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performance,

A framework of self-triggered fault diagnosis {FD} and fault telerant control (FTC} for networked control
systems (NCSs) is presented in this paper. The self-triggered scheduler is implemented in a smart sensor
node. By means of uncertain polytopic theory, we first design a fault diagnosis observer, which has a
similar structure with Kalman filter, to simultaneously estimate the fauit and state using the self-triggered
nonuniform sampled outputs, Then, based on the obtained fault and state information, an active fault
tolerant controller with a state-estimate-dependent self-triggered scheduler is provided. We prove that
the closed-loop faulty system is input-to-state stable {1SS) under the propesed self-triggered sampling
mechanism. Finally, simulation results are provided to verify that the proposed self-triggered FD and FTC
scheme can significantly reduce the sampling cost while preserving the desired fault estimation and FTC

© 2017 Published by Elsevier B.V.

1. Introduction

Due to the widespread use of embedded microprocessor in
relevant application domains such as netwarked contral systems
(NCSs} and wireless sensor network., some nonuniform sampling
techniques, especially event-triggered and self-triggered sampling
techniques, have regained interests during the last decade {i-3}
Taking event-triggered sampling as an example, the state or the
output of the plant is no longer periodically transmitted to the
monitoring center. Instead, the sampling instants are determined
by some events which are usually related to the current state or
the output of the plant. Compared with the traditional periodic
sampling counterpart, the event-triggered sampling can not only
reduce the communication costs and energy consumptions in
NCSs [6,7], but also improve the system performance or sensor
precision [8-10}. However, in event-triggered sampling scheme,
a dedicated hardware is usually required to constantly moniter
or rapidly sample the state of system {21112, This disad-
vantage therefore promotes the development of seif-triggered

¥ This work was supported by the Nativnal Nawural Sciveve Foundating ot
China (61473158, 61374136, 61104028), Nantong Application Research Project
(GY12016005) and the Climbing Peak Discipline Project of Shanghai Dianji Univer-
sity (1SDFXKO1)
* Corresponding author.
E-mail addresses: aibgiv@ntuweducn (A Qig), choanbowe

33 cum (CoWen).

htup, A donarg: I HNE ] nevcom 20 B H
0925-2312/© 2017 Published by Elsevier B.Y.

sampling scheme, in which, the next sampling instant de-
pends an the current state, Since the self-triggered scheme re-
laxes the requirement of continuously testing event-triggering
condition, it is more promising than the event-triggered
one in the implementation aspect. A series of research re-
sults on self-triggered control have been achieved (13-24}
In $13], the benefit of self-triggered sampling technique is

verified on two classes of nonlinear systems. Two seif-triggered
control schemes are proposed to ensure the £ stability for the
systems with state-dependent disturbance and state-independent
disturbance in {141 and 15}, respectively. In [i6}], a self-triggered
implementation of linear controller is presented to retain the

input-to-state stability (I1SS) of the closed-loop system. Recently,
various self-triggered sampling schemes are extended to different
complex systems, inciuding NCSs with packet dropout and com-
munication delay |17-20} and multi-agent systems {21,22], which
strongly pushed for the rapid development in this field. However,
the above mentioned seli-triggered conditions are generally de-
fined with respect to the state, which requires that the state is
always available, The requirement sometimes is not realistic in
practice. Few works focus on the output based self-triggered
controt scheme. in {23!, a self-triggered output feedback controller
of linear plants is designed by use of a state observer. The gain
of the observer is time-varying and needs to be computed online,
which results in heavy calculation burden. In {24}, an observer-
based setf-triggered output feedback control is developed for a
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Event-triggered sampling and fault-tolerant control
co-design based on fault diagnosis observer
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Abstract: A co-design scheme of event-triggered sampling mech-
anism and active fault tolerant control {FTC) is developed. Firstly,
a fault diagnosis observer is designed to estimate both the fault
and the state simultanecusly by using the event-triggered sampled
output. Some H,, constraints between the estimation errors and
the event-triggered sampling mechanism are established to ensure
the estimation accuracy. Then, based on the constraints and the
obtained fault information, an event-triggered detector and a static
fault tolerant controller are co-designed fo guarantee the stability
of the faulty system and to reduce the sensor communication cost.
Furthermore, the problem of the event detector and dynamic FTC
co-design is also investigated. Simulation results of an unstable
batch reactor are finally provided to illustrate the effectiveness of
the proposed method.

Keywords: event-triggered sampling, fault estimation, active fault
tolerant control (FTC), co-design.

DOI: 10.21629/JSEE.2018.01.18

1. Introduction

With the rapid development of digital technology, particu-
larly when various kinds of embedded microprocessors are
widely used in industry, it is popular to monitor and control
continuous-time plant in discrete-time domain. In these
types of systems, system outputs are generally periodically
sampled. The periodic sampling pattem can simplify sys-
tem analysis and synthesis, but it igneres the inter-sample
behavior of the system [1} and always leads to a heavy con-
sumption of energy, computation resource, or communica-
tion bandwidth [2]. To overcome the drawbacks of periodic
sampling, some event-triggered sampling strategies have
been proposed recently. The event-triggered sampling

Manuscript received October 08, 2016.

*Corresponding author.

This work was supported by the Nationa! Natura! Science Foundation
of China (6147315%; 61374136 61104028) and the Research Innovation
Program of Nantong University (YKCI16004).

means that the sensor performs the sampling action only if
the system state or output satisfies some pre-specified con-
ditions [3]. Compared with periodic sampling, the event-
triggered sampling can not only reduce the computation
complexity, communication cost, or energy consumptions,
but also improve the sensor precision [4] and the con-
trol performances [5]. The prior event-triggered sampling
strategies are generally defined in terms of the system
state [6— 8], which assumes that all state information is al-
ways available. This assumption is not realistic in practice.
The extension of state-based event-triggered sampling to
output-based one has been investigated. The primary dif-
ficulty of the extension lies in how to determine a lower
bound of the inter-event times. A mixed event-triggered
sampling mechanism was developed in [9] and a lower
bound related to the initial state and disturbance is derived
by using the hybrid system approach. It is worth point-
ing out that all the above mentioned event-triggered sam-
pling mechanisms require monitoring the system state or
the output constantly. To aveid the continuous detection,
self-triggered sampling [10 -12] and sampled-data event-
triggered sampling strategies have been proposed [13].
The sampled-data event triggered sampling is also called
periodic event-triggered sampling [14 - 15], in which the
event-triggering condition is periodically verified. The pe-
riod can be regarded as the lower bound of inter-event
times. Comparing with self-triggered one, the periodic
event-triggered sampling can usually obtain larger sam-
pling intervals. In [13], the event-triggered technique was
applied to both sensor and controller nodes to reduce
the transmission rates among the sensor, controller, and
actuator, and a co-design scheme of the event detector
and controller is developed. An observer-based sampled-
data event-triggered sampling mechanism was proposed in
[14]. Both the observer and the predictor are designed in
sensor nodes to determine the transmission instant of state
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An Uncertainty-based Approach to Discrete-time Fault Estimation Ob-
server Design for Nonuniformly Sampled Systems

Aibing Qiu*, Jing Zhang, and Juping Gu

Abstract: This paper considers the fault estimation problem of nonuniformly sampled system in which sensor
sampling is performed at aperiodic interval. After being discretized at sampling instant, the nonuniformly sampled
system is modeled as an equivalent polytopic system with norm bounded uncertainties. A discrete-time time-varying
fault estimation observer with multiple design freedom is then constructed, and a sufficient condition given In lincar
matrix inequality (LMI) is provided to cbtain the constant filter gain and ensure not unly the asymptotic stability of
fault estimation error but also the robustness of uncertainties. Compared with the existing observer designed based
on continuous-time delay approach, the proposed one has a better estimation aceuracy and less conservatism and is
easy for digital implementation. A numerical simulation and a quadruple-tank benchmark are used to demonstrate

the effectiveness and superiority of the proposed methed.

heywaoreds: Diserete-lime observer, fault estimatior, nonuniform sampling, polytopic uncertainty.

1. INTRODUCTION

Due to great advantages of PLC, DSP and many other
digital technologies, most continuous-time systems of in-
dustrial process are monitored and controlled in discrete-
time domain. In these types of systems, the output is usu-
ally obtained by periodic sampling of sensors. The sam-
pling period can be determined in different ways such as
the classical Nyquist-Shannon sampling theorem or the
maximum allowable transfer interval technique [1]. Al-
though the periodic sampling pattern can simplify sys-
tem analysis and synthesis, it completely ignores the
inter-sample behavior of the system [2] and always leads
to more consumption of communication bandwidth and
computation resources [3]. Besides, on account of a num-
ber of reasons including sensor characteristic, packet loss
and delay in network, and laboratory analysis. the sensor
sampling is frequently performed at nonuniformly spaced
time instants [4]. The nonuniform sampling pattern has
several advantages over the periodic sampling. For in-
stance, it can preserve controllability and observability
in discretization [5], improve control performance [6],
and increase sensor precision [7]. Furthermore, one of
the most reliable and efficient way to reduce communi-
cation and computation burden in cyber-physical systems
is to actively adjust sampling period online. Some active

nonuniform sampling schemes such as self-triggered and
event triggered sampling have been proposed and the re-
search in this field has attracted considerable altentions in
the past few years [8,9].

On the other hand, with the increasing hugeness and
complexity of modern engineering system, a small fault
occurred in any component of a system probably can prop-
agate from one point te another and may further lead to a
total breakdown of the whole system. To guarantee the
safety and reliability of a system, fault diagnosis tech-
niques for dynamic systems have been extensively devel-
oped during the last half-century [10, 11]. Take periodic
sampled system as an example, the Kalman filter based
and parity relation based residual generators were devel-
oped for the fault diagnosis of the periodic sampled sys-
tems as early as the 1970s and 1980s [12, 13]. However,
these classical works did not consider inter-sample behav-
ior which may lead to poor performance of the diagnosis
system. Based on continuous lifting technique, the so-
called norm invariant transform is proposed to handle the
inter-sample problem in periodic sampled-data fault de-
tection [14]. The transform, however, requires the peri-
odic sampled system to be strictly proper. A hybrid sys-
tem approach is then introduced in [15] to tackle this re-
quircment. It 1s verified that the hybrid system approach
is more efficient than the continuous lifting technique for

Manuscript received March 24, 2016; revised August 22, 2016: accepied Ocitober 4, 2016. Recommended by Associate Editor Sung Jin Yoo
under the direction of Editor Duk-Sun Shim. This work was supported by the National Namre Science Foundation of China under grants
61473159, 61374136, U1509203, and Nantong Application Research Project under grant BK20140176,
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Fault estimation and accommodation for networked control
systems with nonuniform sampling periods
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SUMMARY

This paper deals with the problem of fault estimation and accommeodation for a class of networked control
systems with nonuniform uncertain sampling periods. Firstly, the reason why the adaptive fault diagno-
sis observer cannot be applied to networked control systems is analyzed. Based on this analysis, a novel
robust fault estimation observer is constructed to estimate both continuous-time fault and system states by
using noenuniformly discrete-time sampled outputs. Furthermore, using the obtained states and fault infor-
mation, a nonuniformly sampled-data fault tolerant control law is designed to preserve the stability of the
closed-loop system. The proposed scheme can not only guarantee the impact of continuous-time uncertain-
ties and discrete-lime sampled estimation errors on the faulty system to satisfy a Heg performance index but
also repress the negative effect of the unknown intersample behavior of continuous-time fault by use of an
inequality technique. Finally, simulation results are included to demonstrate the feasibility of the proposed
method. Copyright © 2014 John Wiley & Sons, Ltd.

Received 12 March 2013: Revised 8 February 2014; Accepted 12 February 2014

KEY WORDS: fault accommeodation; nonuniform sampling; networked control systems; adaptive observer

[. INTRODUCTION

Owing to numerous advantages offered by communication, control and computer technologies, net-
worked control systems (NCSs) have been extensively used in many engineering arcas such as
automatic manufacturing, aircraft, chemical and petroleum. In these types of systems, the com-
munications between sensors, actuators. controllers and plants are established through a shared
band-limited digital network, which leads to some new problems and challenges, for example,
network-induced delay, quantization, packet dropout and variation of sampling period. The topics
on analysis and design of NCSs have received considerable attentions, and fruitful results have been
abtained, see for example [1--3] and the references therein. Furthermore, NCSs are usually affected
by various kinds of faults as many other contrel systems, which may degrade system performance
or even cause a total breakdown of systems. So it is important to detect faults and apply appropriate
remedies as soon as possible. Recently, there are increasing interests on fault detection and isolation
(FDI) and fault tolerant control {FTC) for NCSs |4-16].

Compared with FDI for NCSs, research works on FTC for NCSs are relatively few. However, in
some safety-critical NCSs such as aircraft flight control systems, only FDI is far from enough to
guarantee the safety and reliability of system. It is required to maintain the performance objectives
under the faulty case, or if that trns out to be impossible, to assign new achievable objectives so

*Correspondence to: Jiang Bin, College of Automatian Engineering, Nanjing University of Aeronautics and Astronautics,
29 Yudao St., Nanjing 210016, China.
TE-mail: binjiang @nuaa.edu.cn

Copyright © 2014 John Wiley & Sons, Lid.
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An integrated design of event-triggered fault diagnosis and
dynamic fault accommodation

QIU Ai-bing!?t, HU Xijan', QIU Wei-dong?, JI Sheng-lan?
(1. School of Electrical Engineering. Nantong University, Nantong Hangsu 226019, China;
2. Jiangsu Dongyuan Electricity Group Company Limited. Nantong Jiangsu 226341, China)

Abstract: An integrated design framework of event-triggered sampling and updating mechanism, fault diagnosis and
fault accommodation is developed in this paper. The event-triggered techmique is applied to both sensor node and fault
tolerant controller node. A fault diagnosis observer is firstly designed to estimate the fault and the state simultaneously
using the event-triggered nonurtiform sampled output. Based on the obtained fault and state information, an event-triggered
updating detector and a dynamic fault tolerant controller are then constructed. The augmented system approach is further
employed to design the two detectors. the fault diagnosis observer and fault tolerant controller simultanecusly, not only to
guarantee the performance of the faulty system, but also to reduce the information transfer frequency among the sensor,
controlier and actuator. Simulation results are finally provided to ilustrate the effectiveness and superiority of the proposed
approach.

Key words: fault accommodation: event-triggered: fauit estimation; integrated design
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Optimal Integrated Design of Time-varying Fault Estimation and

Accommodation for Nonuniformly Sampled Data Systems

QIU Ai-Bing! JI Hong-Gang® GU Ju-Ping!
g

Abstract In this paper, an active fault tolerant control design scheme is presented for a class of nonuniformly sampled
data gystems with continuous time-varying fault. Since the adaptive fault diagnosis technique can not be directly extended
te such systems, an optimal continuous augmented observer is firstly designed to estimate the fault by use of nonuniform
discrete output. The observer can not only guarantee fast convergence of estimation errors but also be robust to external
disturbance. Then, an iterative algorithm is proposed to make a tradeoff between estimation delay and systern robustness.
Furthermore, with the obtained fault information, a nonuniformly sampled data fault tolerant controller based on state
feedback is designed to recover the performance of the faulty system in consideration of the adverse impact of estimation
errors and inter-sample behavior of continuous fault. Finally, the simulation results of an quadruple-tank example are

included to illustrate the effectiveness of the proposed method.
Key words Time-varying fault acconunodation, nonuniforin sampling, sarnpled-data fault tolerant control. performance
trade-off
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