In this section, the proposed adaptive fuzzy FTC ap-
proach is utilized to control a system, and the simulation
results will show the effectiveness of the approach.

Consider the following MIMO nonlinear system:

11 = fu(@1, w21) + 911 (211, w21) w12 + dia(2),
T12 = f12(Z) + g121(Z)u11 + gr22(Z)ui2 + dia(t),
Y1 = T11,
o1 = f21($11, CU21) + 921(3511,5621)@2 + dzl(t),
Bog = fo2(T, 1) + g2o1(T)ua1 + go22(T)u2z

+ daa(t),
Y2 = T21.

(36)

For simulation, the nonlinear functions are chosen as

Ji1 = 0.5(x11 + 221), fi2 = 211212 + T21222,

for = 11721, fo2 = T11W22 + T12T21 + U1,

g11 = 1+0.123,23,, g121 = 2 — cos(z11212),

gi22 = 2 — sin(x11@21), g21 = 2+ coswyy sinxay,

g221 =€ 12+ €2 gogy = €12 4 sinwas.
The external disturbances are assumed to be
d11(t) = do1(t) = 0.1sint, di2(t) = daa(t) = 0.05d(¢),
where d(t) is a square wave signal with the amplitude being

1 and the period being 2. The reference signals are gener-
ated from the following system:

a1 = Ta2,
Tao = —Tq1 + 0001(1 — .’E?jl)l’dg, 37
Yim = Tdi, 1= 172

with 241(0) = 1.5, 242(0) = 0.8. The initial conditions
are chosen as x11(0) = 0.5, 12(0) = 2, x21(0) = 0.7,
r22(0) = 1, 011(0) = 012(0) = 621(0) = 622(0) = 0.
Choose the design parameters as ¢;; = 1.5, v;; = 8,
ri; = 0.5, 75 = 0.01, n;; = 0.01, ;5 = 0.5 fori = 1,2.
b11 = 1, b12 = 0.5, b21 = 1, b22 = 1. The fuzzy member-
ship functions are chosen the same as those in Example 1
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of [22]. The actuator faults are described as follows:

0.5u1, t < 7.5,
u12(t) = ¢ 0.5e7900=75)y, 75<t<7.5—-0.021n0.6,
0.3u1, t>7.5—0.02In0.6,
(38)
Uz, t < 5U2(t:5)+(t - 5)620(1—’11,2(,5:5)),
U22(t): 5<t<5+e_20,

1, t>5+e 20,

(39
The simulation results are shown in Figs. 1~4. It can be
seen that good tracking performance is achieved, although
there are some severe and time-varying actuator faults. It
should be noted that although the FTC law is designed as-
suming continuous o;;, if 0;; changes suddenly from O to 1,
the designed control law can guarantee good tracking per-

formances as well.
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Fig. 2 Output y2 and the reference y2., .
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Fig. 3 Control input u11 and u12.
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N o— S = MW th

Fig. 4 Control input u21 and u22.
We have attempted a few examples; the results obtained
are similar to the ones shown in Figs. 1~4. Actually, the
lock-in-place fault of ugo(t) in (39) is so abrupt that it can
be viewed as a sudden jump. Therefore, the fault set that
can be tolerated is very large. Fig. 5 displays the output
tracking and control input curves with the control method
of [22] to system (36) without actuator faults and external
disturbances. It can be seen by comparison that our design
can get good tracking performance within a smaller control
range, although there are severe actuator faults and external
disturbances entering into the system.
40 . . . .

20 .

uy

0f —

=20 1 1 1 1

Fig. 5 Comparison of output tracking and control input curves.

5 Conclusions

In this paper, the problem of adaptive fuzzy FTC for
output tracking of a class of uncertain nonlinear MIMO sys-
tems is considered. By using adaptive fuzzy systems to ap-
proximate the packages of unknown nonlinear functions,
a novel FTC approach is proposed. Since the considered
systems cannot be feedback-linearized, the control law is
obtained step by step from a backstepping procedure. It is
proven in theory and shown by simulation that the proposed
controller guarantees that all the signals of the closed-loop
system are bounded and the outputs of the controlled system
track the given reference signals closely, although there are
actuator faults and external disturbances entering into the
controlled systems. The proposed FTC approach can deal
with both lock-in-place and loss of effectiveness actuator
faults, even though they are time-varying. Meanwhile, the
number of adaptive laws are reduced to one just equal to
the number of the used fuzzy approximators and the control
objective can be achieved within a small range of control
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amplitude compared to the existing result. Thus, the com-
putation burden can be alleviated considerably and the po-
tential saturation problem of the actuator can be avoided ef-
fectively.
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