Chapter 4
Command Filtered Adaptive Fuzzy
Backstepping FTC Against Actuator Fault

4.1 Introduction

Fuzzy control has found extensive applications for modeling nonlinear systems in the
past 10years. According to the fuzzy approximation theorem of the fuzzy logic sys-
tems (FLSs) [1-6], researchers proposed many approximation-based adaptive fuzzy
control design methods for nonlinear systems (see, e.g., [7-12] and the references
therein).

It has been proved that adaptive backstepping technique is a powerful tool to solve
tracking or regulation control problems of unknown nonlinear systems in or trans-
formable to parameter strict-feedback form [13]. For such systems, many adaptive
fuzzy backstepping controllers have been developed (see, e.g., [14—19] and the ref-
erences therein), where FLSs or neural networks are used to approximate unknown
nonlinear smooth functions. It is well known that, however, in standard backstepping
design procedure, analytic computation of the first derivatives of virtual control sig-
nalse; (i =1,2,...,n—1),i.e., ¢, is necessary. Note that, the computation of ¢;
requires the higher derivativesof &;, j = 0, 1, ..., i —1. Obviously, as system dimen-
sion, i.e., n, increases, the computation of ¢; becomes increasingly complicated. This
limits the theoretical results’ field of practical applications. Hence, how to reduce
the computation of ¢; is crucial issue in controller design, which is a motivation of
this chapter. In addition, the aforementioned approaches required the knowledge of
the desired trajectory y,(¢) and the first n derivatives, i.e., yif)(t), i=1,2,...,n
should be available. It is important to note that in some important applications (e.g.,
land vehicle or aircraft) the desired trajectory may be generated by a planner, an
outer-loop, or a user input device that does not provide higher derivatives. Relaxing
the assumption motivates us for this work.

On the other hand, actuators, sensors or other system components in practical
engineering fail frequently, which can cause system performance deterioration and
lead to instability that can further produce catastrophic accidents. Thus, many effec-
tive fault tolerant control (FTC) approaches have been proposed to improve system
reliability and to guarantee system stability in all situations [20-39].
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In this chapter, a bank of command filters (see, e.g., [40, 41] and the references
therein) are proposed to respectively generate the first derivations of the desired
trajectory and virtual control signals. Then, by using backstepping technique, a robust
adaptive fuzzy controller is proposed to guarantee that the tracking error converges
to a neighborhood of the origin, where FLSs are utilized to approximate the unknown
functions. The contributions form our work are generalized the following aspects:

(1) The desired trajectory and only its first derivative are necessary for the control
scheme presented in this chapter, which is more reasonable in practical appli-
cations. The theoretic results of this chapter are thus valuable in a wide field of
practical applications;

(2) Compared with the existing literatures concerning the standard backstepping
design, the control scheme presented in this chapter does not need to compute the
higher derivatives of virtual control signals in backstepping design procedures,
which decreases the computation complexity;

(3) Different from some results in literature where all system functions are known,
the system functions considered in this chapter are unknown. In particular, the
signs of control gain functions are also unknown.

(4) The actuator fault model that is presented in this chapter integrates not only
unknown gain faults, but also unknown bias faults,where both faults are depen-
dent on the system state and will be approximated by FLSs.

The rest of this chapter is organized as follows. Section 4.2 formulates the problem
under investigation. Nussbaum type gain and mathematical description of FLSs are
also provided. In addition, some basic assumptions and preliminary results are given.
In Sect. 4.3, the main technical results of this chapter are given, where command filters
and adaptive fuzzy controller are designed, and the closed-loop system’s stability
analysis is developed. A numerical example is presented in Sect.4.4. Simulation
results are presented to demonstrate the effectiveness of the proposed technique.
Finally, Sect. 4.5 draws the conclusion.

4.2 Problem Statement and Preliminaries

4.2.1 Problem Statement

Considers the following uncertain nonlinear systems:

X = fi(x) + g (X)xip1 +di(xip1, 1), i=1,2,...,n—1;
Xn = fu(Xn) + gu(X)u () + dy (%, 1); 4.1)
y =X
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where x; = (x, ...,x,-)T € Ri,i = 1,...,n is the state; y denotes the output;
u € Ristheinput; f;(-) € Rand g;(-) € R,i = 1, ..., n are the unknown smooth
functions; d; (-, 1), i = 1, ..., n, denote the unknown dynamic disturbances.

In practical applications, actuators may fail. The fault model considered in this
chapter can be described as follows:

ul = gr(Xu+bp(x,), t > tp 4.2)

where g/ (x,) and by (x,) are smooth functions, which denote unknown gain fault
and bias fault, respectively; ¢ is an unknown fault occurrence time.

Control objective is to design an adaptive fuzzy controller by backstepping with
command filter for system (4.1) such that output y can track accurately the desired
trajectory y, as possible regardless of actuator fault and unknown dynamic distur-
bances.

To design appropriate controller, the following lemma and some assumptions are
given.

Lemma 4.1 ([42]) For Vx € R, |x| — tanh(x/§)x < 0.27858, where § > 0 € R.

Assumption 4.1 There exist known constants g;o > 0 € R and g;; > 0 € R such
that g;1 > |g; (%)) = gio > 0,Vx; e R,i =1,2,...,n.

Assumption 4.2 There exist unknown constant p; and known smooth positive func-
tion ¢; (x;) such that |d; (-, t)| < p; i (x;).

Assumption 4.3 The desired trajectory y,(¢) and its first derivative are bounded and
available.

Assumption 4.4 g(x,) is bounded, i.e., there exist known constants gro > 0 € R
and gy > 0 € Rsuchthat g7 > |g(X,)| > go.

Remark 4.1 Inliterature, the existing results concerning the trajectory tracking prob-
lems of the strict-feedback systems require the classical assumption that the desired
trajectory y,(t) and the first n derivatives, i.e., yg(,')(t), i =0,1,...,n should be
available. Just stated in Introduction, in some important applications (e.g., land vehi-
cle or aircraft) the desired trajectory may be generated by a planner, an outer-loop, or
a user input device that does not provide higher derivatives. Thus, in such case, these
results do not work. Assumption 4.3 in this chapter is more reasonable in practical
applications.

4.2.2 Nussbaum Type Gain

Any continuous function N(s) : R — R is a function of Nussbaum type if it has the
following properties:
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(1) lim sup{ f5 N(g)dg = +oo;
(2) lim inf! [J N(s)ds = —o0
S—>—00 -
For example, the continuous functions ¢ cos(¢), ¢? sin(¢), and s’ cos((/2)¢)

verify the above properties and are thus Nussbaum-type functions [43].The even
Nussbaum function S~ cos((m/2)¢) is used throughout this chapter.

Lemma 4.2 ([44]) Let V(-) and ¢(-) be smooth functions defined on [0, ¢;) with
V(t) = 0,Vt € [0, t7), and N(-) be an even smooth Nussbaum-type function. If the
following inequality holds:

V() <co +/ (gN(s) + Dgdr, vt € [0, 1)
0

where g # 0 is a constant, and ¢ represents a suitable constant, then V (¢), ¢ (#) and
fot gN(g)g"d‘L’ must be bounded on[0, £¢).
Lemma 4.3 ([45]) Let V(-) and ¢(-) be smooth functions defined on [0, ;) with

V(t) = 0,Vt € [0, ¢tr), and N(-) be an even smooth Nussbaum-type function. For
vt € [0, ty), if the following inequality holds,

1 t
V() <co +e*C"/ g(t)N(¢c)ce'"dt ~|—e*”"/ ce''dr
0~ 0

where constant ¢; > 0, g(-) is a time-varying parameter which takes values in the

unknown closed intervals I := [[~!, [*'] with O ¢ I, and ¢ represents some suitable
constant, then V (t), ¢(¢) and f()t g(r)N(g)g‘dr must be bounded on [0, 7).

4.2.3 Mathematical Description of Fuzzy Logic Systems

A fuzzy logic system consists of four parts: the knowledge base, the fuzzifier, the
fuzzy inference engine working on fuzzy rules, and the defuzzifier. The knowledge
base for FLS comprises a collection of fuzzy if-then rules of the following form:

R': if xjis Al] and x5 is Al2 ...and x,is Aﬁl,
then yis Bl, [=1,2,....M
where x = [x1,...,x,]7 C R" and y are the FLS input and output, respec-
tively. Fuzzy sets Af and B' are associated with the fuzzy functions w4 (x;) =

R
exp(—(%) yand g (y') = 1, respectively. M is the rules number. Through sin-
gleton function, center average defuzzification and product inference, the FLS can
be expressed as:
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M n M n
NOED I (H o (xn)/z (H K (x»)
=1 =1 =1 \i=Il

where 3! = max,cp /g . Define the fuzzy basis functions as:

n M n
&0 =[] ra (n)Z(]‘[ /tha <xi>)
i=1 =1 \i=Il

anddefine 0" =[3', 2, ..., yM]1=[61,06,, ..., Op]and & (x) = [£1 (x), ..., & (0)]",
then the above FLS can be rewritten as:

y(x) =0"E(x)

Lemma 4.4 ([5, 6]) Let f(x) be a continuous function defined on a compact set £2.
Then for any constant ¢ > 0, there exists a FLS such as

sup | f(x) —0TE(x)| <e

xesf2

By Lemma 4.4, we know, FLS can approximate any smooth function on a com-
pact space. Due to this approximation capability, we can assume that the nonlinear
function f(x) can be approximated as

f(x,0) =0"E(x)
Define the optimal parameter vector 6* as

6" = argmin [sup | f(x) — f(x, 091
€ U

xXe

where §2 and U are compact regions for 6 and x, respectively. Also the FLS minimum
approximation error is defined as:

e=f)—07Ew)
From Lemma 4.4, the following assumption is made.

Assumption 4.5 There exist an unknown real bounded constant ¢* > 0 such that
le| < &* on compact sets §2 and U.

In this chapter, we use the above FLS to approximate the unknown function
hi(z;), (i =1, ..., n) will defined later, namely, there exists 6/ and &; such that

hi(zi) = 67 &(zi) + &
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From Assumption4.5, there exists an unknown positive real constant ¢; such that
lei] < &

For notational simplicity, we use e to denote e(-). For example, f; is the abbrevi-
ation of f;(x;).

4.3 Design of Adaptive Fuzzy Controller
and Stability Analysis

Define
i =Xi —Oji—q, i=1,2,...,n (43)
where op=yg, ;i—1 (i =2, ..., n)is a virtual control which will be designed at each
step, o, = u is actual control input. The recursive design procedure contains n steps.
From Step 1 toStepn — 1, «; (i = 1,...,n — 1) is designed at each step. Finally an
overall control law u(«,) is constructed at Step n.
In order to estimate the virtual control ;;_; (i = 2, ..., n), define the following
command filter
d)i =—r)w(a)i —Ol,'_l), i =2,...,I’l (44)

where 1, > 0 is a design parameter. Let us define the estimation error signal v; as

vV =w — oy, [ =2,...,n

Remark 4.2 The command filter (4.4) is constructed to avoid the computation of the
higher derivatives of o;_1, i = 2, ..., n. It should be pointed out that the error v;
will be compensated at Step 7 in this chapter.

Step I:

Now, consider z;-subsystem: z; = x| — «9. Form (4.1) and (4.3), one has

21 = filx) + g1(x)x2 +di(x2, 1) — Ya

_ _ _ _ ) 4.5)
= filx) + g1 (xDz2 + g1 (kDo +di(x2, 1) — Ya

Define the following function

21 o
V.1 =/ % 4 4.6)
o lgilo +yal

From the integral-type mean value theorem, it can be known that, there exists a
constant A1 € (0, 1) such that V,, = 212/2g(A|zl + ya). Hence, from Assumption
4.1, we have



4.3 Design of Adaptive Fuzzy Controller and Stability Analysis 83

2

21
— >V, >— >0
2g¢10 7 2gn

Zl2

which means that, V_, is a positive definite function of variable z;.
g oty _ 9| Gotya)]
v - do

. . a@ lalg o+,
VZ] — ! Z1+/ o uyd do'
lg1(x1)] 0 9Ya

=L ity Z—l—/m L
et Y lg1(x1)] o |]g7" 0+ ya)l 4.7)

o
lg1 (x|

. 21 _/ZI 1 o
gl Jo Je @ + )]

Letz; = (x1, w1, d)l)T and

- filx) o /Z' 1
hi(z)) = — —d 4.8
@ lg1(x1)] - 21 /o |:|gl(0’+w1)| 0:| @9

- . . ya [ 1 o) [9 1
Al(zl,ao,ao,a)l,wl):—/ 17510 ——/ 17610
2o ||e7l o +ya)l z21Jo | |g7 o+ o)
4.9)

Note that, i;(z;) will be approximated by FLSs on a compact set §2;, as: h1(z1) =
0;7& (z1)+€1(z1). From Assumption 4.5, we know, there exists an unknown constant
e} such that |e;(z;)| < &7.

Then, we have

Since

, We can obtain

[fix) + gDz + g1(e)oy +di (%2, 1) — yal+

X X di(xo,t _ _ . .
o=zl g1() 22 81(1) oy 1@, 1) + hi(z)]+ A(z1, a0, Qo, @1, @1)
lg1(x1)] lg1(x1)] lg1(x1)]
(4.10)
Virtual control «; is defined as follows:
o N z191(x1)
ar = N(splkizi + hi(z1. 6) + bmm(xl)tanh(””;—l)] 4.11)
1
~ ~ 01 (x
¢ = k2l + hi(z1, 0)z1 + bigi (x1)z tEmh(w) (4.12)

m
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where k; > 1 is a design parameter; i (z;, él) = élTEI (z1) and él are estimates of
01*T§1 (z1) and 67, respectively; by is an estimate of b* = max{e’, g%}, ¢1(x1) =
I+ @1 (xy).

Hence, from Lemma 4.1 and Assumptions 4.1 and 4.2, (4.7) can be further devel-
oped as follows:

g1(x1) g1(x1) pie1(x1) _
1 < 7122 AN(SE + ¢ — 1+ S |z1| + h EDz1
lg1(x1)l lg1(x1)l
g1(x1) gl(_l)
=—kiz} + N(s1)é1 + ¢+ hiGEDz1 — hi (1. 0z —

g1l 2T e !

A z2191(x1) po1(x1)
b1@1(x1)z) tanh( )+

lz1]
n
1 g1(x1) . .o
—kzi + 525+ 2+ 2N + &1 — 0iE1 G+
4 lg1Cxp)l

billzr| 91 G0) = 2161 ) tanh LI ) — by (e tan L

g1(x1)
lg1(x1)l

1
= —(k1 — 1)2124- ZZ% + AN(sEr + €1 — 011Gz + billz1 | @1 (R —

2191 tanh(CHEEL) — by oz tanh (LA 4 4,
~ - (4.13)
Wher691 291* —Ql,b] = bik —b1.
Consider the following function
_ Y 72
Vi) =V, + 591 I 0+ 2—b (4.14)
A
Adaptive laws are defined as follows:
01 = Nlz161(Z1) — 0161] (4.15)
A - 2191(X1) -
b =)»1[le01(x1)tanh(n—) — opiby] (4.16)
1

where [7 is a positive matrix with appropriate dimensions, oy > 0, op; > 0, 7; > 0
and A; > 0 are design parameters.
Differentiating V| with respect to time ¢ and considering (4.9)—(4.12), we have

g1k )ZlN(§1)§1+§1+
lg1(x1)] 4.17)

027857]1b>lk — 0’19] 91 — Ub1b1b1 + Ay

(kl—l)z +4 2~|—

where Lemma 4.1 is used, namely, 0 < [x|—x tanh(f) < 0.2785¢, Ve > 0,Vx € R.
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Since
2
I I R s
0Th, < — LU opibihy < — =271 4 20 4.18
010, 0 5 + 5 Op101D] 5 5 ( )
then (4.17) can be derived as
oo 12 g1(x1) . . 41
Vi<—caVi+ -2+ ———"2N(G1)G1 + ¢+ o1+ Ay (4.19)
4 lg1(x1)]

where )
a|6r]” | onbi?
2 2

Cel = 027857]]b?< +

01 Op1

¢y = min{2(k; — Dgio, —————, —
)‘-min(rl 1) )“1

}

Further, we have

d : 1. g1(x)
. v t cit < _qat 2 o7
dt( 1(1)e") 48 zZ+

: N(c) e + &1e + core'' + Ae (4.20)
lg1(x)]

Let p; = c;1/c1, and integrating both the sides of the above inequality (4.20), it
yields

t

1
Vi(t) < p1r +[Vi(0) — prle " + e_c"/ Zec"zfdt+
0

, '
e_c't/ (lglii; N(c) + Ded &ydr + e—clt/ e Avdt
o 181 0 4.21)

—cyt tl cit 2
<p1r+Vi(0)+e 4e zdt+
0

t t

e_c]t/ ( gl(-x) N(§1) + l)eclts.-ldt +e—clt/ eC]IAId.L.
o lg1(x)] 0

Obviously, if there are not e~ fot %ec"zfdr and e ¢! fot e“" Ardt in (4.21), then,

from Lemmas 4.2 and 4.3, it can be obtained that V, (1), ¢y, él, 131 are bounded in
[0, z). On the other hand, if it can be proved that z,(#) is bounded in [0, 7 /), from
the following inequality

"1 1 ! 1
e_“’/ —eZ2dr < —e 7 sup [22(1)] [ e'dr <—e " sup [23(7)]
0o 4 4 celo] 0 dcy ceto]
(4.22)
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we can obtain that e=¢!" fot %e""zfd 7 is bounded. From Lemmas 2 and 3, we further

obtain that Vi (z), ¢i, él, l;l also are bounded in [0, 7 7).
Furthermore, from [43], the same results can be obtained when 7y = +o0.
Notice that, the boundedness of z, will be considered in the next step, and the
error e ¢!’ fot €' Adt will be compensated in Step n.

Remark 4.3 In [41], the error between w — 1 and ¢ is not considered in the stability
analysis of the overall closed-loop system. Since there exists a difference between
them, the effect of the error should be considered in the closed-loop system stability
analysis. If not, the stability analysis is not complete.

Remark 4.4 1t is valuable to point out, the signs of the control gain functions con-
sidered in this chapter are unknown as well as the control coefficients, which means
that the system model is more general and the results obtained in this chapter thus
have a great significance both on theory and on practical implication.

Stepi (i =2,3,...,n—1):
In this step, consider the subsystem: z; = x; — «;—;. From (4.1) and (4.3), we
have
i = fi() + g (X)zip1 + & (X))o +di (X2, 1) — &t (4.23)

Define the following Lyapunov function

Zi
v, = / — do (4.24)
o lgi(xiz1, 0 +aiy)l

Similar to the analysis in the first step, it can be easily seen that V,, is a positive
definite function of z;. Since

g Fisr o + a1 9 g (ximr, 0 4+ )|

4.25
30!,'_1 do ( )
and from the derivation rule of compound function, we have
= 4
T gl
i 0 -1 Xi—1,0 +oj_ . 0 -1 Xi—1,0 +oj_
/ - g ' ! 1)\)21'71_’_ g (xic 1)|dt,-,1 do
0 Bxi_l 805i—1
i i 3 »_l )zi_ , 0 + o .
_ 4 Z',-—i-/ " g ( ! i l)|i,»,1da n
lgi (xi)1 0 0Xi—1

. /Zi |:3 |87 i1, 0 4+ i) :|
7R} o do
0 daj_

f < 9lg! Xi—1,0 +ai_1)| -
_ z',-+/ o g ! 1)|ii_1d0 n
lgi (xi)] 0 0x;_1
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_ z 9 |gi—1(i,»,1, o+ a;71)|
i o Py do

0
P & d|g (Xi—1,0 +a;_
= z,-—i-/ o 8" i 1)| Xj—ido |+
lgi (x)] 0 9Xi—1
',7 ; Zi 1
%_1Z+di71/ ——= do
lg(x)] 0 g G o +aiy)|
(4.26)

From the definition of the error between the command filter’s state and virtual control
we know, ;1 = w; — v;. Replacing «;_ in (4.26) by w; — v;, from (4.1) and (4.26),

we have

——— (i) + gi(X)zig1 + g () +di(xa, 1) — Q1)+

: |gz( il
/Z" el G ra]. N
. 0% Sl AR PYEST 427

Zi 1
- 4
al 1/o g7 (Riz1, 0+ aimy)| ’

|g ( )l (gz(x )Zl+l +gl(-xl)al +d1()€2, t)) +h (ZI)ZI + A

G o o) € 2; C R,

where z; =
(X 1 [% d|g (xic1,0 + o
hi(zi>=—|f,ﬁz,;|+—/ 0[ e = iTe lda}
8i(Xi 0 i—1 (428)
w; [ 1
— — = do
ziJo |g ' Gicio + )
Zi 0 i1, + o
A,’:/ o |gl (X Lo % l)| Xi— 1d0‘
0 0x; 1

. “ 1
- 1/ g (Fic1, 0 + 0 1)|

1 Zi a i1, + ; 'i Zi 1

o lgr ' (xis1, o w)| do _2/ — do
%1 o g Gisi o + o)

4.29)

Zi

Note that, &, (z;) will be approximated by FLSs on a compact set §2,, as: h;(z;) =
07T & (Z;) +€: (Z;). From Assumption 4.5, we know, there exists an unknown constant

ef such that [g; (z;)| < €.
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The following virtual control is designed as follows:

Zi(X;)

i

= N(s)lkizi + hi(Zi, 6;) + b; @(x;) tanh( )] (4.30)

& = k2 + hi G )z + Bip(E)z tanh (P2 4.31)

i
where k; > 1% is adesign parameter; h; (Z;, é,-) = éiTi;'i (z;) is an estimate ofGi*TSi (i)
b; is an estimate of b}, b* = max{e”, ;—5)}, i (x;) =1+ ¢ (x;).

Remark 4.5 Tt seems strange that k; is set to be k; > 1%. The purpose of “i” is to
compensate for the term iziz which derived in the previous step.

Similar to (4.13), substituting (4.30) and (4.31) into (4.27) and re-arranging it, we
have

1 8i (i ) 5.
V — (ky — 1)Z + Z,+1 + N(si)si + i — 0§ (z)zi+
&Gl
- - - - Zl 1 Zl L
111201 1 8) — 2061 ) tanh () 5 )z tanh ()
) o o " @)
where 0; = 9{* — 6, and b; = b,-* — b;.
Consider the following Lyapunov function
Vi) =Vioi + Vo, + 9 76 + 2—b2 (4.33)
The following adaptive laws are designed as follows:
0 = Nilz&() — 0i6] (4.34)
b, = iz (e tanh () ) (4.35)

i

where I7; is a positive definite matrix, and ; > 0,0; > 0,05 > 0 and A; > 0 are
design parameters.

Similar Step 1, differentiating V; with respect to time ¢ and considering (4.34)
and (4.35), from Lemma 4.1, one has

4 ()
lN 1 1 1
GG STt

0.2785n;bf — 0,0‘_ 6, — Ubibibi + A4

1
Vi <Vioy — (ki — 1~ )Z + - Zz+1+
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allé | Ufll(?,»*llz
2

Since 0;676; < — and oy, b;b; < m" oub | owb” U’" , then let ¢,; =

(0.2785n;b} + a’”9 I ””’Zb ,c; = min{2(k; — 4)g,-o, W "b’}andconsidering

)’ ki
(4.17), then (4.36) can be developed as follows:

: i 8 (x;)
Vi < ijl (—c;V; + ” j( =K iN(c)E + &5 +c€,)+z A; (437

Further, we have

(V (Bei) < et 12+1 + [Z] 1 gj( )|ZJN(§j)§j + &)+ cej)let’ + le:l Ajec!
(4.38)
As doing in the first step, integrating both the sides of (4.38), we have

t
1
Vi) <p; +v,<(0)+e*m/ 4 Ly
0

_QZH/(

Z;:l Cej

Ci

N( /)‘i‘l)eq 5'de+€ ait Z]_ / c'tA d'L'
(4.39)

|g, /)|

where p; =
Similar to step 1, if z;4 is proved to be bounded and Zj‘=1 A; = 0, then, from
Lemmas 4.2 and 4.3, one has, e’ fot %e"“z?ﬂdt is bounded, and V;(z), ¢;, 0;, 13,-
further are bounded in [0, +00).
Note that, the boundedness of z;;; will be considered in the next step while
le=1 A; = 0 will be compensated in the last step.

Remark 4.6 From the aforementioned analysis, it is easily seen that virtual control
laws «; are continuous functions of variables x;, z;, w;, @; and é,-. Since these
variables are available, the first derivative of ;, i.e., &;, can be obtained by analytical
computation. However, just stated in Introduction section, as system dimension, i.e.,
n, increases, the computation of the higher derivatives of «; becomes increasingly
complicated. In this chapter, by using command filter (4.4), only its first derivative
is utilized, which reduce such computation complexity.

Step n:
Now, consider z,,-subsystem: z, = x, — &,—1. Form (4.1)—(4.3), one has

Zn = fa(Xn) + &n ()zn)gf (Xn)u + gn ()zn)bf()zn) — Qp—

—— o . (4.40)
= fn(xn) + gn(xn)u —Qy—1

where J;n()zn) = fn(xn) + gn(xn)bf()zn) and gn(in) = gn(in)gf()zn)'
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Define the following Lyapunov function

n
Vv, = / ¢ do (4.41)
0 |gn(xn—lao'+an—l)|

From the analysis in the previous step, V., is a positive definite function of z,,.
Similar to the previous steps, differentiating V. with respect to time ¢, one has

|g ( ) ——— (& (X)u 4 dy (X, 1)) + 1, (Zn) 20 + Ay (4.42)
where
o (X Lo | ag G o+
h,(Zy) =|J_C E;n; + Z—/ o |: |g ( r )| aj|+
8n (X n 0 n (443)
a)n n 1
Zn |gn (xn,U +wn)|

Zn 9|8 (xnfU +op— 1)‘ Zi 1
Ap =/ o 9z indo | + 1/ 1 do—
0 n 0 & Guoto + )

1 Zi 9\&n (xm o+ wn)‘ n Zn 1
7/ o xnda — —/ —  do
tn o On anJo g Gnn o+ on)

(4.44)

Adding and subtracting Z;’;} A in the right side of (4.42), we have
ann(in) | 1 (ﬂ (x,) + W (Z )2y + Z . 2"71 A
TanGal e e =1
(4.45)

Remark 4.7 The purpose of “adding and subtracting Z'j’;{ A;” is to remove the

error terms 27;} A; (4.37), which is introduced by command filter (4.4) in the
previous n — 1 steps.

It is easﬂy seen that A;(j = 1, ..., n) is a function of variables x;, z;, a;, &j,
a)j anda)/,wherexj —(xl,... ) zJT—(zl,...,zj)T,&j?(ao,...,aj_l)T,
= (g, ..., 0 D7, w; = (a)l,... w;)", (w1, ..., w;)". Let

_ - n—1
W(Zy) = W(Z,) + Z,-:1 A;

where Z, = 37,77, al, al, &f, o).
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From the previous analysis, it is seen that W (Z,) and A; are smooth, which
means that £(Z,) also is smooth. Hence, FLSs can be utilized to approximate it in
the form: h(Z,) = 0:Tg, (Z,) + €,(Z,). From Assumption 5, we know, there exists
an unknown constant € such that |g, (Z))] < e

The actual control is defined as follows:

w = N(S)lknzu + hn(Zy, ) + by(%,) tanh( "gl;( n))] (4.46)
= knzp + hu(Zn, 00)2n + b (%n)za tanh(zn(!;( "))] (4.47)

where k, > % is a design parameter; ho(Z, én) = QA,ITSn(Z,,) is an estimate of
ﬁ@@ﬁ@mmmmmd@=mm¢§¢@@ﬁﬂ+%my
Substituting (4.46) and (4.47) into (4.45), it yields

VZn g - k Z2 + | ”E nzlan(S‘n)gn + gn - 9 En(zn)zn Z A +
% - - - - Zn n( n) ~ Zn n(-in)
b 1120] @n () — 20 (E,) tanh( “’n ) = By ()2 tanh(“’n—)
! " (4.48)

where 6, = 0y — é,, and b, = by — l;n.
Define the following Lyapunov function

1~
V,.(t) = 4.49
( ) Zn 2 n*n 2)\% n ( )
The following adaptive laws are defined as:

Op = Dulza€n(Zy) — 0,6, (4.50)

A - Zn(pn( n) ~
bn =M\, [Zn§0n (-xn) tanh( ) - O'bnbn] (451)

Mn

where [, is a positive definite matrix, n, > 0,0, > 0,03, > 0 and A, > 0 are
design parameters.

Differentiating V,, with respect to time ¢ and considering (4.50), (4.51) and Lemma
4.1, similar to the previous steps, one has

n(_n)

Vi < Vo1 =k, 2+
18 (X))

N(§n)§n+§n+0~2785nnb:_Gnéféll_ Gbn];nén (452)
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From Young’s inequality, we have

~ 112
g, < L ol | g o owbh et
On n < » ObnOnbp & ——F— -
" 2 2 2 2
%2 %
Let ¢, = 0.2785n,b) + M + # then (4.52) can be derived as
g g - - gn()zn) . .
Vn <Vn—l - an |gn(xn)| Vn + |g ()E )|mv(t)N(§n)§n + §i1+
2 2 (4.54)
On 0,1 Obn bn
Cen — 3 3
Let o o

Cp = min{angnO s

)\min(rnil) ’ Z}

from the analysis in the previous steps, then (4.54) can be further developed as
follows:

o~ &%) .
V. < ———N(Gi)Si + & +cei 4.55
;Hgi(xm (6)Gi + &i + cail (4.55)

Further, we have

d o 8i(F) L
— (Vo)) < e > [=——=N(6i)Gi + & + ¢l (4.56)
dt ; |gi (%) ’
where g;(-) = gi(),i=1,....,n—1.
Let p, = f:—“” Similar to the previous steps, integrating both the sides of the

above inequality, we have

et et [ ei~o &%) _ .
V) < o0+ 1,0 = pide e [ ST BN ) + D
< On +Vn(0)+e—clxt /t[ecnt Zn ( %l(‘%l) N(g,)~|— l)g,]d‘r
0 i=1[gi (X))l

4.57)
From Lemmas 4.2 and 4.3, it is easily seen that V,(¢), ¢,, é,,, I;n are bounded in
[0, ). From [43], the same results can be obtained in [0, +-00). Thus, it can be
obtained that z,, is bounded in [0, +00), which means that z,,_; in (n — 1)th step is
bounded. Doing the same reasoning, we finally obtained thatall z; (¢),i = 1,2,...n
are bounded.
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From the definitions of V,, and V;,i =1, ..., n, we known
Vo) =D [V, + Yor =1+ L (4.58)
" =1 @t T T g ’

From the previous analysis, we have

Zi2 Zi o Ziz
2gi1 o lgi(xi—1,0 +ai_y)| 2gi0

Hence, from (4.57-4.59), we have

uw

— <t =120, V1 >0
)»min([‘iil) e g

5 2
il < Vs 10:° <

where 1 = 2gnax(on + Vu(0) + Ny, Zmax = IIEa<X gt > 0,81 = g, 1 =

I

L...,n—1, 8, = gu&rsi

N, = lim zn 1 |:e_”"’/ ( 8 (xi) N(si) + 1)6"”15",,dri| (4.60)
= 0

t=>+o0 i (i)
The above design procedures and analysis are summarized in the following theorem.

Theorem 4.1 Consider system (4.1) and fault (4.2). If Assumptions 4.1-4.5 hold,
command filters (4.4), actual control defined by (4.46) and (4.47), and the adap-
tation laws (4.15), (4.16), (4.34), (4.35), (4.50) and (4.51) are employed, then the
closed-loop system is asymptotically bounded with the tracking error converging to
a neighborhood of the origin.

Proof From the aforementioned analysis, it is easy to obtain the conclusion. The
detailed proof is omitted here.

4.4 Illustrative Example

In this example, a class of nonlinear systems are described as follows:

%1 = x1 + (14 0.5sin(x{))xs + 0.2x; sin(xa1)
X2 = x1x2 + (3 — cos(x1x2))u + 0.1 cos(0.5x,1) 4.61)

y =X
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From (4.61), it is easily seen that, g9 = 0.5, g11 = 1.5, g20 = 2, 821 = 4, pf =0.2,
@1 = x1, p5 = 0.1 and ¢, = 1, which means that Assumptions 4.1 and 4.2 hold. In
this work, the desired trajectory y; = 0.1 sin(z). Obviously, Assumption 4.3 holds.
The actuator fault considered in this simulation research is described as follows:

u’ = (1= 0.5sin(x2))u + cos(x;xs)

Obviously, gro = 0.5 and gy = 1.5, which means that Assumption 4.4 holds.

Fig. 4.1 The time profiles of 0.2
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Fig. 4.3 The time profiles of 100
control input signal

50

-100
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The control objective is to construct an adaptive state feedback controller for
nonlinear system (4.61) such that the system output y tracks the desired reference
signal y; with all the signals in the resulting closed-loop system being asymptotically
bounded.

For this work, the following parameters are given as follows: ky =k, =3, [} =
Fz = diagl, l, 1, 1, 1, 1, 1, 1, 1, l,)xl = )\.2 = 1,771 =N = 0.01,0b1 = 0Op] = 0.1,
0; € R, i = 1,2 are taken randomly in interval (0,1]. Initial state x(0) is set as
(0.2,0.1)". The sample time is 0.08s.

Simulation results are shown in Figs. 4.1, 4.2 and 4.3. From Fig.4.1, we can find
that system (4.61) has good tracking performance. Figure 4.2 shows that the tracking
error converges to a neighborhood of the origin. Meanwhile, the boundedness of
control input signal is shown in Fig. 4.3.

4.5 Conclusions

In this chapter, an adaptive fuzzy tracking fault-tolerant control problem of a class of
uncertain strict-feedback nonlinear systems with actuator fault has been investigated.
FLSs are used to approximate the unknown nonlinear functions. By applying adaptive
command filtered backstepping recursive design, integral-type Lyapunov function
method and Nussbaum-type gain technique, an adaptive fuzzy control scheme is
proposed to guarantee that the closed-loop system is asymptotically bounded with
the tracking error converging to a neighborhood of the origin.
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