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a b s t r a c t

This paper investigates the fault-tolerant control (FTC) problem for unknown nonlinear systems with
actuator faults including stuck, outage, bias and loss of effectiveness. The upper bounds of stuck faults,
bias faults and loss of effectiveness faults are unknown. A new data-based FTC scheme is proposed. It
consists of the online estimations of the bounds and a state-dependent function. The estimations are
adjusted online to compensate automatically the actuator faults. The state-dependent function solved by
using real system data helps to stabilize the system. Furthermore, all signals in the resulting closed-loop
system are uniformly bounded and the states converge asymptotically to zero. Compared with the
existing results, the proposed approach is data-based. Finally, two simulation examples are provided to
show the effectiveness of the proposed approach.

& 2016 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the practical applications of control systems, the faults
generally induce the changes of the system parameters, result in
poor system performance or even cause the instability of the
closed-loop system. Among all classes of possible faults, actuator
failures are considered to be one of the most critical challenges to
be solved. Therefore, the research on fault-tolerant control (FTC)
for systems with actuator faults/failures has attracted a lot of
attention from many researchers. The methods that were devel-
oped to address the presence of actuator failures in control sys-
tems are often classified into two types: passive [1–4] and active
ones [5–8]. Passive approaches mainly use unchangeable con-
trollers to control systems for both fault-free case and faulty cases;
active approaches compensate for faults either by selecting
designed control laws or by synthesizing new control strategies
online. Apart from the aforementioned approaches, adaptive
actuator failure compensation control schemes [9–11] have
already been verified to be an effective method to compensate the
unknown actuator failures.

Moreover, nonlinearity widely exists in many practical systems,
such as flight control systems, economical systems and biological

systems. Thus, the research on nonlinear systems plays an
important role in FTC, while few results are available in the lit-
erature that solve the FTC problem for nonlinear systems. In [12],
an adaptive fault-tolerant controller was presented for a class of
affine nonlinear systems. Adaptive backstepping control schemes
were developed for nonlinear systems in [13–15]. Most recently,
inspired by the work of [13] and based on the backstepping design
technique, two FTC schemes were proposed for stochastic non-
linear strict-feedback systems [16] and unknown nonlinear large-
scale systems in strict-feedback form [17]. Nevertheless, the non-
linear systems considered in [16,17] are very special. Furthermore,
by using the fuzzy logic systems to approximate the unknown
nonlinearity effects and changes in model dynamics due to faults,
Li et al. [18] developed an observer-based dynamic output feed-
back fault-tolerant controller for a class of nonlinear systems in
strict-feedback form.

It is worth mentioning that most of the above results about FTC
problem are model-based which require the a priori knowledge of
system dynamics. Without an accurate model, most theoretical
results of FTC cannot probably be guaranteed in practical appli-
cations. In fact, it is intractable or expensive to obtain the accurate
model of many industrial systems due to its complexity, especially
for nonlinear systems. It is well known that one of the most
important features for industrial systems is the large amount of
data generated by itself. Therefore, development of data-based FTC
approaches for practical systems is of great practical significance,
but still full of challenges. Unfortunately, only a few results have
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studied the FTC problem by using real system data. For discrete-
time linear systems, several data-driven FTC schemes were
developed in [19–21]. However, due to the difference between
discrete-time and continuous-time systems, these data-driven
approaches cannot be extended to the case of continuous-time
nonlinear systems. Most recently, Xie et al. [22] proposed a novel
data-based FTC scheme for uncertain continuous-time linear sys-
tems by using adaptive technique and data-based policy iteration
algorithm. Nevertheless, due to the difference between linear and
nonlinear systems, it cannot be extended to the case of
continuous-time nonlinear systems. By modifying the cost func-
tion to account for actuator faults, a data-based FTC approach was
proposed in [23] for continuous-time nonlinear systems, which
guarantees that the system has a guaranteed cost bound. Never-
theless, only actuator loss of effectiveness was considered in [23].
Till present, there is no result to solve the FTC problem for
unknown continuous-time affine nonlinear systems with general
actuator faults including stuck, outage, bias and loss of effective-
ness by using real system data. This motivates the present study.

This paper is concerned with the data-based FTC problem for
continuous-time affine nonlinear systems with actuator faults
including stuck, outage, bias and loss of effectiveness. The upper
bounds of the unparametrisable stuck faults, bias faults and loss of
effectiveness faults are assumed to be unknown. A new data-based
control scheme is developed by using adaptive technique. In the
scheme, the adaptive laws are designed for automatically com-
pensating the actuator faults by estimating the upper bounds and
updating the controller parameters online. Meanwhile, an addi-
tional state-dependent function solved by using real system data is
introduced for helping to stabilize the system. Lyapunov techni-
ques are employed to demonstrate that all signals in the resulting
closed-loop system are uniformly bounded and the states con-
verge asymptotically to zero.

In summary, the main contributions of this paper are as fol-
lows: (1) the proposed control scheme is easy to design and
implement, where only two parameters are required to be esti-
mated online for the implementation of the proposed approach;
and (2) compared with most existing methods, the proposed
approach is data-based.

The rest of this paper is organized as follows. Section 2 intro-
duces problem statement and preliminaries. In Section 3, the
adaptive fault-tolerant controller design approach is presented. In
Section 4, two simulation examples are given to illustrate the
effectiveness of the proposed method. Finally, the conclusions end
the paper in Section 5.

Notation: The following notations are used throughout this
paper. For a matrix A, AT and λminðAÞ denote its transpose and
minimum eigenvalue, respectively. The notion A40 (AZ0) means
that A is a positive definite (positive semi-definite) matrix of
appropriate dimension. A diagonal matrix with a1; a2;…; an on its
main diagonal is denoted as diagfa1; a2;…; ang. The identity matrix
is denoted by I with an appropriate dimension. ∇¼ ∂=∂x denotes a
gradient operator notation. J � J denotes Euclidean norm of vec-
tors or matrices.

2. Problem statement and preliminaries

2.1. System model

Consider the following nonlinear system, denoted by nominal
system

_xðtÞ ¼ f ðxðtÞÞþg xðtÞð ÞuðtÞ ð1Þ
where xðtÞARn is the state vector, uðtÞARm is the output of
actuator described in (8) below, f x tð Þð Þ ∈ ℝn with f ð0Þ ¼ 0, and

g x tð Þð Þ ∈ ℝn�m. When the actuators operate in the fault-free case,
f ðxÞþgðxÞu is assumed to be locally Lipschitz continuous on a
compact set ΩDRn which contains the origin. f(x) and g(x) are
completely unknown functions.

2.2. Fault model

To formulate the FTC problem, the fault model must be estab-
lished. In this paper, the following actuator fault model [10,11,22]
is adopted:

uijðtÞ ¼Λj
iðtÞυiðtÞþΣ j

iðtÞυsiðtÞ ð2Þ

where, for i¼ 1;2;…;m and j¼ 1;2;…; L, υiðtÞ denotes the input
signal of the ith actuator, the index j denotes the jth faulty mode,
uij(t) denotes the output signal from the ith actuator in the jth
faulty mode, Λj

iðtÞA ½0;1� represents the unknown time-varying
continuous actuator efficiency factor which indicates the degree of
effectiveness of the actuator, υsiðtÞ is a piecewise continuous
function which represents the unparametrisable bounded stuck
fault or the bounded time-varying bias fault of the ith actuator,
and Σ j

iðtÞ ¼ 0 or 1. L represents the number of total faulty modes.
The actuator faults considered in this paper simultaneously

include stuck, outage, bias and loss of effectiveness. That is:

(1) Λj
iðtÞ ¼ 0 and Σ j

iðtÞa0: This means that υiðtÞ is stuck at υsiðtÞ in
the jth faulty mode.

(2) Λj
iðtÞ ¼ 0 and Σ j

iðtÞ ¼ 0: This indicates that the type of actuator
faults is outage.

(3) Λj
iðtÞ ¼ 1 and Σ j

iðtÞa0: This means that the type of actuator
faults is bias, and υsiðtÞ represents the bias value.

(4) 0oΛj
iðtÞo1 and Σ j

iðtÞ ¼ 0: This case corresponds to loss of
effectiveness.

Remark 1. Note that actuators operating in the failure-free case
can also be represented as (2) with Λj

iðtÞ ¼ 1 and Σ j
iðtÞ ¼ 0.

Denote

ujðtÞ ¼ ½u1jðtÞ;u2jðtÞ;…;umjðtÞ�T

¼ΛjðtÞυðtÞþΣ jðtÞυsðtÞ ð3Þ

where

ΛjðtÞ ¼ diagfΛj
1ðtÞ;Λj

2ðtÞ;…;Λj
mðtÞg ð4Þ

υðtÞ ¼ ½υ1ðtÞ;υ2ðtÞ;…;υmðtÞ�T ð5Þ

Σ jðtÞ ¼ diagfΣ j
1ðtÞ;Σ j

2ðtÞ;…;Σ j
mðtÞg ð6Þ

υsðtÞ ¼ ½υs1ðtÞ;υs2ðtÞ;…;υsmðtÞ�T : ð7Þ
For simplification, for all possible faulty modes, a uniform

actuator fault model is formulated

uðtÞ ¼ΛυðtÞþΣυsðtÞ ð8Þ

where ΛAfΛ1ðtÞ;Λ2ðtÞ;…;ΛLðtÞg and ΣAfΣ1ðtÞ;Σ2ðtÞ;…;ΣLðtÞg.
Taking the actuator faults into consideration, the nominal sys-

tem (1) can be rewritten as the following system, denoted by
original system

_xðtÞ ¼ f ðxðtÞÞþgðxðtÞÞðΛυðtÞþΣυsðtÞÞ: ð9Þ

Remark 2. The systems that we consider in this paper are most
related to those in [24,25]. Nevertheless, actuator faults were not
taken into account in [24,25].

In what follows, three standing assumptions are given.
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