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ABSTRACT. In this paper, the fault tolerant control problem is investigated for a class of
high-order nonlinear systems. By using the approximation capability of the fuzzy logic sys-
tem, an adaptive fault tolerant stability control scheme is proposed. Based on Lyapunov
stability theory, all of the signals in the closed-loop system are proved to be semi-globally
uniformly ultimately bounded. The simulation results demonstrate the effectiveness of
the approach.
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1. Introduction. Adaptive stabilizing control design of nonlinear systems is always one
of hot issues in current control theory research. Compared with linear systems, the nonlin-
ear systems are more accurate in describing the practical systems. However, the research
in nonlinear systems is more complex. The stabilization problem of high-order nonlinear
systems has received a lot of attention. The stability control or output tracking problem
of a class of high-order nonlinear systems has been studied [1-10]. In [4], a continuous
feedback method was proposed to solve the global strong stability problem of a nonlin-
ear system which may be unstable even locally. In [5], the output-feedback stabilization
problem for a class of stochastic high-order nonlinear systems was investigated. In [6], the
generalization of the homogeneous idea in the global adaptive stabilization of high-order
uncertain nonlinear systems was improved. In [7], the finite-time stabilization problem for
a class of high-order uncertain nonlinear systems was researched. In [10], the problem of
global asymptotic stabilization control design was solved for a class of high-order uncer-
tain nonlinear systems. It is well-known that the control problem of high-order systems
is more complex. Recently, high-order systems have been investigated, and many results
have been obtained [1-10]. However, the faults occurring in the controlled systems are not
considered in the above-mentioned results [4-7,10]. In fact, actuator faults often occur in
the practical applications, which will cause system performance deterioration and lead to
instability that can further produce catastrophic accidents.

In the past decades, fault tolerant control (FTC) has attracted wide attention, and
abundant results are achieved in [11-17]. In [15], a new sensor fault model was designed
to deal with practical problem in sensor fault diagnosis and estimation of near-space
hypersonic vehicle. In [16], the problem of fault-tolerant dynamic surface control was
discussed for a class of uncertain nonlinear systems with actuator faults, and an active
fault-tolerant control scheme was proposed. In [17], the problem of the time delay due
to fault diagnosis on system performance was investigated, and a new fault diagnosis
algorithm was proposed to avoid the negative effects. However, the above studies only
consider low-order systems and do not consider high-order systems.
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In this paper, an adaptive fault-tolerant stability control scheme is proposed for a
class of high-order nonlinear systems with actuator faults. The approximation capability
of fuzzy logic system is utilized to approximate the unknown function. The following
contributions in this paper should be emphasized: 1) the existing fault-tolerant control
results are extended to uncertain high-order nonlinear systems, and a fault-tolerant control
scheme based on fuzzy logic systems is proposed; 2) actuator bias faults are considered
and compensated.

2. Problem Statement and Preliminaries. Consider the following high-order non-
linear systems
i = f(z) + g(z)uP (1)
y=x
where x € R, u € R, y € R denote the state, control input and output, respectively;
f(z) € R is assumed to be an unknown continuous function; g(z) € R is the control gain
function, which is unknown but bounded; p > 1 € N is an odd positive integer.
In practical applications, actuator may become faulty. The actuator fault considered
in this paper is bias fault and its model can be described as

ur=u+u, t>ty (2)

where u, € R denotes an unknown bounded signal, and ¢; is unknown fault occurrence
time.

The control objective is to design an adaptive fault tolerant control scheme such that
the system (1) is asymptotically stable.

In order to design a stable adaptive fuzzy controller, the following assumptions are
made for the system.

Assumption 2.1. gyax > (%) > gmin, V2 € R, where gmax € R and guin € R are known
positive constants.

Assumption 2.2. There exists a known positive constant by, such that |uy| < by.

Lemma 2.1. Let ¢, d be positive real numbers and r(x,y) > 0 a real-valued function.
Then,

ct+d + ct+d

c d =£
|z|ly|? < r(z,y)|z] " @yl

c+d

3. Fuzzy Logic Systems. According to [18], a fuzzy logic system (FLS) 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 xy is F'y and 25 is F''5 and ... and z,, is F'!,,, then y is G*, i = 1,2, ..., N, where
T = [x1,%9,...,2,)7 and y are the input and output, respectively. F*; and G’ denote
fuzzy sets. N is the rule number.

The FLS can be described as

y(z) = ZeiH,UFij(xj) >

i=1

n

p ()
=1
where 6; = max,cr pG'(y). pF";(z;) and pG'(y) are the membership functions.
Define the fuzzy basis functions as

n N
fl(’z'):HNFZJ(a:J) Z , 1=1,2,...,N
J=1 =1

[[nF())
=1
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Let 07 = [01,0,,...,0x]" and &(z) = (&1(x), ..., Ex(2))T, and then the FLS can be

rewritten as
f(x,0) = 67¢(x)

Lemma 3.1. Let f(z) be a continuous function defined on a compact set U. Then for
any positive constant €, there exists an FLS

sup |f(x) = 07€(x)] < ew

4. Control Design. Consider the following Lyapunov function:

1
Vi= §$2 (3>

By using Lemma 2.1, the time derivative of V; is

Vl =z
=z (f(z) + g(z)(u+ uw)")
= zf(x) + zg(x)(u + up)”

p—1
=xf(x) + xg(x) (up + wp? + Z C’;uiubp_i>

=1

< xf(z)+zg(z) (WP + wP) + |z|g(z ZOZ ’u ‘ ‘ubp z

9w

7 — 1 -
< (@) + 2g(x) (@ + u?) + |alg(a ZOZ (};Iulpw%luupw

p!

il(p—i)*

where v > 0 is a real-valued function, and C; =

Define the control law as
!

u = —sgn(z)u
where u' > 0, and the specific definition will be given in (8).

From (4), we have
ifz>0,u=—u <0, |[uf =u?

Th < 2f(x) — 2g(a)u” + zg(z)u? +wg(x ZOZ Lty + Jalg(x) ch—lubrpvw

< zf(x) —xg(x) (1 —ZC ;ﬂ) u” + zg(x)u’ + |zlg(x ZC” Y (5)

=1

2Q)ifx <0, u=u >0, |uP =u?

Vi < af(z) + ag(x)u? + zg(a)u” — xg(x ZCZ —uy +|z|g(2) ZCZ—!Ub!p’Y“

< af(z) + xg(x) <1_ZC 57> u? +xg(x)u’ + |xlg(z v (6)

=1

From the above discussion, one has

p—1 . p—1 .
. 1 , D=1 —i
Vi <af(x) —|z|g(x) (1 - E C;};7> u” + zg(z)uw + |z|g(x) E Cppp lup|Pye=i (7)

i=1 =1
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Define the control law and adaptive law as

1
L o)

mxé(x), Hé” < My or ‘éH = Mpy and z67¢(z) <0

maé(z) —

5
Il

. . (9)
nlxﬁg(x) HQH = My and x07¢(z) >0
W = )] (10)
where py =1->""" 110117, P2 = 1+Zp ! C’”’ Wp i: k> 0is a design parameter; 6 is the
estimate of 6*; £, is the estimate of g,; 9, > O and 75 > 0 are adaptive rates; 6 =0 — é,
Ew = Ew — Ew-

5. Stability Analysis. For the system (1), using the above control law and adaptive
law, the following theorem is proposed.

Theorem 5.1. Considering the system (1) under Assumption 2.1 and Assumption 2.2,
the control law (8) and adaptive laws (9) and (10), then the closed-loop system is asymp-
totically stable, with all signals being semi-globally uniformly ultimately bounded.

Proof: Define the following Lyapunov function

1
V=W —eTe — 11
1+ o + 2772 (11)
Differentiating V' with time ¢, one has
. 1
V < af(z) — |zlg(@)piu” + |z|g(z)bo"p2 — 77_9 = 77—€w€w
2
< 207€(x) + |alzy + lal | (w.0) | + |ol2y = [elg(@)ora” + [elg(2)b? s
1 ~rx 1 .
— =079 — —Z,¢,
U T2

~ 1: 1. .
< o7 N = _ 2 .
<40 (a:f(x) 7719) +Ew (\x| mew) + || ’f (%9)’ + |z|éy
—|zlg(z)pru” + |z|g(z)bo” pa

Substituting the control law (8) and adaptive laws (9) and (10) into the above equation,
we have

. ~ 1 = 1.
V< —ka? + 60" (a:f(x) - —9> +Eu (:c - —éw) < —kz? <0 (12)
m T2
Integrating (12) over [0,], we obtain [, V(r)dr < — [} ka®(r)dr, ie., [, ka®(T)dr <
V(0) — V(t). Then, fo kx?(T)dr < V(0) — V(+oo). Therefore, x € Lo, |x| < /2V(0).
Since x € Ly, © € Ly, and & 6 L., then, thrn x = 0. Theorem 5.1 is proved.
—00

6. Simulation. In order to verify the effectiveness of the proposed solution, consider the
following nonlinear system

= (13)
i9 = —0.221 — 0.519 — Hsinwy — 2sinzy + (—x1 — 229U
The initial states of the system are taken as 21 (0) = 0.5, 25(0) = 0, £(0) = 0, 67 = (1,0).
The parameters are designed as 17, = 0.1, 7o = 0.1, p1 = 0.3, po = 0.1, gmin = 0.1, k=0.1.
The simulation results are presented in Figures 1 and 2. From Figure 1, it can be seen to
eventually reach zero and reach stability.
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The simulation shown in Figure 1 demonstrates the stability of the closed-loop system.

7. Conclusions. In this paper, for a class of high-order nonlinear systems with actuator
faults, the fuzzy logic system approximation capability is used to approximate the un-
known nonlinear term, and an adaptive fault tolerant control scheme is designed. This
scheme can guarantee all signals in the closed-loop system semi-globally uniformly ulti-
mately bounded. However, the system considered in this paper includes the first order
integrators. Furthermore, it is well-known that many practical systems are modeled by
such high-order systems, and how to deal with the control problem is very challenging
and will be studied in our further research.



866

(1]

[16]

[17]

[18]

X. ZHENG, Q. SHEN, X. SUN AND Q. FU

REFERENCES

W. Lin and C. Qian, Adaptive control of nonlinear parameterized systems: The smooth feedback
case, IEEE Trans. Automatic Control, vol.47, no.8, pp.1249-1266, 2002.

C. Qian and W. Lin, Practical output tracking of nonlinearly systems with uncontrollable unstable
linearization, IEEE Trans. Automatic Control, vol.47, no.1, pp.21-37, 2002.

W. Lin and C. Qian, Adaptive control of nonlinear parameterized systems: The nonsmooth feedback
framework, IEEE Trans. Automatic Control, vol.47, no.5, pp.757-774, 2002.

C. Qian and W. Lin, A continuous feedback approach to global strong stabilization of nonlinear
systems, IEEE Trans. Automatic Control, vol.46, no.7, pp.1061-1079, 2001.

W. Li, X.-J. Xie and S. Zhang, Output-feedback stabilization of stochastic high-order nonlinear
systems under weaker conditions, SIAM Journal on Control and Optimization, vol.49, no.3, pp.1262-
1282, 2011.

Z.Sun, T. Li and S. Yang, A unified time-varying feedback approach and its applications in adaptive
stabilization of high-order uncertain nonlinear systems, Automatica, vol.70, pp.249-257, 2016.

Z. Sun, L. Xue and K. Zhang, A new approach to finite-time adaptive stabilization of high-order
uncertain nonlinear system, Automatica, vol.58, pp.60-66, 2015.

Z.Sun and Y. Liu, Stabilizing control design for a class of high-order nonlinear systems with unknown
but identical control coefficients, Acta Automatica Sinica, vol.33, no.3, pp.331-334, 2007.

Z. Sun and Y. Liu, Adaptive state-feedback stabilization for a class of high-order nonlinear uncertain
systems, Automatica, vol.43, no.10, pp.1772-1783, 2007.

J. Zhang and Y. Liu, Control design of high-order uncertain nonlinear systems with dual control
input channels, Chinese Science: Information Science, vol.43, pp.670-681, 2013.

B. Jiang, M. Staroswiecki and V. Cocquempot, Fault accommodation for nonlinear dynamic systems,
IEEE Trans. Automatic Control, vol.51, no.9, pp.1578-1583, 2006.

B. Jiang, K. Zhang and P. Shi, Less conservative criteria for fault accommodation of time-varying
delay systems using adaptive fault diagnosis observer, International Journal of Adaptive Control and
Signal Processing, vol.24, no.4, pp.322-334, 2010.

J. Chen and R. J. Patton, Robust Model-Based Fault Diagnosis for Dynamic Systems, Kluwer Aca-
demic, Boston, 1999.

M. M. Mahmoud, J. Jiang and Y. Zhang, Active Fault Tolerant Control Systems, Springer-Verlag,
New York, 2003.

Q. Shen, B. Jiang and V. Cocquempot, Fault diagnosis and estimation for near-space hypersonic
vehicle with sensor faults, Proc. of the Institution of Mechanical Engineers, Part I: Journal of Systems
and Control Engineering, vol.226, no.3, pp.302-313, 2012.

Q. Shen, B. Jiang and V. Cocquempot, Adaptive fuzzy observer-based active fault-tolerant dynamic
surface control for a class of nonlinear systems with actuator faults, IEEE Trans. Fuzzy Systems,
vol.22, no.2, pp.338-349, 2014.

Q. Shen, B. Jiang and P. Shi, Adaptive fault diagnosis for T-S fuzzy systems with sensor faults and
system performance analysis, IEFE Trans. Fuzzy Systems, vol.22, no.2, pp.274-285, 2014.

L. Wang, Adaptive Fuzzy Systems and Control: Design and Stability Analysis, Prentice-Hall, Engle-
wood Cliffs, NJ, USA, 1994.



