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Observer-Based Adaptive Fuzzy Fault-Tolerant QOutput Feedback Control of
Uncertain Nonlinear Systems with Actuator Faults

Baoyu Huo, Shaocheng Tong*, and Yongming Li

Abstract: This paper develops an adaptive fuzzy control method for accommodating actuator faults in
a class of unknown nonlinear systems with unmeasured states. The considered faults are modeled as
lock-in-place (stuck at unknown place). With the help of fuzzy logic systems to approximate the un-
known nonlinear functions, and K-filters are designed to estimate the unmeasured states. Combining
the backstepping technique with the nonlinear fault-tolerant control theory, a novel adaptive fuzzy
faults-tolerant control (FTC) approach is constructed. It is proved that the proposed control approach
can guarantee that all the signals of the resulting closed-loop system are bounded and the tracking error
between the system output and the reference signal converges to a small neighborhood of zero by ap-
propriate choice of the design parameters. Simulation results are provided to show the effectiveness of

the control approach.

Keywords: Actuator faults, backstepping, fuzzy tolerant-control, K-filters, uncertain nonlinear systems.

1. INTRODUCTION

In the past decades, many approximation-based
adaptive backstepping control approaches have been
developed to deal with uncertain nonlinear strict-
feedback systems via fuzzy logic systems, see for
example [1-12] and references therein. Adaptive fuzzy
backstepping control approaches in [1-5] are for single-
input and single-output (SISO) nonlinear systems, and in
[6-8] are for multiple-input and multiple-output (MIMO)
nonlinear systems, while those in [9-12] are for
SISO/MIMO nonlinear systems with immeasurable
states. The main features of the above adaptive fuzzy
control approaches are (i) they can be used to deal with
those nonlinear systems without satisfying the so called
the matching condition, and (ii) they do not require the
unknown nonlinear functions are linearly parameterized.
Therefore, the approximator-based adaptive fuzzy
backstepping control has become one of the most
popular design approaches in intelligent control field.

Although a great development has been achieved for
the adaptive backstepping control, the aforementioned
control approaches assume that all the components of the
considered nonlinear systems are in good operating
conditions. As we know, some faults, such as actuators
and sensors usually occur in the real processes, which
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can degrade the control performances and even result in
the instability of the control system or even catastrophic
accidents [13,14]. It is thus important to develop a fault-
tolerant control (FTC) scheme against actuator or sensor
failures.

To handle the problem of nonlinear system with
actuator or sensor faults, in recent years, many FTC
approaches have been developed, see for example [15-
24] and references therein. [15,16] presented adaptive
fault—tolerant control for linear systems with both loss of
effectiveness and lock-in-place actuator faults. [17,18]
and [19] developed adaptive fault-tolerant controllers for
a class of SISO nonlinear systems and MIMO nonlinear
systems with the same actuator faults as in [15,16], while
[20] and [21] developed observer-based adaptive
backstepping fault-tolerant control approaches for some
nonlinear systems with additive profile faults. However,
the above mentioned fault-tolerant control scheme
require that the considered nonlinear systems with the
matching conditions or the nonlinear functions are
known. To remove these limitations, authors in [22,23]
investigated a class of unknown SISO nonlinear strict—
feedback systems with both loss of effectiveness and
lock-in-place actuator faults, in which fuzzy logic
systems are employed to approximate the unknown
functions, and based on the backstepping technique, two
adaptive fuzzy Dbackstepping FTC schemes were
developed . The proposed control schemes guarantee not
only the stability of the closed-loop system, but also keep
the robust performance of the failed system. On the basis
of the results of [22] and [23], authors in [24] proposed
an adaptive fuzzy backstepping FTC scheme for
unknown MIMO strict-feedback nonlinear systems, and
the stability of the control system was given. However,
the above fuzzy FTC methods [22-24] are all based on
the assumption that the states of the nonlinear systems
are directly measured. As what authors stated in [9-13],
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in practice, state variables are often unmeasured for
many practical nonlinear systems. Therefore, the existing
approaches can not be implemented for the strict-
feedback nonlinear systems with actuator faults and
immeasurable states, which has motivated us for this
study. It should be mentioned that in recent years, several
fuzzy FTC approaches have been developed for fuzzy
systems with actuator faults [25-29]. These fuzzy FTC
scheme designs are mainly based on T-S fuzzy model,
considered the actuators faults existing in nonlinear
systems or fuzzy systems are not kinds of loss of
effectiveness and lock-in-place like in [15,16,22-24];
therefore, they cannot be applied to deal with those
nonlinear systems with actuator faults, immeasurable
states and without satisfying the matching condition.

In this paper, an adaptive fuzzy fault-tolerant control
method is developed for a class of unknown nonlinear
systems with the actuator faults of the lock-in-place, and
without assuming that the states are available for
measurements. With the help of fuzzy logic systems to
approximate the unknown nonlinear functions, a fuzzy
filter is developed to estimate the unmeasured states.
Using the designed fuzzy filter, and combining the
backstepping technique with the fault-tolerant control
methods [19-21], a novel adaptive fuzzy fault-tolerant
scheme is constructed. It is shown that the proposed
control approach can guarantee that all the signals of the
resulting closed-loop system are bounded, and the
tracking error converges to a small neighborhood of zero
by appropriate choice of the design parameters.

2. PROBLEM FORMULATIONS AND FUZZY
LOGIC SYSTEMS

2.1. Nonlinear system descriptions
Consider the following nonlinear system:

X =X+ fi(x)+d, ()
Xy = X3+ fo(x,)+d, (1)
Xy =%, + f(x,)+d, (D)

X, = fn(fn)"'zbjﬂj(ywj +d, (1)
J=1

(1)

Y =%

where u;, j=1,2,..,m, are the control inputs whose
actuators may fail during system operation, x; =[x,x,,

...,xi]T, i=1,2,....n, are the vector of unmeasured states,
y is the measured output, b 20, j=12,...m, are
unknown constants, ,Bj »), j=12,..,m, are known
nonlinear functions, and S,(y)#0 for Vy e R. fi(x;),

i=12,...,n, are unknown smooth continuous nonlinear
functions, d;(t), i=1,2,...,n are external disturbances
satisfying |d,-(t)| < dl.*, with d;” being unknown constants.

As in [6], the actuator failures are modeled as

u;(t)y=u;, t21; je{l2..,mj, (2)

where the failure value

; and failure time instant #; are
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unknown, so is the failure index ;.

The basic assumption for the actuator failure compen-
sation problem is as follows.

Assumption 1: The system (1) is such that for any up
to m —1 actuator failures, the remaining actuators can still
achieve a desired control objective, when implemented
with the knowledge of the plant and failure parameters.

Suppose p; actuators fail at a time instant #, k=1,2,
g, and £y <t <t, <...<f, <oo. Obviously, it follows
from Assumption 1 that ZZ=1 pr <m—1. In other
words, at time e (#;,%,,), k=0,1,..,q, with A
there are p = Zf:] p; failed actuators, that is, wu;(7) =
Up, J=JisJasesdps 0Sp<m=1, and u;(t)=v,(1),
J# JisJases o Where v (1), j=1,2,..,m, are applied
control inputs from some feedback control design.

Given a reference signal y,(¢), and assume that y,(f) has
up to nmth order bounded derivatives. The control
objective is to design an output feedback control scheme
for the plant (1) with actuators failing at time instants #,
k=1,2,....q, such that the plant output y(¢) tracks the
reference signal y,(f) as close as possible, and that all
closed-loop signals are all bounded, despite the presence
of unknown actuator failures and unknown functions.

41 =

2.2. Fuzzy logic systems

In the proposed design procedures and stability
analysis, fuzzy logic systems will be used to approximate
the unknown functions and construct a robust controller.
Therefore, some useful Lemmas are first introduced as
follows.

Lemma 1 [30]: Let f(x) be a continuous function
defined on a compact set Q. Then for any constant ¢ > 0,

there exists a fuzzy logic system f (x|0) =0"¢(x) such
as

sup|f(x) -0 p(x)| <&,
xeQ)

3

where 0=[6,,6,,...,0y]" is the ideal constant optimal
vector and  @(x)=[@(X),....¢y(x)] is the basis
function vector with N >1 being the number of the
fuzzy rules and ¢, are the basis functions defined as

N
¢,=1‘[;yﬂl<xi>/12(1‘[;uﬁz (x))- (4)
-1
3. STATE OBSERVATION SCHEME
Since the nonlinear functions f;(x;) in (1) are

unknown, by Lemma 1, we can assume that f;(x;) can
be approximated by the following fuzzy logic systems

A oo

fi(X;10)=6; $,(x,), (5)
where X, = (%, %,,-, fc,-)T, i=12,..,n-1, and x=
(%, %,,-+, X,)" are the estimates of state vectors x,

and x,, which will be defined later.
Define the fuzzy approximation errors J;

)
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fi(x) = fi(&|6)+6;, (6)

where 6; are optimal parameter vectors defined by [11-
13].

0, = arg ming o [SUP(y, 3 et v, 5 Ji&16) -1, (’_‘i)“

(7
In (7), Q;, U;; and U;, are bounded compact sets for 6,
x; and X, respectively.

Denote 5:[51,...,5,,]T, according to [11-13], we

have the following assumption as follows.
Assumption 2: There exist an unknown constant J ,

such that ||5 || < 5*, |||| denotes the two-norm of a vector.

To develop a solution to the control problem, we use
the proportional-actuation scheme [18,22,23]

v; =sign[b; ]

; j=1,2,0m, (8)

;uo’
B ' )
where u is the designed adaptive fuzzy controller to be
designed by the backstepping technique.

To express the system (1) with actuator failures (2)
under the actuation scheme (8), we define

k=Y sign[b1b;, 9)
J#EJiendp
b‘l’_l" j=j1,"',j
by =4 0 T (10)
0, J#jisdp

Rewrite (1) in the state-space form as:

i=Ax+¢" ()0 +BY ky ;B;(y)+ Bhyuy + S +d,

y= (1D
y=C'x,
where
0
A=|: 1 , x=[x1,...,xn]T,
00 .. 0

B=10,..,0,1", ©"=[4,,...0,1",
C =[1,0,..,0]" e R™, ¢(%) = diag[¢,(%,), ....4,(%)].
The system (11) is further rewritten as:

X=Ax+G'9+5+BY k, ;B;(»)+d
= (12)

y=CTx,

T
kl 0 n—1)x1 A
} , G:Hl( P g, 8T (R) .
6 (1+7)x1 (I+1)xn

Choosing a vector L=[L;,L,,..,L,]" so that the
matrix 4, =A-LCT is a strict Hurwitz matrix, i.e.,

where

|9=

given a positive definite matrix Q=0 >0 there exists
a positive definite matrix P =P’ >0 satisfying

PAy+ AL P=-0. (13)

Note that the states x,,...,x, in the system (1) are not
measured directly, thus we need to design filters to
estimate  x,,...,x, and generate some signals for
controller design.

With knowledge of kz’j, j=L2,..m, we have a

virtual state observer as

2=6+8" 9+ k¢ (14)
J=
with the filters defined as
4%0 = A4y + Ly, (15)
&M= 4¢" +G", (16)
£ =4S+ BB (). 17

Since the signal 9 in (14) is not available as ©" is
not, and the actual state estimate should be

m A
R=E+ET9+Y ky ), (18)
j=1

where ¢ and 132, ; are the estimate of 9 and k),
respectively. Denote y is the first column of ¢&. The
vector u is governed by

fi= dgpi+ B, (19)
In view of (16) and (19), & is expressed as

&=[uET. (20)
From (16), one obtains

E= A=+ (%) (21)

Define the observation error as e =x—z, then from
(12), (14), (15), (16) and (17), we have

e=Ae+5+d. (22)

Consider the following Lyapunov function ¥V, = ¢’Pe,
the time derivative of ¥, along with (22) is

Vy = e’ (4] P+ PAy)e+2e" P(5 +d). (23)

By Young’s inequality and Assumption 2, we have
27 Po <2l Pllel < eff +PF 57, en

zeTPdsz||e||||P||||d||s||e||2+||P||2[zdz‘2j. e3)

i=l1

Substituting (24) and (25) into (23), we obtain

Vo < ~Canin (@) =2)|e|* +] P (5*2 +yd? J (26)
i=l
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4. FAULT-TOLERANT CONTROL DESIGN
AND STABILITY ANALYSIS

In this section, an adaptive fault-tolerant control
scheme will be developed by the backstepping technique
and the filters (15), (16), (17) and the stability of the
closed-loop system will be given.

Define

ky =lky1ukspssky ] and @, =¢85 000 $i s
where Cii» J=L2om, i=12,..,n are the ith variable
of ;, j=L2,..m.

From the first equation in (11), one obtains

X =% +0, 4(%)+6 +d,. (27)

Since x, is unavailable, it is replaced by available filter
signals. From (14), x, is expressed as

T T
Xy =80t d+t o ky te,

- T (28)
=kt + S, +[0,E ) |9+ ky + e,
where =, are the second rows of =, respectively.
Substituting (28) into (27) yields
X =k + &, +M 9+ 0l ky +e, +6,+d,, (29)
where
_ T sy, = 17
M =[16,45) () +E )], (30)
M =[0,40) () +E) 1" (31
From (19), we obtain
L= — Ly, 1=2,..,n-1, 32)
L, =ug—L, 1. (33)
Let g is the first row of .
Define a change of coordinates as
X1=V" Ve (34)
2= =R\ —ay, i=2,.n, (35)

where « is the estimate of unknown constant x =1/k;.

Based on the above change of coordinates, the detailed
adaptive backstepping control design is given by the
following n-Steps.

Step 1: The time derivative of y; is

H=kin+E, +M 8+l ky +e,+6,+d, - J,. (36)
Consider the following Lyapunov function:
v, =V, +%;{12 e +2L5*2
+—3T79+—k"T5'%,,
> 1 yf2 ik
where T, =T7 >0,T, =03 >0, ,>0 and , >0 are
design constants. 3= 9-9, 57 =56"-5", lgz =k, —122

and; 9, 3*, 1:72 and £ are the estimates of &, &, k,
and «x, respectively.

The time derivative of V; along (36) is

Vi=Vo+ kg +&op + M 9+ 01 ky +6,

+d1+e2—y',)—97r;'§—i5*5* (38)
V2
—ikllaé — ke, T3 %,
N
Substituting (35) into (38) results in

Vi =Vo+kinin + kR, — nkka, + (@
+802 +MT 9=, + 01 k) + (e + 6, +dy) (39)
- éTrl“é—iS*é* —iklfaé—léfrg‘léz,
72 N
where ¢, =k, o will be designed later. Using
Young’s inequality, we have

1 1
ne <le.| +y 22 <l oy 7, (40)
1 1 1 -« 1
249 SE|5’11|2 +5112 Sgdlz +5112 (41)

Substituting (26), (40), (41) and x=1/k; into (39)
yields

. 3 1 £3
S (i (@ -3 +]P[° [5 ? +dej
i=1
— 3 _T A T ~
+hoax+ [0‘1 +zll +So M S+ k,
48" tanh[ﬁj]ﬂ 2|6 - xs" tanh(ﬁJ
-

+6° (}(l tanh(ﬁ]—iéqhy (}(11\71 —Fflé)
s) N

(42)

- _ S S
+K(_Zlklal -k y, _7_]‘1’(}
1

+/€2T (7(10)2 _r£1/€2)+%d1*2’

where ¢ > 0 is a design parameter.

For the convenience of the later derivations, we cite
the following Lemma 2.

Lemma 2 [1]: The hyperbolic tangent function fulfills
that for any ¢> 0 and any x € R,

|x| —xtanh(x/¢) <0.2758g.
From Lemma 2, it can be seen that
|71|6" = 76 tanh(y, /) <0.275858 =" (43)

Choose the stabilizing control function ¢;, tuning
functions and parameters adaptation laws as
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— A

& == —%7(1 ~ ok, _MT‘9—§0,2 = tanh(%) )

(44)
n =My, (45)
oy =y tanh(y, /¢), (46)
Vi =@, 47)
C=-n(nle +y,)+0,.8), (48)

where ¢, is a positive design constant, &, >0 is a
small constant. Substituting (43)-(48) into (42) yields

2
Vl <—( mm(Q)_3)||e” "‘kl)(llz_clllz
+ 5 (0'1 —ié*jwf (rl —r;lﬁ) (49)
Ve
+ k& KR+ kT (vl -rglléz)u)l,

where D, :||P||2 [5*2 +Zn:djzj+%dfz ey
il

Stepi (2 <i<mn-1): The time derivative of y; is

. - ) 0 M
i = i = Ly =Ry _?(lﬁﬂz +6,+ M9
I

tolky vey +6,+d)+ H, —%(é—rm,l
(50)

. o
+I'6; 0,1 t7,0,0 )

aa, .
6k2

(kz Lhvo 1+F253k2)

where &, >0, 0, >0 and o5 >0 are small constants.

H; ==L (446, +Ly)——’_1(A05+¢T(>?))
afo
_Oa; 9, _Oa; fi—| +aai:1 2

oy, ou oK

80{ 1 — A%
= 1—‘(T _0-'9)_ "* 7/(0-1 0-5)
E 1701 o8 20T %

0oy _ 7
Yt (Vi —03k,)

sz 3f2

Consider the following Lyapunov function

Vo=V b 23 (51)

The time derivative of V; along the solutions of (50) is

Vi=Via+x {ﬂm — Ly Ry~ a;‘l (o2
! (52)

+MT.9+a)2Tk2+e2+61+d1)+Hi—%(§

-T'z, +F09)— (5 — 7,0
i-1 71107 66 201

_ ax aal-_ A —
726,60 )— i ! (ky =TV, +F20'3k2):|~

2

Using Young’s inequality, we have

2
<o L ( ] s 53)

1 2
C al 1 2 0 iy 2
P 8x1 l 2 2 ( 8x1 j & ( )

Substituting (53) and (54) into (52), and by Applying
Lemma 2, the (52) can be rewritten as

_/1/1

. i-1 . .
V<~ @~ G+ D)l - S, 22 + 87 (1, -17'3)

q=1
~ 1 A« ~ A
+6 [0',-——5 }rsz(vi—F;lkz)
7>
n i-2
+D, + kG KR+ Y (A + Ay
=i k=1

3( 0, ?
iy ) Hen 2y + 20| K 1+

ox
—Lip - 021 (Sao,z +M7 3+ a’zrlgz ) +H; (55)
X
LR (9 Ty +T 01,9) Oaiy (5*
09 00

'\*) 80.’1-_1

—720i1 720,20 (kz P

2

+F253l€2 ) + 77,-3* tanh [%H

When i =2,
. I 1 i«
v, S_(/1rr1irl(§2)—4)||e||2_‘317(12+5 [0'2__5 j
Ve
+.§T(r2 —Ff1§)+k15,(/€72+l€2r(v2 —r;‘léz)
2

2
A 3(0
tD |\ rhn o +—| — | Ly
4\ ox

Oy (

&n+M 3+w2k2)+H2 aé(é—rm

A a Ak A% a A
+r1519)—?1(5 0+ 725 )—82‘1 (k2

2

T+ F253l€2 ) + 7723* tanh [%H,

where
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D =D +rd? e, r=1, - Sl M2,
2 ox
_8051.,1

o T
L=E0-"0 _M_ﬂ‘J’ ﬁ'z[ll’()’"-vo] > 17; 5
[axl o

oa; .
Vi=Via — i i @;, 0; =0, + 7 tanh Z)
ox; S
Define
Oy 4 — AN
-——LI-Tr +T,59) =D Ay 75 (56)
69 J=i
oay_y , i - u
——5H (0 =10 T30 ) =D AL K (57)
06 ~
oa;, ; — 7 S
————(ky =Ty, +T,03k; ) = ZEi—l,ija (58)
Ok, =i
where
. Oa ;_
Al-j _ aal:l 1—‘1 —IIM,
' 09 0x,

oa; nix;
A, =—LLy,m; tanh| 2L,
o s 2 [ ¢

) Oa
E.; = aaﬂhl r,—-
’ akz axl

0)2 .
Choose the stabilizing control function ¢; as

d =y 3| 021 2
1 IZI 4 axl ll

0
+

a;_ ~ N
(Gt orky +M' )
! (59)

i1
+ Ly - Z(Ak,i +Ap TE )X
k=1

~H,-n,6" tanh[ﬂ}
S

When i=2,

2
a, =—k y —c —3 %
2 X1~ 4 oy, X2

) . .

+ 20 &, + 0Tk +MT)
ox;

Lo = (A, + A +E L)

-H, —7725‘* tanh(Mj,
S

where ¢; > 0 are design constants. Substituting (56)-(59)
into (55) results in

V< ~Coin (@) =+ 2D =Y e, 2 (60)
q=1 2
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3 -T79) + 8 [0',. —ié*j
72

°T -17 —
+hy (v; —T) k) + kG KK+ i 2
n i-1

+ Z Z(Ak,j +Ay +E ) Xen X+ Dy

j=i+l k=1
Step n: The time derivative of y, along (35) is

. A A (-1
Zn :u() _Lnlul _Ky}(’n) _Ky}(”” )

0
g”‘l (G + M S+l ky +e, +6, +d,)
X1

0 A R
+H, - Z’gl (9-Tyr,_, +T,5,89) (61)

_ aan—l
25"

- 605”—1 (kA2 _FZVn—l +F253k,\2 )a

~

ok,

(5* =720, +7/252$*)

where H,, is given in H; with i = n.
Consider the Lyapunov function as

V=V, =V +3 22 )
Using (62), the time derivative of V, is

Vn = I/.'n—l + X |:u0 _Lnﬂl - ’eyr(*n) _’ey;(*n_l)

0
_ 0% (§0,2+MT.9+a)2Tk2+e2+51+d1)+Hn
X1
oa 1A A
——=3-Tr,_ +I'0,9)
Y 171 t1107
BLLIEY SRR X8 (63)
aé';* 2% n-1 2%2
0 A A
~ (ky =Ty, +T,05k) |.
Ok,
Using Young’s inequality, we have
2
oa,_, 2 1{0a,_ 2
— e <t +—| ==L | 42, 64
7t s+ | (64
2
oa,_, 1 «» 1{0a, 5
- =d < —d - —— . 65
Xn o, =59 2[ o, Xn (65)

In the similar derivation procedures as Stepi, the (63)
can be rewritten as

. n_l ~
Vy <~ ain(@ =+ ) =X e, 22+ (2,
g=1

I7'9)+8° {an —ié"}é{ (v, ~T3'k)  (66)
e

n

n-3
+ Z Z(Ak,j +AL HE ) in X
j=n—1k=1
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2
n 3(0
+k G KK+ D, + y, | uy +— D1 Xn
4 ox

526”71 (&), + M3+ 0lky)+H,

X1

_Lnﬂl -

a A A 5 A%
- Lot (3-Tz,, +1169) - an*_l (6

09 06
—50, +y5$*)—aan_l
2% n-1 2%2 aléz

(ky =Ty,

5k S tanh[Mﬂ,
-

where

aan—l M

1 .
D =D  +—d “+¢', 1, =1
n n—1 7 1 S n axl

n n-1"

n-1 _ a0(;7—1
@y n
Ox, ox,

0, =0, — XN, tanh (Z”—n”]
9

Vi =Vn1 = Xn

>

Choose the actual control u, and parameters adaptive
laws as

4 ox ]
n—1

+ M )+ Ly = (Mg + My + B ) kst (67)
k=1

-H, —nné* tanh(mj,
)

3( 0 ? Ooa
Uy =—CpXn __( 1] j Xn + a;_l (50,2 +(0§k2

9=T,(z,~5,9), (68)
8" =yy(0,-555"), (69)
]‘;2 =1, (Vn_54]€2 ), (70)

where ¢, > 0 is a design constant. Substituting (67)-(70)
into (66) yields

Vy € ~Unin @ =1+ 2)el* =Y ¢, 27 +5,5" 3
g=1 (71)
+5,6°8" + 5,k by + kG KR+ D,
Using Young’s inequality, we have
V< ~Cia (@)= (n+2))e|* =X ¢, 25 + D
q=l (72)
1 s8R — 2P — 71 . — 1~
@ 19 +&[8°[ + & [l + e &,
where
5*

1 _ _ 2 _ _
D=D, +5(0'2 ||19||2 +0; +5, ||k2 ||2 +kG, |K|2).

Let A,,(Q)—(n+2)>0, and define

ﬂ’min (Q) - (n + 2) 2¢ 52

C =min . s
ﬂ’max (P) ﬂmax (rl_ )

_ %
ﬂ“max (r;l )

Then (72) can be written as

7715[(’7253’(1 =17"°,n}'

V,<-CV,+D, (73)
which implies that
v, <V, (0)e“ +D/C. (74)

From (74), it can be concluded that for each i=1,...,n,
the signals x;, X;, %;, 9,68 &, l€2 and uo(u) are bound-
ed, and that |y()—y, ()| <2V (0)e <> +y2D/C.
As t—>o0, e/ 0, it follows that |y(r)—y, (1) <
~2D/C. Moreover, as stated in [12,17,19], the constant
N2D/C can be made as small as possible by choosing
the positive definite matrix O, and the design parameters
Cg V15 V2 Oy> O, 0, and O3, g=1,...,1.

From the above design procedures and analysis, the
following theorem is summarized as.

Theorem 1: For nonlinear system (1) with actuator
fault (2), if Assumptions 1-2 are satisfied, the controller
(67) with the filters (15), (16), (17) and parameter adaptive
laws (48), (68), (69), and (70) can guarantee that all the
signals in the closed-loop system remain bounded and
the output error converges to a small neighborhood of the
origin by choosing the design parameters appropriately.

5. SIMULATION STUDY

In this section, two examples are given to show the
effectiveness of the proposed adaptive fuzzy fault-
tolerant method.

Example 1 (Numerical example): Consider the fol-
lowing uncertain nonlinear system:

X =X+ f1(x) +dy (1),

X, = () +b By (¥)uy +b, B, (y)uy +dy (1), (75)

=%
Where fi(xl) = Cosxlza fZ(x) = e)q +x2a bl = 39 ﬁl(y) =
B(y)=1 d,(t)=d,(t) =sin(#) and b, =5.

Define fuzzy membership as follows:

fy () =exp[=(5y =3+ /4], 1=1.-.5,

1,y Gi %) = expl=(G =3+ /1]

x exp[— (%, —3+1)* /4].

Specify the observer gain vector L =[L,L, 1" =17,717,
such that 4, is a strict Hurwitz matrix.

Construct filters (15), (16), (17) and choose the control

uy (67), the stapilizing gontrol @, (44) and the adaptive
laws £ (48), 9(68), & (69)and k,(70).
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The design parameters in the controller and adaptation
laws are chosen as o0, =0,=03;=0,=09, ¢,=4,
¢, =4,7,=003y,=04,¢=1,T,=11/,I, =21

In this simulation, the actuator faults introduced for
simulation are #;=0.2 when 7 > 15. The tracking
reference signal is chosen as y,(f) = sin(?).

The initial conditions are chosen as x;(0) = 0.1, x,(0)
=0.1, &,(0)=0.1, &,(0)=0.1, 9(0) =[0.1,0,0,0,0,0,
0,0,0,0,01", and the other initial values are chosen as
zeros. The simulation results are shown by Figs. 1 and 2,
respectively.

From Figs. 1 and 2, it can be seen that the proposed
fault-tolerant control method can guarantee that all the
variables are bounded and the output y(¢) can track the
given reference signal y,.

Remark 1: It should be pointed out that adaptive
fuzzy backstepping faults-tolerant control approaches
have been recently developed by [22-24] for a class of
uncertain nonlinear systems in strict-feedback form.
However, these adaptive fuzzy faults-tolerant control
methods are all based on the assumption that the states of
the nonlinear systems are directly measured. Therefore,

= (zolid) and y,.(dash

0
ot J
0 10 20 30 40 50
seconds
10 . . : .
1npqlmchQlJ« w4 (solid) and wg(dash)
0 g - “'\/ﬁ'.urlj.r]ﬂc'\f/”'\_.p\x—«v’”u\\,f‘A\f\,v/“»\,»/%\'
|
I
10l |
0 10 20 30 40 50
seconds

Fig. 1. The curves of x; (solid), y, (dash) and curves of
u (solid), u, (dash).

x4 (solid) and hatzy (dash}

0 10 20 30 40 50
seconds

25 zz(solid) and hatzs (dashh

0 10 20 30 40 50
seconds

Fig. 2. The curves of x; (solid), X; (dash), i=1,2.

2r z3 [solid) and hatm; (dash]
0r i
-2t . . L .
0] 10 20 30 40 50
seconds
40F ' " (0lid) and Rdta; (dashy
20+ B
0 4
20, 10 20 30 40 50
seconds
2t ' L =z (solid) and g, (dash)
of NV VI VNN AN
-2_ 1 1 1 1 ]
0 10 20 30 40 50
seconds

Fig.3. The curves of x; (solid), X; (dash), i=1,2;
curves of x; (solid) and y, (dash).

these approaches in [22-24] can not be implemented for
the systems with actuator faults and immeasurable states.

In order to demonstrate the effectiveness of our fault-
tolerant control scheme, the tracking, observer errors and
control input curves of the proposed adaptive fuzzy
control method are plotted in Fig. 3 without fault-tolerant
technique. It can be seen that the closed-loop system
becomes unstable.

Example 2 (Applied example) [32]: To further illus-
trate the effectiveness of the proposed adaptive fuzzy
control approach. Let us apply the proposed adaptive
control scheme to a pendulum system with disturbances.
The equation of motion of the pendulum is given by:

. .1
mlg =—-mgsing —klg = 7u, (76)

where u € IR is the torque applied to the pendulum,
q € IR is the anticlockwise angle between the vertical

axis through the pivot point and the rod, g is the gravity
acceleration, and the constants &,/ and m denote a
coefficient of friction, the length of the rod, and the mass
of the bob, respectively. It is assumed that the constants

k,! and m are unknown. Let x, =ml*(q—7), x, =
mil? (q' +%(q - ﬂ)). By choosing &, / and m so that m/*=

1, thatis, m=g> k=g> and /= g.
The nonlinear system can be expressed as follows:

X'] =Xy =X,
).CZ = blul + b2u2 +sin X|5 (77)
y=Xx.
Define fuzzy membership as follows:
Hpa i) =expl~(; —2+0%/6), [=1,--,5.
Hyg G 3y) = expl=(% =2+ 1% /2]
xexp[—(%, =2 +1)* /6]
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Fig. 4. The curves of x; (solid), X; (dash), i=1,2;
curves of u; (solid) and u, (dash).

Given the reference signal y,(r)=0, the actuator
faults introduced for simulation are u; =0.2 when
t >15. Construct filters (15), (16), (17) and choose the
control u,(67), the stabilizing control ¢, (44) and the
adaptive laws & (48), 3(68), 8" (69)and £, (70).

The design parameters are chosen as L, =5, L, =5,
=1 ¢ =1 =004 p,=05 ¢=08, T, =11,
Ir,=2I,6,=0,=6;,=6,=0.7.

In the simulation, the initial conditions are chosen as,
x1(0) = 0.314, x,(0) = 0, 9(0)=[0.5,0,0,0,0,0,0,0,0,0,0]",
and the other initial values are chosen as zeros. The
simulation results are shown by Fig. 4, respectively.

From the above simulation studies, it is clearly know
that the proposed adaptive fuzzy fault-tolerant control
method can guarantee the all the variables are bounded
and can achieve the good control performances even in
the presence of the actuator faults, unknown functions
and immeasurable states.

6. CONCLUSION

This paper has developed an adaptive fuzzy faults-
tolerant control method for accommodating actuator
faults in a class of unknown nonlinear systems with
unmeasured states. The considered faults are modeled as
the lock-in-place. With the help of fuzzy logic systems to
approximate the unknown nonlinear functions, a fuzzy
filter has been first established for estimating the
unmeasured states. Based on the backstepping technique
and the nonlinear tolerant-fault control theory, a novel
adaptive fuzzy faults-tolerant control approach has been
constructed. It is proved that the proposed control
approach can guarantee that all the signals of the
resulting closed-loop system are bounded and the
tracking error between the system output and the
reference signal converges to a small neighborhood of
zero by appropriate choice of the design parameters. The
detailed simulation studies have been provided to show
the effectiveness of the control approach.
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