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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy
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George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA
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In this article, an adaptive sliding mode fault tolerant control (FTC) is improved in the case of uncertain nonlinear system which is
affected by both multiplicative and additive faults in actuator. Especially, when the nonlinear system is modeled by Takagi-Sugeno
(T-S) fuzzy system with local nonlinear model. The main contribution of this paper is developing a model of multiplicative faults,
which offers a more realistic dynamic evolution of the actuator degradation. The degradation process is modeled by Wiener
process and estimated by the maximum likelihood estimation (MLE). Sliding mode observer (SMO) is conceived to realize the
additive actuator faults using convex multiobjective optimization. On these bases, the estimated multiplicative and additive
actuator faults are used to design the adaptive sliding mode controller (SMC). Finally, the proposed fault-tolerant control scheme

is demonstrated by the results of inverted pendulum system simulation.

1. Introduction

During the past few decades, the fields of fault estimation
(FE) technique and fault tolerant control (FTC) have been
the result drawing an intensive research interests due to the
increasing demands for system’s performance, safety, and
reliability. Active FTC and FE to a category of nonlinear
systems particularly T-S fuzzy models [1-3] have a signifi-
cant position in recent control implementation, as well as in
supervision and reliability of actuators. In recent decades,
a variety of methods have been developed, using adaptive
observer [4-6] or SMO [7-9]. The sliding mode scheme has
an excellent application prospect in fault estimation and
fault tolerant control due to its simple structure, strong
applicability, and good robustness. Several publications have
appeared in recent years regarding this issue. In [10], the
authors studied Takagi-Sugeno fuzzy systems with un-
certainties and multiplicative and additive actuator faults
and then developed an adaptive sliding mode FTC design.

However, in [11], a FTC design predicated using SMO for
T-S fuzzy systems is developed. In [12], the authors used
a nonquadratic Lyapunov function to estimate simulta-
neously actuator and sensor faults for T-S fuzzy systems. In
a recent paper [13], the authors developed the FE and FTC
for the T-S fuzzy systems subject to actuator and sensor
faults. For nonlinear systems, popular fault detection
methods have been elaborated in an effective and precise
manner. In [14, 15], the authors modelled fault as an additive
occurring in sensors or actuators. The main disadvantage of
the previous techniques is that they regard sensor and ac-
tuator faults as additive. Nevertheless, some actuator and
sensor errors, in addition to component faults, are fre-
quently found in the multiplicative form. As a result,
multiplicative faults and the system’s inputs and outputs are
mixed. Estimating the magnitude and characteristics of
multiplicative faults has become an increasing attract in
control theory due to the practical importance of decoupling
their structure effects or parameter in the model or system
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and improving fault tolerant control concept for nonlinear
systems. We can use stochastic process to model the actuator
degradation [16-19]. The actuator environment can influ-
ence the deterioration process and strongly depends on
several factors [20] (shock, temperature, and load variation)
of the monitored system. Degradation process for industrial
systems is influenced by both external and internal factors
including operating conditions and dynamic environment
[21]. Stochastic dynamics are the common characteristics
involved in actuator increasing degradation process in ac-
tuator. This results in system uncertainties and measure-
ments errors. For the past few decades, extensive research
studies have been conducted in the area of stochastic deg-
radation modelling [22-24]. Degradation models can be
divided into shock-based degradation model [25], pro-
gressive degradation model [26, 27], and combined degra-
dation model [28]. The degradation such as the wear out of
engineering devices, the fatigue, and the corrosion of metals
can be caused by multiple degradation processes and induces
total failures of actuator.

In the following, the authors point out the main focus of
the present study on developing effective and robust active
FTC for a class of uncertain nonlinear system. This study
offers a FE-based sliding mode FTC technique for nonlinear
uncertain system affected by both multiplicative and additive
faults. The major contributions of this article are as follows:

(i) In this study, for more simplicity and to find
a model for the description of the interactions
between the control system behavior and the ac-
tuator stochastic degradation process, the de-
terioration of the entire control system would be
supposed to lie in the actuator loss of efficiency. In
practice, when an actuator operates dynamically in
a random environment, its capacity decreases
overtime which is related to degradation process.
Therefore, the multiplicative faults model was
conceived based on not only the degradation pro-
cess but also the capacity of actuator. Actually, it is
straight forward to think multiplicative faults
should be estimated in order to conceive a fault
tolerant control design for dynamic systems. To
describe the actuator degradation behavior, we use
stochastic Wiener process model which offers
a more realistic evolution of the deterioration. In
order to estimate the degradation process, the
maximum likelihood method is used.

(ii) We propose to conceive an adaptive SMO for T-S
systems with the existence of uncertainties to esti-
mate additive actuator faults. To study the stability
of the proposed SMO, we use a linear matrix in-
equality (LMI) and the theories of Lyapunov. To
improve the actuator faults estimation accuracy, we
use an adaptive update term.

(iii) Using FE, we study an adaptive SMC for the T-S
fuzzy system having models local nonlinear that
complies with the condition of Lipschitz with ad-
ditive and multiplicative faults. Particularly, it is
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demonstrated that the suggested sliding mode FTC
is used for the parameters setting of the controller in
order to obtain the desired performances of actuator
even in the presence of both additive and multi-
plicative faults.

Compared to previous works, many studies have used
only actuator or senor faults in system [29]. Then, most of
the previous studies do not take into account multiplicative
faults. Furthermore, we use adaptive law to design the SMO
which gives more freedom in comparison with [30]; the
model used incorporates output disturbance and It6 sto-
chastic noise; and they introduced time delay in the state.
However, in our case study, we suppose that the degradation
of the total control system lies in the actuator loss of effi-
ciency. Therefore, the multiplicative fault model was con-
ceived based on not only the degradation process but the
capacity of the actuator. To describe the actuator degrada-
tion behaviour, we use the stochastic Wiener process model
(continuous models) which offers a more realistic de-
terioration. Compared to [31], the authors use only additive
faults in both actuator and sensor in the system. They
transform sensor faults into “pseudoactuator” faults by using
an augmented T-S fuzzy system that causes many con-
straints in the application of the hypotheses; in fact, the total
number of actuator faults must not exceed the number of
outputs. This model may not be practical and conventional
in all situations of stochastic degradation process in actuator.
Moreover, it cannot adequately capture the dynamics of the
actuator’s degradation process. Indeed, the model of faults
must describe the interaction between the actuator sto-
chastic degradation process and the control system behav-
iour. This includes the dynamics of the actuator’s
performance, the control system’s response to changes in the
actuator’s performance, and the uncertainty associated with
the actuator’s stochastic degradation process. The model
must also take into account the physical characteristics of the
actuator and the system environment, as well as the impact
of external factors such as maintenance and other system
parameters. In our study, we develop a model of multipli-
cative faults, which offers a more realistic dynamic evolution
of the actuator degradation. The SMO is designed according
to adaptive law which offers less conservative results and
gives more liberty in comparison with [32]. Yang et al. in
[33] have developed simultaneous multiplicative and ad-
ditive faults in jump systems, which may be considered as
a special class of stochastic systems. They use the adaptive
backstepping technique to construct the fuzzy logic system
based an online adaptive fault-tolerant compensation con-
troller. However, in our study, we use continuous degra-
dation models and we propose to conceive an adaptive SMO
for Takagi-Sugeno fuzzy systems having local nonlinear
models.

The outline of the article is organized as follows. Section
2 describes a nonlinear system with local nonlinear models,
uncertainties, additive, and multiplicative (loss of efficiency)
actuator faults. In Section 3, we use Wiener process to model
the degradation process in the actuator and the maximum
likelihood method to estimate the stochastic model for
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multiplicative fault. In Section 4, the proposed adaptive
SMO is designed to estimate the additive faults of actuator.
Section 5 presents the sliding mode FTC design in order to
redress the impact of additive and multiplicative faults for
the stabilization of the system. A simulation of the inverted
pendulum and cart system is used in Section 6 in order to
validate and illustrate the efficiency of the approach. Finally,
Section 7 draws some conclusions.

2. Problem Formulation

In this study, we refer to a class of nonlinear uncertain
systems affected both the additive and multiplicative actu-
ator faults. Consider a nonlinear uncertain system repre-
sented by the following equations:

Xp = Py, (%) + Px, (% Juy + P, ()& (. 1)

1

+ ¢x4 (xt)r (X, t)’ ( )

Ve = gv(xt), (2)
Y= 9, (%) 3)

u, € R™ is the control input, x, € R" represents the state
vector, y;, € RP' stands for the controlled output, and
y, € RP represents the measurement vector of output. The
functions ¢, (x,), ¢ (x;), ¢, (x,), and T(x,t) are always
nonlinear for i = 1,2, 3,4. £ (x,t) € R! denotes the unknown
uncertainties vector.

In feedback control system, the actuator is a significant
part in the evaluation of the performance level. That is
because, considering a degradation process in an electrical or
mechanical element of the controlled system, the controlled
action is affected as well, which eventually causes a poor
performance of the control system.

Let us consider an actuator undergoing a progressive
degradation process. It is subjected to both electrical and
mechanical degradation that occurs stochastically over time,
particularly in the case of the electrical actuator degradation
where a rub impact between the rotor and the stator or a bend
shaft can occur. It should be noted that rotor faults as well as
stator faults are recognized electrical faults. Besides, there are
other types of faults that depend on the failure mode. During its
functioning, the actuator can be affected by several types of
faults. Our study will focus on two types of faults: additive faults
and multiplicative faults (loss of efficiency). In practice, the
actuator operates dynamically in a random environment.
Furthermore, its capacity decreases overtime which is related to
degradation and depends on environmental factors as well as
operational conditions of the feedback control system.
Moreover, the wear or natural ageing of the electrical and/or
mechanical components of the actuator due to the nondesired
impacts of the working condition decreases the effectiveness of
actuator in time. The actuator degradation process is a cause of
the physical system performance deterioration. During the
initial period of operation, the actuators function flawlessly.

The actual capacity of actuator K, (t) = K, where K,
is the initial nominal capacity. If d (t) outhned the actuator
degradation, the capacity of actuator (see Figure 1) can be
represented by the following equation:
K,()=K, -d(t). (4)
The efficiency factor (see Figure 2) can be written as
follows:

K, (1)
ﬁ_K—' (5)

int

The minimum efficiency is reached when K, (¢) = K_,;,.,
and we define the minimum efficiency factor
e= (Ky/K, )>0 such as 0<e<f<1,Vt>t;and t; is
the time occurrence of multiplicative defect.

The loss of actuator effectiveness is examined to con-
sequence from the dynamic progression of the degradation
process = (K, —d(t)/K,

In this way, the followmgn three cases are defined:

(i) K, () =K, _: the actuator operates without deg-
radatlon (d (t) 0), and the efficiency factor is
B=1

(ii) K, (¢) = ,‘—d (t): the actuator deteriorates, its
capacity K, <K, (f)<K, , and the efficiency

factor is /3 = (K - d(t))/K

(iii) K, (t) = K, : the actuator operates with its mini-
mum capacity, and then the efficiency factor is

p=e= (K, IK,)

int

The nonlinear system (1)-(3) affected by additive and
multiplicative faults at the same time can be described by the
following uncertain structure and local nonlinearities as
follows:

Xr = Py, (%) + P, (%) Bug + P, (x)fa(®)

(6)

+ Px, (xt)r (x,8) + P, (xt)f(x) t),
Ve =9(x,) (7)
¢L(xt)> (8)

where f,(t) € R? is the additive actuator faults.
Multiplicative fault may be rearranged as follows:
Px, (%,)Buy + Px, (%, Ju; — Px, (% )y
= Py, (x,)uy, + Px, () (B=Du, 9)
=9y, (x)u; + F (uy, 1),

Px, (%,)Pu, =

where F (u,,t) are the multiplicative faults.

Then, the nonlinear system (1)-(3) affected by additive
and multiplicative faults at the same time can be expressed in
terms of uncertain structures and local nonlinearities as
follows:
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FIGure 2: The efficiency factor S.

xt = ¢x1 (xt) + ¢x2 (xt)ut + F(ua t)
+ g0x3 (xt)fa (t) + §0x4 ('xt)r (x’ t) + q’xs (xt)f(-’@ t),

(10)
Ye = (P(xt)’ (11)
Y=o, (%) (12)

The multiplicative faults are F(u,t) = bs, (x,)
B-Du, = ¢, (x) (K, - d(t)/Kuim) - Du,, and the fol-
lowing three case are defined:

(i) d(t) = 0: the actuator operates without degradation,
the multiplicative faults are neglected F (u,t) = 0, so
we have only the additive faults

(ii) 0 < d(t) < L (L is a maximum degradation pro-
cess): the actuator operates with degradation pro-
cess, and the multiplicative faults are

K, -d(t)
F(ut) =9, (xt)(‘“‘T— 1)ut. (13)

(iii) d(t) reached L: the multiplicative faults are
F(u,t) = ¢, (x)((K, /K, )= Du,

Given the nonlinear system (10)-(12) affected by both
the additive and multiplicative actuator faults, respectively,
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fa (), F(u,t), and the uncertainties & (x, t), our objective to
achieve an adaptive sliding mode FTC resides principally on
solving the following three problems:

(1) First problem: develop and estimate the degradation
process to conceive a multiplicative faults model
which offers a more realistic evolution of the de-
terioration in the actuator. It is very important to be
able to estimate the faults before the performance
systems degradation.

(2) Second problem: estimate T-S fuzzy system states
and additive actuator faults, with the adaptive SMO.

(3) Third problem: we need to stabilize the closed loop of
nonlinear systems, with the simultaneous occurrence
of additive and multiplicative faults, using the robust
adaptive sliding mode controller (10)-(12).

3. Actuator Degradation Models Estimation

In this study, we suppose that the system (10)-(12) is subject
to Wiener process. The actuator degradation is denoted by
arandom variable d, at time ¢. In this paper, we suppose that
degradation is an increasing Lévy process [34] supported by
the following assumptions:

(i) The initial degradation is denoted d, = 0
(ii) The degradation process is described with one-
dimensional stochastic process {d},.
(iii) The increments
stationary

{d},y are independent and

In this way, Wiener process has been frequently used to
conceive a degradation model, particularly, when it was
successfully applied to describe the increasing degradation in
an actuator. The Wiener process is one of the most classic
processes used in many progressive degradation modeling
area; the basic idea is to model the cumulative increasing
degradation d,,, by the stochastic Wiener process such that

dyyy = diyy, + W, (1,0), V1 20, (14)

where p is a linear drift parameter and o is a diffusion
coefficient parameter and W, (y, 0) = ut + 0B,.

We consider that the Wiener process [24] is used such
that the increment W, — W, follows a Gaussian distribution
with mean E(W, -W,)=u(t,-t;) and variance
Var(W, -W, ) = 0*(t, —t,). If we consider the initial
condition dy,,, we can approximate the degradation
measure dy,, with the following equation:

Ay, = dW,tO + W(t —ty), V= 0. (15)

Here in, we can deduce that
dyy = Ay, + p(t = ty) + 0B (t — ;). (16)

In particular, if dy,, =0, the degradation process
dy s =W, (4, 0)

The objective is to estimate the linear drift 4 and dif-
fusion parameter 0. We apply the maximum likelihood
estimation (MLE) method.
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Considering the degradation increment Ad; ; =
di’j) of ith items at time j wherep = (4,0), j=1,2,...mand
i=1,2,...n The degradation measurements for item i,
Ad; = (Ad;,Ad,;,, ..., Ad; ). The density function is given
by the following equation:

f(yAt 02 At; )(Ad )

(di,j+1 -

1

a
’ 17
w/ZﬂazAti,j (17)

where a = - ((Ad; ; - ‘uAti’j)z/ZazAti’j).
The likelihood function of the ith path L; (p)
fi(Ad;,,

= fi(Ad)) =
. Ad; Iy, 0) is given by the following equation:

m

1
Li(p) = | | — e, 18
g w/ZﬂazAti)j (18)

The log-likelihood function for the ith item can be
expressed by the following equation:

li(p) = In [ﬁ;e@]. (19)

=1 \/27102Ati)j

Since the measurements d; ; are independents, we can
express 1(p) = In(Ad,, Ad,, Ad,,...Ad,) as

S [ T (8wt 1)
1() 1 v j j J . 20
PZ(“J* )

We find the MLE p = [0, i] by maximizing with respect
to o0 and p, the partial derivatives of the log-likelihood
function.

As a result, we write the partial derivative of log-
likelihood function compared to y as

5
and compared to o as
ol (p) -mn & & Ady - pAy;
+ =0. 22
o ,Z’ ]z; o At 22)
Then, we obtain the expression as follows:
T ady
b= ~m A (23)
Yic1 Zj:l At;
1 & & Ad; -t
2 i,j i,j
0 =— —_— 24
wn 22 o (24)

i=1 j=1

The measurements data A, ; are generated by MATLAB
with the parameters y = 0.4, ¢ = 0.2. We compute equations
(23) and (24), and the estimated parameters are obtained as
follows: y = 0.398 and o = 0.213.

A design procedure for multiplicative fault development
and estimation is described as follows:

(i) Step 1: we define the expression of the efficiency
factor using the degradation process and the ac-
tuator capacity to conceive the multiplicative
faults model.

(ii) Step 2: we use the Wiener process to model the
stochastic degradation in actuator.

(iii) Step 3: the maximum likelihood method is used to
estimate the linear drift and diffusion parameter.

4. Additive Actuator Faults Estimation

It was shown that using T-S fuzzy system with local non-
linear models concept was well suited to the study of
a several class of systems. The nonlinear system (10)-(12)

dl(p) Zn: Z Ad; P‘Ati, i_o (21) affected by additive and multiplicative faults at the same time
ou = P o’ ’ is written by the T-S fuzzy system with uncertainty and
models local nonlinear
k
x(t) = Zyi (C){Ax (1) + Bu(t) + F(u,t) + M, f,, (t) + D& (x,t) + T (x, 1)}, (25)

i=1

k
y(®) =) w((HCx )},
i=1
k
y(t) = z#i((t){C(L,i)x(t)}>
i=1

where M;, D;,C;, B;, and A; are matrices with known real
values. F (u,t) is the multiplicative fault. We suppose that
(A;, B;) and (A;,C;) are, respectively, controllable and ob-
servable. f,(t) and F(u,t) represent the additive and
multiplicative fault in control channel.

The functions y;((,) (fuzzy normalized membership)
must satisfy the properties of sum convex

(26)
(27)

k
Vie (L2, kLY w(G)=1L12p4(()20.  (28)
i=1

We will use the following assumptions in this paper.

Assumption 1. We assume that the uncertainties and faults
are unknown and bounded. For the faults f,(¢), F (u,t) and
the uncertainties &(x,t), there exist known positive



constants &, pr and p, such that || f, ()| <p,, IF (u, )l < pp
and [I§ (x, )] <&.

Assumption 2. (A;, M;,C;) is minimum phase and relative
degree one, and we verify that for all complex numbers s
when Re(s) >0 that

sT,— A, —M,
ran =n+gq, (29)

i

Ensures that the nonasymptotically stable modes are
observable which means it is detectable.

Assumption 3. The distribution matrix M; of the additive
fault in equation (24) satisfies

rank (C;M;) = q. (30)

Assumption 4. T'(x,t) the known nonlinear function sat-
isfies the local condition of Lipschitz on M c R" with

Mathematical Problems in Engineering

The constant of Lipschitz y > 0 is unknown and I' (x, t) is
globally Lipschitz if M = R". Edwards and Spurgeon [35]
have studied an SMO to estimate faults and stats taking into
account the following required assumptions.

The following lemma and definition are utilized to
achieving the principal results.

4.1. Definition and Notation. Let Z € R™ a random matrix;
if Z* € R™" satisfies Z*Z =1,,, then Z* = (ZTZ2)" ' Z7T is
a left-inverse of Z.

Lemma 5. For the two matrix Y and Z, the next condition
carries

Zy +Y ' Zz<e ' Z  Z + eYTy, (32)

e>0.

We develop a novel adaptive SMO defined as

[(r(xa,.t) - £)] < (., V(% %, ) € M.
(31)
. k
x(t) =Y w((){AZR®) +Bu(t) + F(u,t) + T (%) + Ge, (t) + G, 0 (1)}, (33)
i=1

k
() =Y w((){CEM®}
i=1

where y (t) and e, () denote, respectively, the output of the
observer and estimation error, X (¢) represents the observer
state. G,,; and G;; are suitable gain matrices. In this way, the
signal v (¢) of the robust adaptive sliding mode is written as
follows:

P
n() =, ife, (£ #0,
(1

v(t) = (35)

0, otherwise,

where P, = Pye, (1), n(t) = p + ¢ with g is a scalar positive,
P, € RP* 2 is posmve definite and symmetric and p is the
adaptlve term can be updated given by the following
equation:

p=a|P,|.p(0)>0, (36)

a>0 is a gain.
Under condition in equation (30), we can use a change of
coordinates as follows:

[ (0 ] —Tx() (37)
Xy (1)

(34)

The matrices A;, B;, D;, M;,C;,Gy;, and G, ; become

A _ [ All,i A12,i ]
"l At Anj
B < [ By
CoLBy T
D= [ Dy,
1 L D, ’
| ° (38)
l L My, ’
C.
= [0 C2,i ],
G - [ Gn,i
b L Gpo,i )
G _ [ Gnl,i
™ _Gn2,i ’

where Ay €R% M = (n—p),D,; € R, M, €
RP*@ and C,; € RP*P is nonsingular.
e(t) = x(t) X (t) is the estimated error of the state.



Mathematical Problems in Engineering

k

é,(t) = Z u; (ct){Au,,.e1 (t) +(A12’,~ - G,L,.)ey () =T, (&) + T, (x5, 1) + Dy E (6, 1) = Gy 0 (8) + e | (t)} (39)

i=1

k
() = ZMi ((t){AZI,iel (1) +(A22,i - Glz,i)ey (1) -, (X, 0) + T (x, 1)

i=1

, (40)

+D2,i£(x, t) + sz,‘fa (t) - Gn2,iv (t) + eFuZ (t)}

where T.T(x,t) = [FIT(x, t) TT(x,t) ]T and

[er, (8) er, (O] =Tiep (1) = T, [F, (1) - E, (1))
According to equation (37), the nonlinear gain is de-
scribed by the following equation:

[Gm,i] LGy,
Gy, - C; ' (41)

L=[Ly; 0]

4.2. Sliding Motion Stability. In addition, another change of
coordinates is expressed by the following equation:

L., L
Tui=|, , (42)

px(n—p) C2,i

where L; is discussed later. In the new coordinates system,
we obtain

I Ay, = A+ LAy, should  be stable,
Dy; =D,;+LiD,;, D,; = C,;D,; and M; = Cy;M,,.
The observer gain matrices are

[(}nu] _ TLJ[ G ] _ [ 0 ]

(inz,i Guil LI ! (44)
[?11,;’] _ TLi[ Gy, ] _ [~ A12,i~
Glz,i ) GlZ,i A22,i - AZz

where A), is the stable design matrix.

By referring to equation (42), the error system from
equations (39)-(40) can be handled as follows:

>

A,‘ _ —%ll,i 1}12,i:|’
_AZI,i A22,i
Di _ F?l,i :I,
L D, (43)
_ [ 0
M= _ |
L M2,i :|
Ci=[01,]
. k —_~ o~ —~
e (1) = ) i (C){AnE () + Dy E(xut) + Ty Ty (x,0) + Ty eg (D), (45)
i=1
k B . B _ _
é,(t) =Y u; (L] A8 () + Ape, () + Dy (x,6) + Ty Ty (6, 1) + My £, (8) — v () + Ty e (1)} (46)
i=1
where T,(x,t) =T, (x,t) - T, (%,1) and where H is the weight matrix and it is supposed that

L, (xt) =T, (x,t) - T, (X t).
Our aim is to estimate the actuator faults and the states
variables in the presence of multiplicative faults. Define

(t) = H [El & ]
r =
e, (0

= He (1),

(47)

H =diag(H,, H,).
We define the measure of performance in worst case as
follows:

Ir ()13
IH|l, = sup 2

e u 48
tél7o 1€ (1, £)]13 (48)
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Theorem 6. Consider the T-S fuzzy system (25)-(27) and (45)-(46) with both minimisation gain ¢* for &(x,t) and
suppose that Assumptions 3 and 2 are checked. The asymp- — maximisation admissible of y* for I (x,t), if 3¢, a,6, 121 >0
totically stability is archived for the state estimation errors  and matrices P, > 0,P, > 0,W, as

(8, +HH, Cy,A;P, PD;;+WDy, P, 0 I, 0]
- T
) E,,+HIH, P,D,, o P, 0 I,
(%) O —I 0 0 0 0
() ) () -l 0 0 0 [<o0, (49)
() () O ® -l 0 0
O O] O () & —al,, 0
L () () O 0 (6 & -al,]
where Our aim is estimate the additive actuator faults in

nonlinear system (25)-(27). The adaptive SMO donated by
equations (33)-(34) has been developed and satisfies the

[I]

- T 1\, T
i= Auzp +P Alli + WAy, + Ay Wi + Prs

(50) i . B . _
5, = Azz P,+P, Azz + Py, f[(})lndmon of' reachab%llty, and then e, (t) =0 and €, (1) =
en, equation (47) is then expressed as follows:
Proof. (see Appendix A)
k o~ o~ ~ ~
0= i (C)Az @ () + Tpp Ty (N, 8) + Dy E (N, 1) + My, f, (8) + Tpger (1) v (t)}, (51)
i=1
where N = T7}x. where 0 >0 is a scalar to decrease the impact of chattering.
The approximate equivalent of the output error injection We define the next relation
signal v,, () is
Veg (1) = (1) 77— B " (52)
k
¢ (&), x,1) Z (T 10Ty (N, ) + Ay 2, (8) + Dy (N, 1) + Tpypep (). (53)
It is clear that Therefore, the additive actuator faults estimation is given
k by
||¢(El’x’ u)"2S Znul (ct)cmax,i’ (54) k +
= _
_ ~l fa(t) = <Z/”’i ({t)Mz,i> v (t). (57)
where Gy = 1D;1:80 + (145141, + Y)@. i=1
It ins t lude f tion (54) that
remains fo conc u~e rom equation (54) tha The method for FE with an adaptive SMO is outlined as
"¢ (e, u)" = Smax: (55) (i) Step 1: pick out the weight matrix in equation (47).
Then, approximately, for a small ¢, it seems that (ii) Step 2: pick out the suitable scalar “0<A<1” and

k B resolve the equation (49) (LMI optimization
0= Zﬂi (Ct){_v(t) +M2,,-fa(f)}- (56) problem). So, we can obtain P,; W; P, and ¢, cand y.
i1
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(iii) Step 3: design the adaptive SMO (32)-(33); then,
according to equations (51) and (57), the estimation
of additive actuator faults can be accomplished. O

5. Sliding Mode FTC Design

5.1. Structure of Adaptive Sliding Mode Controller. This part
of the article is devoted to explore an adaptive sliding mode
FTC design founded on estimated state variables as well as

actuator faults information (magnitude, type, and occur-
rence time). To stabilize the nonlinear system and com-
pensate additive and multiplicative actuator faults effects,
the proposed SMC with adaptive law was used to envisage
a corrective action. Therefore, we assume that the nonlinear
system with uncertainties (6)-(8) can be modeled by T-S
fuzzy representation with both local nonlinearities and
uncertainties as follows:

k
x(t) = Z/"i (C){Ax(t) + F(u,t) + Bu(t) + D;E(x,t) + T (x, 1) + M, f, (1)}, (58)

i=1

k
y(t) = Z.”i (C{Cix (D)},
P}
k
yr(t) = Z/‘i (Ct){C(L,i)x(t)}'
izl

First, the sliding motion takes place on a sliding surface
denoted as S which is defined as follows:

S={S,(t)=0: y.(t) e R }. (61)

We describe the linear switching function S, (t) € R™
using the feedback information of the output

k
S:(0 = 2 (E){ Newye (0} (62)
i=1
-h(-C;B;(C;B ) (+1,) + (C;B)" and
((C Bl)+C B) '(C,B)" = (C B,)" where h e R™? is an
arbitrary matrix.
The control input may be described as follows:

u(t) =u(t) +u,(t). (63)

The linear part denoted as u;(t) and depending on
system states as well as both additive and multiplicative
actuator faults estimation is expressed as follows:

k
w ()= ) u; (C){ K% (0) = qufa () - qeF (1) },
=

(64)

where —q, (f,(t) + E(u,t)) is created to compensate the
additive and multiplicative faults influence. Assume that
da = BfM;,qp = B and K; € R™".

The adaptive nonlinear control input part u,(¢) is
proposed as follows:

S (£)

(0]

if S, () 0,

u, (t) = (65)

0, otherwise,

(59)

(60)

n.(t) = p. + €. + o, where ¢, and o, are small and positive
constants. #,(¢) is determined by using p,.

ps. =|S: (O)]e. P (0)20,¢,>0. (66)

5.2. FTC Design. Using the part u,, (¢) of control input, we

need to prove the sliding and the reaching of S in a finite

time. Construct the function of Lyapunov as follows:
V.(t) =

—pc —s (05, (1), (67)

ﬁc =Pc— ﬁc'

Referring to equation (58), the derivative of (67) is given
by the following equation:
V() =

c

Hse O =[S e

M»
Mx-

luuuj ((t){ KJ”X ” 775

1]
.
]

j (68)
Define 0, as
Q= {x: Ix(Ol <.}, (69

If the sliding surface S is reached, the condition of
reachability is satisfied. Then, g, is select to fulfill
0. > % (CA; - K;) as

S (0)]ec

An perfect sliding motion is guaranteed to occur in finite
time by the suggested SMC with adaptive law,
Vt>t.S, (t)—S (t) =0. When the SM is required, we

> ST (1)S, (1). (70)
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examine the stability. We suppose that u,, () such that
S.(t) =0, as

k
Uy (1) = gyi (CHT (1) + A ()] + 1y (£) - DE(x, 1))

(71)

k k
X(6) =2 w (C{((-BK;) +(6,A)))x (£) + By ;¢ (1) + 6,T (x, 1)},

i=1 j=1

k
ye ) =Y w(C){y®}
i=1

k
yi (0 =Y w(C){Cupx®)}
i=1

e (1)
_ e? (1)
where 0; = I,B;; = [Bl-Kle-IHGiDi] and ¢ (t) = &
’ er (£)
£ (x,1)
Assumption 8. The condition of Lipschitz is satisfied by
IT e, ) < flx (D)1, (75)
y denotes the constant of Lipschitz.
Yi,j  BQ; M,
® 2Y+g¢lI, O
) () =61
Acontrol,i j= (*) (*) (*)
() ) ()
() () ()
L (%) () ()
where
Yi,j=6,AP, +P,A 6 —-Q'B -BQ,
J - i Vi ji j (77)
Y =u.P,.

According to the results, i{[ is possible to obtain the
adaptive SMC from K; = Q;P, .

Proof. (see Appendix B)
A design method for adaptive FTC with an adaptive
SMO is outlined as follows:

(i) Step 1: select “0<A.<1”, resolve the LMI optimi-
zation problem (76); so we get the matrices Qj and
the scalars J,,¢. and y,

(ii) Step 2: calculate K; = Q]-P;l

q

Mathematical Problems in Engineering

The closed-loop dynamic system with equation (71) is

(72)
(73)
(74)

Theorem 9. The T-S fuzzy system with local nonlinear
models (72)-(74) is stable robustly with a maximization of the
Lipschitz constant y, positive scalars A, a., 8, and the
minimization of attenuation level ¢, if there exist the matrices
Y=Y",Q;and P, = P.. >0 where the optimization problem
of multiobjective linear matrix inequality has a resolution.

Minimize [(1-A.)¢. + A, (8, + «.)], subjectto

0,D; T)xC{,i ﬁx I,
0 0 0 0
0 0 0 0
I, 0 o o |[<o (76)
® Iy 0 0
& -0, 0
6 6 -l
(ii) Step 3: concept the Adaptive SMC (65), then the
stability of (51), (57) is accomplished. O
6. Case Study

The sliding mode FTC design according to the sliding mode
observer is accomplished by considering the inverted pen-
dulum and cart system. The objective is to conceive an
adaptive stabilization controller that the considered inverted
pendulum benchmark system [36, 37] consists of a moveable
carriage having one degree (see Figure 3). The carriage is
freely rotatable in driving direction on which a pendulum is
mounted and actuated by a motor.

6.1. The Nonlinear System Modelling. We start by examining
the model inverted pendulum and cart system
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QO

FiGure 3: Inverted pendulum.

( 3&1 () = X5 1),

() = gsin(x, (1)) -mla xi (t) (sin(2x, (£))/2) = ba cos (x, () x, (t) ,
(41/3) = mlacos(x, (1))

acos(x; (1)) (Bu(t) - f.)

(41/3) - mlacos(x, (£))*

1 (78)
X3 (t) = Xy (1),

-mga(sin(2x, (t))/2) + (4mla/3) xi () sin(x; (1)) —bax, (1)
(4/3) —=macos(x, (l‘))2

x,(t) =

>

(4a/3) (u(t) - f.)
(4/3) - macos(x, (t))2 ’

where f3 is the efficiency factor. x, (1), x5 (£), x, (¢), and x, (¢) The parameters of the system are shown in Table 1.
represent, respectively, speed of cart, angular velocity of The approximation of the nonlinear faulty system may
pendulum, cart position, and angle position of pendulum.  be obtained by T-S fuzzy system. We use in this study the
Let us consider f, = csign(x,(t)) and a = 1/(M + m). models with local nonlinearity as follows:

k
X(6) =) i (C){Ax () + Bu(t) + F(u,t) + My f, (t) + D (x,£) + T (x, 1)},
i=1

k
y(®) =Y u (§){Cx (D)}, (79)

i=1

k
v =Y w(C){Cupx®)}
i=1
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TABLE 1: System parameters. 6.3. SMO Design. The parameters are A, = diag(-3,
Symbol Description Unit =5,-7),A = 9'5’ Hl = Ijuq> Hy = 10 % I35
: We obtain using Theorem 6
m Pendulum point mass kg
M Cart mass kg [¢" a" 7] =[1.4913 09233 0.8522],
) From mass point to joint distance m
g Gravitational constant ms™> L, =[18794 0 0],
L Rail length m L,=[2.0548 0 0],
P, = 3.6952, (82)
In this case, I'(x,t) = x5 (H)lmsin (x, (t)) — f., the fuzzy 1.4048 0 0.23
weights, are defined by the following equations: ’ e
P,=| 0 53765 0 |,

1—(1/1 + exp (—14(x, (¢) — (I1/8))))

(1) = -
L+ exp (—14(x, (1) — (I/9))) (50) 02300 0  2.6683
The adaptive sliding mode observer (33) and (34) design
(D) = 1= (8). is as follows:
We assume that the actuator faults as well as the control r31.8794 0 ~15
input are ip the same direction B; = M;. The matrices of the 73.6023 —0.0106 —104.9894
local nonlinear models are G, = i
0 10 0 0 49 !
17.3118 0 0 0.0106 | -1.7318 —49.9947 69.9947
A=l 0 o0 1 r 3.5548 0 -1.0607
L-1.7312 0 0 -0.0053 17.4045 -0.0069 -3.7054
- G, = >
0 ’ 0 15 1
B | 176 [ -1.0127 —2.4951 3.4951
e b _ (83)
1 0 0
- 01176 1.8794 0 -L1.5
T 0 10 0 G.=|" '
" 0 1 0
A 14.3223 0 0 0.0069
1 0o 00 1 L 0 -1 1
L-1.0127 0 0 -0.049 [ 1 0 0
r 0 2.548 0 -1.0607
(81) G,, = )
5 _| 01147 , 0o 1 o0
2 = 0 ,
L 1 -1 1
L 0.1081
-1
-1 6.4. SMC Design. By using Theorem 9 for A, = 0.95, we find
D, =D, = ol that
[ -1 ¢; = 0.3465,
1 000 8: = 6.0749,
C,=C,=(0100], a” =17.5312,
L0011 V" =0.0969,
1000 (84)
0.4532 -1.3951 0.2459 -0.6225
C,h=Cph=l0100]
0011 _ -1.3951 7.1217 -0.0516 -1.6025 .
* 0.2459 -0.0516 5.6132 -4.8928
-0.6225 -1.6025 —4.8928 8.0061
6.2. Adaptive Sliding Mode Observer and Controller Design.
We will design an adaptive SMC based on the requirements The sliding mode controller gains are expressed by the

of the observer information to stabilize the system.

following equation:
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6.5. Simulation Results. It is worth mentioning that the
results are obtained using online simultaneous additive and
multiplicative faults estimation.

Figure 4 illustrates multiplicative actuator fault esti-
mation. In our example, we consider an additive linear time
varying actuator fault. The developed adaptive sliding mode
observer (33) and (34) can reject the effects of system un-
certainties and make an estimation of actuator fault with
satisfactory accuracy. Meanwhile, at ¢ = 2, the additive ac-
tuator fault (Figure 5) has been introduced, in order to
demonstrate the capacity of the developed estimation
method to additive faults.

As shown in Figure 5, it is worth noting that in spite of the
existence of uncertainties, the SMO can still track the additive
faults f, (t). Hence, the simulation results outline that the
suggested fault estimation with the adaptive law for the

representation with local nonlinear models accomplishes the
first objective of this article (actuator faults estimation) with
an excellent performance in terms of robustness and precision
despite the presence of the uncertainties.

Figures 6-8 compare nonlinear output referring to three
cases: output without faults, output without sliding mode
FTC, and output responses with the conceived FTC design.

As can be seen from the comparison with the output
responses without faults, the conceived adaptive sliding mode
controller (63) is capable of the stabilization of the system.

Zoomed versions of the nonlinear inverted pendulum
and cart system output responses illustrated in Figures 6-8
highlight a good satisfactory precision of the proposed
adaptive FTC, which ensures the stability of the system
subject to both additive and multiplicative faults. More
precisely, it can be seen clearly that the integrated adaptive
law is an effective way to improve both faults estimation and
compensation.
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7. Conclusions

This paper addresses two powerful problems: the SMO
scheme and the FE-based sliding mode FTC, concerning
system described by T-S fuzzy representation and local
nonlinear models. We start by the study of the multiplicative
faults, and the actuator degradation process is considered as
a source of performance deterioration. The degradation
process in the actuator is modeled by Wiener process. The
additive actuator faults are estimated using robust adaptive
SMO in the existence of uncertainties so that the proposed
observer’s stability has been derived using H ,, performances
in order to minimize the uncertainties’ effect on the dy-
namics of estimation error and solved within the linear
matrix inequalities (LMI’s) optimization design. To com-
pensate the effects of both additive and multiplicative ac-
tuator faults and guarantee the system stability, an adaptive
FTC with sliding mode control is studied. The existence
conditions are expressed via Lyapunov approach in terms of
LMI. Convex multiobjective optimization is employed to
simultaneously maximize the nonlinear term Lipschitz
constant in the T-S fuzzy modeling in addition to the un-
certainties attenuation level, in order to obtain satisfactory

k
Ve 0= Y w Cfel (AP, + P, Ja (0 + 28] (0P, Dy € (1)
i=1

15

gain of the adaptive SMO and controller. The results of the
simulation on the application clearly display the efficiency of
the proposed additive actuator FE and the adaptive FTC
design with uncertainties in system. In our future work, we
can use shock models (Poisson process) or combined models
to characterize the stochastic deterioration process in an
actuator. Indeed, the actuator is a device that operates dy-
namically in a random environment; its capacity may de-
crease in an accelerated way. So, we can integrate covariates
in the degradation model with accelerated mode de-
terioration. The derivative of the output in the designer of
observers could be taken into account to increase the per-
formance of the estimation.

Appendix
Construct Lyapunov function as follows:

V(D) =V, (0 +V, (0, (A1)

V, (t) = (1/[3) +el ()P, V, (t) =¢] ()P, (), P, €

R( () Taking V (Vt) alonga tra]ectory of the taken system
error,

(A.2)

+28] ()P, Ty, T, (x,t) + 28] ()P, T e (1)},

k
V. 0=Yu (Ct){e§ (t)(Z\gPZ " Pzix;)ey (1) + 267 ()P Ay 7 ()
i=1

+2e, (t)P,D, & (x,1) + 2eT ()P, TLZ,,TZ (x,1) + 2e§ (HP,T er (t)

(A.3)

+2e (P, [ My, f, (8) v ()] - pp}

where p = p —p.
By applying Lemma 5 and Assumption 4, it could be
proving that

22 ()P, Ty, T (1) <726, ()| —e{(t)pfa (®),

22, ()P,T; T, (x,t) <ef ||e (t)" + e T ()P, (1),
(A.4)
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From the expression of v (t) in equation (34), we deduce
that

PZ

ey (NP My (<0 (1) + fo () = b <&, (WM Pol fa O =110 (P57~ Pe]

ey (OM,Py| fo (O] - B+ 0P| - PP

< Ki,maxupeu - Q”Pe"

<0,

where pl| M|

max — Ki, max> P = Ki, max*

For the multiplicative fault, we can write the inequality as

follows:
22, ()[Py Ty, ]er, (1) <) (P&, () + O,

2€, (1)[P,T o, ]er,, (t) <e), (£)Pe, (£) + O,

k
. _ ~T ~ 1 ~ -
V(1)< Zﬂi ((t){elT(t)[An,iPl +PA; + ;Pf + SYZIn—p + Py |e (1)
i=1

+22, ()P, D, (x, 1)},

and

(A.6)

[P

(A.5)

where 8y = lley, (O (XTP'X,)
(O A (XTPX).
The time derivative of V, (¢) and Vey (t)

and Op = IIeFH1

k
. ~ ~sT 1 .
Ve, (< ) (3 )ey () [PZAZ2 +A,P, + gpﬁ + &1, + Pz]ey (t)

i=1

+2e, ()P,D, € (x,1) + 2€, ()P, Ay 2, (1)}

To obtain the robustness of the proposed adaptive SMO
(33)-(34), let V, (t) be defined as

Vo () =V (t) = & (x,)E(x,t) + 7 (Dr (b). (A.9)
We define the following variable « as
1 _ 1
= — = —.
o ST/Z Y \/ﬁ (AlO)

To maximize y for I'(x,t), we simultaneously minimize
both € and . Referring to equation (A.10), we shall write the
abovementioned expression (A.9) as follows:

. e (1) e (1)
Vo (t) < Z‘ui(([) e, (t) |Awi| €, [}, (A1D)
o E(x,t) E(xt)

(A.7)
(A.8)
where
~T =~
IL; A21,iP2 P\Dy;
Aest,i: PZAZI,i Hz,i szz,i >
~T ~
D ;P, D,;P, —¢I; (A.12)

~T ~ 1,
I ; = Ay P+ PiAy +EP1 ta I+ Pp,

~sT ~s 1 2 -1
Il,; = A,,P, + P,A), + EPZ +a I, +Pp.

Thus, we conclude that V(¢) is negative, if
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This completes the proof.

k
Ce)Aesti < (A.13)
Zl #i (6)A B

From the Schur complement, we deduce that therelation 1 gyarantee the stability of system, we should investigate
(A.13) and the relation (49) are equivalent. If equation (49) is the next Lyapunov function
satisfied, V, (t) is negative. r

For proving that the error system of equation (45)-(47) V() =x (H)P.x(t), (B.1)

is stable asymptotically with ¢ such that ) ] o )
P, € R™" is definite positive symmetric.

I ()15 < 1€ (x, )36, (A.14) According to (72)-(74),

where ¢ is the attenuation level.

k k T
Vi) = 2 2 b @] (B + 8,4) Pt PU(-BK; +04,) Jx(0) (B.2)

+2x" ()P, [B; ;6 (t) + 6T (x,1)] 1.

Using Assumption 8 and Lemma 5, we obtain Let us define J ()
2x7 (1P, 6T (x,£) < 8.T7 (x, )67 6,T (x, £) +8ixT(t)PxPxx(t) J(®) =y Dy () + V. (0) = 6.6" (D (2). (B.4)

We write equation (B.4) as follows:

<" 08001 + 5720

(B.3)

k k
1O =Y w8 {x (t)[+P (-BK; +6,4,) +(-BK; +6,4) P, +ClC,

i=1 j=1

(B.5)
2, 1 =
+0.7° + 6—p§]x (-c.¢" () (1) +2x" ()P, B, ¢ (1)},
c
where ([16,]ly) = 7. The simultaneous minimization of &, and §,, i.e.,
A novel variable is defined as minimization of &, + §,, can maximize y, according to the
1 1 nonlinear function of Lipschitz
A= —— i (B.6) Therefore, it must be proved that J(¢) are negative, if
86’/6 (XC(SC
Yi j ngi,j
<0,
=T
B, P, -Ic (B.7)

T T Lo
Vij =(=BiK;+ 0,A) Po+ Po(=BK;+ 0,4,) + CL,Cpi+ =Py + ',
c

Using the Shur complement, the following relation is
easily obtained as follows:
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® -¢I, 0 0 0 0 0
® & I, 0 0 0 0
CRNC) ® -, 0 0 0 [<o,
® @ @ @ Iy 0 0
CRNC) 6 & -0I, 0
BONENC) ® ®» ® ® -al,l

(B.8)
where ©;; = P,6,A; + 6] AT P, - P.BK, - K|B/P,.
The following matrix X will be made as
X =diag{(P,)"", (P) "1, 1;,1,,1,1, post,  pre-
multiplying by X”, X in (B.8), we obtain
[Yi, j BQ; M; 6D, I_)xcf,i P, I, ]
® -¢P,P, 0 0 0 0 0
(%) (%) —I q 0 0 0 0
() () ® -¢I, 0 0 0 |[<0
®  ® 6 @ -I, 0 0
®  ® ® & ® -6I, o0
OO 6 & 6 -al,l
(B.9)

where

Y,;=6,AP, +P,A'6] -QB -BQ;,P,' =P,

X

-1
K;P.' =Q;

(B.10)
Using Lemma 5, we obtain
-P, P, < —2P +14,. (B.11)
We can deduce that (B.11) holds, if
k k
Z Z it (C)Acontrolij < 0 (B.12)

i

]
—
-

Il
—_

where A gy 01;; has a similar structure as (76). Moreover,
whether (B.12) is fulfilled, then J (¢) are negative, the T-S
fuzzy system (72)-(74) is robustly stable in regard to y
and g,.

The proof is completed.
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The Hy, control issue for nonlinear Markov networked control systems in the presence of data packet loss and periodic denial-of-
service (DoS) attacks is researched in this paper. First, two Bernoulli random variables are used to describe the packet loss between
sensor to controller and controller to actuator. Considering the impact of DoS attacks, the probability of packet loss is set to be
different during the attack sleeping interval and the attack active interval. Secondly, an observer is constructed on the controller
side, and a comprehensive mathematical model including packet loss and DoS attacks is established. The sufficient conditions for
the stochastic stability of the system are derived by the Lyapunov theory, and the design method of the controller and the
minimum disturbance suppression performance index are also provided. Finally, a numerical example is utilized to reveal the

applicability of the approach.

1. Introduction

Over the years, owing to the continuous development of
network technology and the widespread application of
computer networks, the structure of the control system is
undergoing changes. The traditional point-to-point control
method gradually loses its dominant position as the system
becomes more complex and geographically dispersed. The
network control system (NCS) formed by introducing
a network into a control system and connecting sensors,
controllers, and actuators has appeared [1-5]. NCS has far-
going application backgrounds in different fields such as
aerospace, national defense, transportation, wireless com-
munications, and industrial automation, which makes
networked control one of the research hot spots in academia
[6-10].

NCS integrates various infrastructures through the
network, thereby making human-computer interaction and

physical processes more convenient. However, the in-
troduction of communication networks impacts the stability
of the system and also makes the system face the threat of
network attacks. Generally speaking, typical network attacks
are mainly divided into two types. The first type is the
deception attack, which destroys the system by inserting
incorrect data or processing raw data. The second type is the
denial of service (DoS) attack, whose intent is to prevent
intercourse between different system components, thereby
degrading system functionality or destroying system stability
[11-13]. DoS attacks are easy to implement. For this reason,
they have been extensively researched [14-17]. For example,
for a NCS under stochastic disturbances and DoS attacks,
a distributed predictive controller was designed [18]. By
using random perturbation information and explicitly
considering packet loss due to DoS attacks, an observer was
designed to reconstruct the state. For a class of NCS with
DoS attacks, a resilient state feedback controller was
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designed [19]. The closed-loop system was modeled as an
aperiodic sample data system that was related to the bound
of the DoS attack duration. A state-error-dependent
switched system model for NCS under resilient event-
triggered communication schemes and periodic DoS at-
tacks was proposed [20].

Data packet loss affects system performance as well as
destabilizes the system, which has attracted a lot of attention
and many research results have appeared. For instance, for
the discrete NCSs subject to data packet loss in sensor-to-
controller (S-C) and controller-to-actuator (C-A) channels,
the range of successful packet transmission rates that made
closed-loop NCSs stable was obtained with the asynchro-
nous dynamical system theory [21]. For NCS suffering from
S-Cand C-A packet loss, an observer-based feedback control
method was proposed. Considering the unmeasurable state
of the controlled object, an observer was constructed to
realize feedback control by describing the packet missing in
S-C and C-A channels as stochastic Bernoulli variables [22].
The issue of predictive tracking control of NCSs subject to S-
C data packet loss was investigated. The analysis of the
packet miss impact on the performance of NCSs was carried
out by taking input and output constraints into account [23].
Modeling the packet loss in the two channels as two in-
dependent Markov chains, the quantified dynamic output
feedback control considering packet loss in the S-C and C-A
channels was considered [24]. The above-mentioned results
considered the problem of data packet loss without taking
DoS attacks into account.

Currently, there are few results on the control problem
for NCS in the presence of data packet loss and DoS attacks.
The control issue for NCS with data packet dropout and DoS
attacks was investigated [25]. However, the controlled plant
in [25] was linear invariant system, and only the data packet
loss in the S-C channel was considered. Moreover, resulted
from the impacts such as component failures and envi-
ronment changes, some control systems cannot be described
by a definite model. The Markov jump system can be
exploited to express the changes in the system parameters
[26-29]. Therefore, the research for a networked Markov
jump system subject to DoS attacks and data packet dropout
has important theoretical and practical significance. The
control problem of nonlinear Markov jump system subject
to DoS attacks and data packet in both the S-C channel and
C-A channel has not been researched, which motivates the
current research. The contributions of this paper can be
mainly exhibited as follows:

(1) Two independent Bernoulli variables are used to
represent data packet loss in the S-C channel and C-
A channel, respectively. Considering the fact that
there is data packet transmission during the attack
active interval, the probability of successful data
packet transmission is set to be nonzero, which is
much smaller than that during the attack sleeping
interval.

(2) The closed-loop system is modeled as a class of
control system with two variables. Under the
designed controller, the closed-loop system is still
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stochastically stable and attains the H_, perfor-
mance. And the connection between the disturbance
suppression capability and DoS attacks is revealed.

The following content is divided into four sections.
Section 2 establishes the mathematical model for nonlinear
Markov NCS. Section 3 provides sufficient conditions on
stochastic stability and the design method of the controller.
In Section 4, numerical simulation example shows the ef-
fectiveness of the designed controller. Section 5 gives con-
clusions of this paper.

Notations: R" represents the-dimensional Euclidean
space. * represents the transpose of the corresponding
matrix block. AT represents the transpose of the matrix A. If
the matrix A is invertible, A~! represents the inverse of A.
The real positive definite matrix X is represented as X > 0. I
represents the unit matrix of appropriate dimensions, and
diag{a, b. ..} represents the diagonal matrix with a, b as the
main diagonal. Pr {-} means mathematical probability. E {-}
stands for mathematical expectation and Var {-} denotes
variance.

2. Problem Formulation

The structure of nonlinear NCS subject to data packet loss
and DoS attacks is exhibited in Figure 1, and the state
equation of the plant is as follows:

x(l + 1) = A&(l)x(l) + Bs(l)u(l) + D(;(l)(U(l)
+f s (Lx (D), (1)
y() = Csqyx (D),

where x (I) € R” represents the state, u(I) € R™ denotes the
control input, w (I) € R® stands for the disturbance, y (I) € R
is the output, and A, Bs), Csq)» and Dy are known
matrices with suitable dimensions. §(I) takes value from
¢ ={1,2,..., g}, and the transition possibility matrix of £ is
= [m;], m; = Pr{d(l+1)=jl6() =i}, ]5:1 m;; =1, and
m;;20,1,j €. fsa (L x(D) is a nonlinear vector function
and satisfies the following global Lipschitz condition [22]:

1 fs0) @ x )] <[ Gspx D), (2)

I sy Lx D) = Fo Gy )| <|Gsey (x (@) =y (D], (3)

where Gg ;) is a known real constant matrix.
Communication between NCS components usually
suffers damage from malicious attackers. We suppose that
the DoS attacks occur in the S-C channel. For the intent to
describe the DoS attacks more conveniently, a power-
constrained periodic jamming signal is illustrated as follows:

(LI [(d=DT, (d= DT +Tyy), @
_12,1 € [(d=1)T + Ty, dT),

where d indicates the period number, T indicates the attack
period, T . indicates attack sleeping interval, A = 1 indicates
it is in the sleeping interval of attack in the dth attack cycle,
and A = 2 indicates it is in the active interval of attack in the
dth attack cycle.
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FiGure 1: Nonlinear networked control system with data packet
loss and DoS attacks.

Owing to the nature of the network, such as bandwidth
limitations and network overcrowding, packets are un-
avoidably lost during transference. We suppose that the
packet loss scenarios also exist during the sleeping interval.
A random variable a(l) € {0,1} is defined to describe the
data packet transmission in the S-C channel. If a (I) = 0, the
data packet in the S-C channel is lost; if & (I) = 1, the packet
is successfully transmitted.

The random variable « (I) follows a Bernoulli distribu-
tion. For the sleeping interval, we suppose that the proba-
bility of successful data packet transference is Pr{a(l) =
1} = «;, and the probability of data packet transference
failure is Pr{a(l) =0} = 1 — a;. For the active period, the
probability of successful data packet transmission is
Pr{a(l) =1} = «,, and the probability of data packet
transference failure is Pr{a(l) = 0} = 1 - «,.

Therefore, the following equation can be obtained:

D=1} =a,
{Pr{(x() 1} = a; 5)
Pria() =0} =1-a,
| LIe[(d-DT,(d-1T + Tyy)
where A = <lz,l € [(d = 1)T + T, dT) ft7 and Var{a (1)}

=E{(0y (D - 0y)’} = (1 - a)ay = 3.

Remark 1. In the attack active interval, the data packet loss
phenomenon is more severe than that in the sleeping period,
therefore, a, < a.

Similarly, we define a random variable 3(I) € {0,1} to
describe the data packet transmission in the C-A channel.
When B(I) =0, the data packets transmitted in the C-A
channel are lost; when (I) = 1, the data packets are suc-
cessfully transmitted, and the Bernoulli distribution white
sequence of random variable (/) is as follows:

Pri() =1} =,
Pr{B()=0}=1-5, (6)
Var{B(D} = E{(B() - B’} = (1 - pB = B.

The state equation of the observer is as follows:

x(1+1) = Ay (1) + By i (1) + f o) (LE(D)
+L(7(D) - ,Csyx (D), (7)
u(l) =pDu),

where y(I) = &y ()y(I), X(I) € R" means the state of the
observer, and #%(l) € R™ means the control input of the
observer.

Due to the possible data packet loss in C-A channel, the
control input of the controlled plant is as follows:

u(l) = Kx (). (8)
Define the state estimation error e(l) = x(I) — x(l).

Substituting (7) into (1) and (8), the closed-loop system
model can be written as follows:

x(1+1) =(Asq) + BBsyK)x (1) = BBy Ke (1)
+(B(1) = )BsyKx (1) + Dy (1)
= (B(D) = P)BsyKe (D) + f5) (I x (1)),
{ e(l+1)=(B-1)Bs;,Kx (1) - (B(I) - P)BsyKe (1)
+(As0) — (B~ DBsyK = yLC;p)Je (D)
+(B(I) = B)BsqyKx (I) + Dysgyw (1)
[ — (& (D) = &y )LCspe (1) + Fgy (D),

(9)

Where Fﬁ(l) (l) = fé\(l) (l, X(l)) - f ) (l, )?(l))
Define n(l) = [xT(I) eT'(I)]"; then the closed-loop
system (9) can be expressed as follows:

n(+1)=An() + (B - B)By(l) + Dw (1)

_ _ (10)
+(oy (D) = y)Cy (D) + F (1),
where
qo [Asqy + BBsyK —BBsn K :|
L (ﬁ - l)B(?(l)K A5(l) - (ﬂ - I)B(;(I)K - (X/\Lctg(l) ’
= _[BaoK —BMDK] - {0 0 ]
| BsyK —BsyK | 0 —LCs |
_ [D _ L x (@)
5| Pow :|,F(l) _ [fa(z) ]
| D5y Fsqy (D)
(11)

Definition 2. (see [30]) When w(I) =0, if for whichever
initial mode §(0) and state #7(0), such that

E{Z ln (DI 17(0),8(0) } < 0o, (12)
1=0

then system (10) is stochastically stable.

System (10) under random data packet loss and DoS
attacks is stochastically stable and attains the H, perfor-
mance requirement, if the following two requirements are
satisfied:



(1) System (10) under consideration is stochastically
stable

(2) Under the zero initial condition, for all w (I) # 0, the
controlled output y (I) satisfies

EJI Y ¥y } <y2E{ Y o D) } (13)
1=0 =0

where p >0 is a prescribed scalar.

Remark 3. Only the DoS attacks in the S-C channel is
considered in this paper. The obtained results can be ex-
tended to the case where the DoS attacks exist in both the S-
C and C-A channel, and the probability of packet loss in the
C-A channel can be considered for both attack active interval
and attack sleeping interval.

Lemma 4. (see [31]) (S-procedure) Letting T; € R¥" (i =

0,1,...,p) be symmetric matrices, T;(i=0,1,...,p),
¢ITyc>0, Vc#0,5.t.¢'T;c=0(i=0,1,..., p) holds if there
exist 7,20(i = 1,2,..., p) such that Ty — Y2 7,T;>0.

3. Main Results

The following theorem presents a sufficient condition on the
stochastic stability of system (10).

Theorem 5. For the communication channel parameters
0<ay <1and0< <], if there exist positive definite matrices
P;>0,Y;>0, controller gain matrix K, observer gain matrix
L, and nonnegative scalars v, >0, 1, >0, such that

T *
[ 1 ]<0’
Iy Ty (14)
PY, =1,
where
'—Pi+rlGiTG, * * * ]
T
0 -P;+1,G; G; = *
Iy = >
0 0 -] =
I 0 0 0 -—1,I]
(B By Ei3 0]
Eyn By 0 By
Ly =[E5 E‘32 0 0 |
Ey B 00
2, 0 0 0]
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0 B * % =
[p=[{0 0 E =% = |,

000 E =

L0 0 0 0 E
g, :[ 1 (A; + BB; ) .,\/ﬂ_,-g(Ai‘FﬁBiK)T]T’
2,y = [V (BBK)" ... iy (-BBK) ]
E :[ ﬂzll’ \/_-I]
Ey = [ v ((B-1BK)",. ,\/n_ig((ﬁ—l)BiK)T]Ts
£ = [V (4 - (B- DBK - ,LC)",

Vg (A= (B~ DBK - aLC))],
(VL. 1]

(v (BB ..y (BEK)']
)T
Ea = va (@LC), ..., (&ALC,-)T]T,

=Yy, -Y )

[1]
Il

1]

31

1]

32 = [\/T[_il(_BBiK)T’

E = Diag{

| =

1
a=[(1-a)m]|2.8=1(1-ppI2
(15)

then system (10) is stochastically stable.

Proof. Define Lyapunov function for system (12) as follows:
V(1) = x" (DPsx (1) +e" (Psgpe (D), (16)

where Py(;) > 0. From (9) with w(l) = 0, we can get
AV (1)
=E{V({I+1)|x(),...
-V,

,x(0),e(D),...,e(0),8() =1}

—Ex|x (+1) Y m;Px(+1)—x (DPix (1)

jet

jet

+e' (1+1) ) m;Pe(l+ 1)} —e' (DPe(D),

= E{[(A; + BBiK)x (I) - BBiKe (1) + f; (1, x (1))
+(B() - B)BKx (D) - (B()) - BB.Ke(D)]"
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Y 7P [ (A + BBK)x (1) - BB.Ke (D) + f; (1, x (1))

jet

+(B(I) - B)B;Kx (1) - (B(1) - f)B;Ke(])]

+ [ (B-1)BKx() + F;(D) + () - B)B;Kx(])
( ;i —(B-1)B,K - ocALC)e(l) —(B() - P)B;Ke(])

—(ay () - a)LCx (D]" Y 7P|
jet

+F; () +(A; — (B-1)B,K - LC)e (])
+(B() - B)B.Kx(D) — (B(D) - p)B.Ke (1)
—(ay () = o) LC;x (D]} = xT (HPx (1) — e" ()Pje (L).
(17)
Owing to E{(B(1) - B’} =B E{(ay() -2’} =,

thus we can get

~ 1)B,Kx(l)

AV ()
= [(A; + BBK)x (1) - BBKe (D) + f, (L x (1)]"
Y ;P [ (A; + BBK)x (1) - BBKe (1) + £, (1, x ()]

jet
+[(A; = (B-1BK - LC)e(])
+(B-1)BKx() +F,(D]"

. 7iP;[ (4 = (B~ DBK -y LC)e (])
]Ef
+(B- 1)BKx(I) + F; (I)]
+B [BKx() - BKe(D)]" Y P,
jet
[B.Kx(I) - BiKe (I)]
+ B’ [BKx(l) - BKe(D)]" I' Y mP;
jet

[B;Kx(I) - B;Ke ()]

+RﬁxT )C; Tt Z m;;P;LC;x (
jet
- x"(HPx(l) — e (HPe (1)

x() 71" x (1)

e(l) e()
f,(l x (1)) f,-(l,x(l))
F,(l) E, ()
2 = ET(DAL(),

(18)

where

TA; = * *
Ay Ay * *
A= A31 A32 an] j *

jet
Z ong

A41 A42 0
jet

11_(A +BBK)" > P A+ﬁBK)
jet

+ KBl Y m,;PBK
jet

+FK"B! Y m,;P;BK
jee

+®@,C/ L' Y m;P,LC, - P,

jet

+((B-1DBK)" Y m;P;((B- 1)BK),

jet

=-PK'B; ) m;P;(A; + BBK)
jet

~B'K'B} ¥ n,P,BK
jet

_F’K'B' Y m,;P;BK

jet
+(A; - (/3 - 1)BK - o, LC;)"

Y m;P;(B-1)BK,
jet

Ay =BK'B] Y m;P,BK - P,
jet

+ KBl Y m,;P;BK
jet

+ KBl Y m;P;BK
jee

+(A; - (/5 - 1BK - aLC;)"

Z”w j

jet

= Y m;P;(A; +BBK),
jet

32 - an] j ﬁBtK)’

jet

Ay =(B-1) ) m;PBK,
jet

Ay = Z”w j

jee

1)BIK - (X/\LCI*),

~1)BK - a,LC;).

It follows from (2)-(3) that

(19)



FLx@)f 4 x D)
=|f: x|
<[Gaxmff
= x" ()G, G;x (I),

(20)

F{ (DF; (D)
=[F 0]
<[Ge|
=" ()G Ge (1),

(21)

which indicates that

FTLx)f;(LxD) - x" (DG Gx ()
-G{G, 000
0 000
=& (D) &)
0 010 (22)
0 000
2 = (AW
0,

IN

F} (DF; (1) - ¢" ()G Gie (1)

0 0 00

0 -G/G; 0 0 £

0 0 00 (23)
0 0 01

2 = T ()AE()

0.

=&

IN

By the well-known S-procedure, that is, Lemma 4, we can
get AV () = EN()AE(1) <0 with constrains (22) and (23)
holding, if there exist non-negative real scalars 7, >0, 7, >0
such that

A -1 A, - 1,A, <0. (24)
From (24), we have
AV (D)
=&AL
< = Ain (“NET (DE(D)
= ~Auin (=N (1" Dy (1) + F} (DF, (1) (25)
+fF L) f; (L x (D))
SN (MOTERE LAG R FACRION
< = din M) DI,

From (25), for any N >0, we have
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N
E{Zun(l)nz}
1=0

_EIV ()} - E[V (N + 1)}
- Amin (_A) (26)

_ BV (o)

- /\min (_A)
< 00.

Therefore, in accordance with Definition 2, that system
(10) under consideration is stochastically stable. O

Remark 7. Theorem 5 provides sufficient conditions, which
makes sure system (12) is stochastically stable. The following
Theorem 8 will provide the proof that system (12) under
consideration is stochastically stable and attain the H,
performance requirement (13).

Theorem 8. When w(I) #0, take as given the communica-
tion channel parameters 0<ay <1, 0<B<1 and a scalar
y >0, if there exist positive definite matrices P;>0, Y;> 0,
matrices K, L, and scalars 7, 20, 7, >0, such that

Y, O
<0, (27)
Yy Yy
PY, =1, (28)
where
X1 * * * *
0 xp * * *

0, 05, 053 0 0y

¢, 0 0 0 O
Yy =

0; 0;, 0 0 O

0;, 0, 0 0 0

®, 0 0 0 O

® * * *x x %

0 O % =*x x =x

0 0 -1 = =% =%
Yy =
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T
X =—Pi+1.G; Gy )y

Oy, = [V (4 +BBK),.... iy (A +BBK)']
01 = [V (BB, g5 (-45,K)"]"
®, = [y D...., v DI]'.
O = VAL L. ..o\ 1]
@y = [V ((B-1DBK)",.... [y (B~ l)BiK)T]T,
0, = [ 7 (BBK) ..., \/T(BB<K)T]T,
®y = [V (A~ (B~ DBK - o LC) ...,
g (A; = (B~ DBK - 0 LC; ))T]

0, = [\/ﬂ—ﬂ(—BBiK)T ..... T (—/?B,»K)T]T,
0, = [V (®IC) ..., 7 @1C)']",

® = Diag{-Y,,...,-Y,},

1

(29)

then system  (10)
requirement (13).

attains the H_,  performance

Proof. When w(I) #0, from (11) we can get
E{AV () + y" )y (D) - o' Do)}
= E{[(A; + BB;K)x(l) - BB;Ke(l) + D;w(l)
+(B() - B)B.Kx (1) - (B(1) - PB;Ke (])
+filbx ] Y 7P, [ (A + BBK)x (1)

jet
— BBKe(l) + Dw () + f; (L, x(I)
+(B(1) - BB;Kx (1) - (B(]) - B)B;Ke(])]
+[(B-1)BKx () + (B(I) - B)B;Kx (1) + F; (1)
+ D, () + (A; — (B - 1)BK — ayLC)e (1)
(B - /3)3 Ke(l) - (ay () — a3 )LC;x ()]"

Y m;P;[ (B - 1)BKx(I) + Dyw(l)
jet

+F;() + (A, - (B 1)B,K — a,LC)e (1)
+(B() - BBKx (1) - (B() - )B.Ke (1)

(@ () = )LCx (D]} = x" (DP;x ()
—e" (DPe() + x" (DCICix (1) - Yo" (D (I)
=" aC o),

(30)

7
where
T
C=[x" e "0 fFGx) F O
’¢11 * * I
P2 P22 *oF %
Q=95 P32 P33 * *
¢, —PPBK PD; P;
L P51 P52 PD; 0 P;]
(Pll _(A +ﬁBK) Znt] j A +ﬁBK)
jet
T T
+F’K"B! > m,P ]B,K+ﬁKB > m,P;BK
jet jet
-2 T
+®C/L" Y mP,LC, - P,
jet
+((B-1BK)" Y m;P;(B-1BK+C'C,
jet
T
P21 = _ﬂK B Zﬂzj ](A +ﬁBK)
jet
T T
-FK"B Y m;PBK - BK'B] > m,P;BK
jer jee
+(A - (B-1BK -oLC)" Y m,;P;(B-1)BK,
jet
¢ =BK'Bl Y mP ]BK+/3KB > m,P;BK
jet jet
72T T
+P K'B} Y m,;QBK - P,
jet
+(A - (B-1BK - oyLC)" Y 7P,
jet
(A; - (B - 1B,K — o) LC)),
(PSI_D Zﬂz] j A +ﬁB1‘K)
jet
T
+D; Y m;P;(B-1)BK,
jet
-BD; Y m;P,BK
jet
+D; Y ;P ( -~ 1)B,K - a,LC)),
jet
T
¢33 =D; Y m;P,D;+D; Y m,P,D;—y’L,
jet jel
¢4 = PiA; + BPBK,
¢s1 = (B-1P,BK,
¢s52 = P;(A; = (B~ DBK — ¢ LC;).
(31)

From (18)-(19), we can obtain



x4 xD) - x" ()G Gix (1)

[-G'G, 000 0]
0 0000
="l o o0o000[CO)
(32)
0 00IO
0 00004

2 =",
0,

IN

F (DF; (1) - e" ()G, Ge (D)

0 0 000
0-G'G, 000
T
= D]O0 0 000 1
& 40) 33)
0 0 000
0 0 001
2 =T ()O,L ()
<0.

By the well-known S-procedure, that is, Lemma 4, we can
get

"¢ <o, (34)

with constrains (32) and (33) holding. If there exist non-
negative real scalars 7; >0, 7, >0 such that

Q-10,-1,0,<0. (35)
From (26)-(30), we can conclude that
E{av(D) +y" Dy (D) -y'e' DD} <o0. (36)

Adding up (39) from [ =0 to I = co:

Y E{y" )y}
=0 (37)

<" Y E{o' Do)} + E(V (0)} - E{V (co)}.

1=0

Duo to the condition that system (10) is stochastically
stable, we can get

YEY Oy0} <y’ Y Elo" Do} (38)
1=0 1=0

which implies the H_, performance index (12) is achieved.
This ends the proof. O

Remark 10. The prerequisites in Theorem 8 are a series of
matrix inequalities under matrix inverse constraints, which
can be settled by the cone complementary linearization
method as follows:
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g9
Mintr<z P,.Y,.>,s.t.(24) and (32), (39)
i=1
P, 1
[ ] >0,i €. (40)
I,

The computing steps are illustrated in Algorithm 1,
where y is a suitable scalar.

4. Numerical Example

In this section, an example is presented to illustrate the
effectiveness of the obtained method.
The parameter of the controlled plant is as follows:

x(I+1) = Ay () + Bygyue (D) + Dy (1)
+fsq (L x (D), (41)
y() = Cspyx (D),

where
[0.8266 —0.6330 07 [ 1 0.57
A =| 05 o ofB=|0|D,=|0|
L O 1.0 0 L 0 0.2 ]
[0.9226 —0.6330 07 [ 0.5 17
A, =| 10 o0 0|B,=|0|D,=|0]
L o 1.0 0] 0.2 0]
C,=[0.100],C,=[0.1 0 0],8() € {1,2},
[0.01sinx; (1) x; (D)
fi1Lx(D) =[0.01sinx,(I) [,x(I) =] x,(D) |,
L 0.01 sin x5 (1) ] x5 (D)
[0.02 sin x; (1)
fo(Lx(D)=[0.02sinx,(l) [,7, =0.5,7, = 0.3,
[ 0.02 sin x5 (I)
[0.01 0 0 0.02 0 0
G,=| 0 001 0 [G,=| 0 002 0
L O 0 0.01 0 0 0.02
(42)

Suppose the attack period is T' = 10, the sleeping period
is set as T' ¢ = 6, and the total operating time is | = 60, which
isd ={1,2,...,6}. The transition possibility matrices of § ()

isQ= [ 82 8? ] To analyze the impact caused by the DoS

attacks, the probabilities of success to transmission data
packet in the sleeping period are fixed, that is a; = 0.9 and
B = 0.8. Table 1 lists the allowable minimum value of y. It is
clear that when a, gets bigger, y,.;, gets smaller. The impact
of DoS attacks is clear, demonstrating the importance of
investigating security issues.

According to Theorem 8, when «; = 0.9, a, = 0.3, and
B =0.8, K, L, and y,,;, can be obtained as follows:
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(1) Set R, as the maximal iteration number, and let y =y,
(2) Obtain a feasible solution (P?,Y?, K L°) satisfying (23) and (31), and let [ = 0
(3) Settle the optimization issue bellow: Min tr(zig=1 PfY,- + YfP,-) such that (27) and (40)
(4) Set PL=P,Y!=Y,K' =K, L' =L
(5) while iterations number <R, do
(6) if (27) and (28) hold, then
(7) y=y—-u l=1+1, go to step 3
(8) else
9) I=1+1, gotostep3
(10)  end if
(11) end while
(12) if y <y,, then
(13) Ymin =Y +#
(14) else
(15)  No solution can be obtained within R,
(16) end if
ALGORITHM 1: Computing steps of (24) and (25).
TaBLE 1: The minimum value of y for different a,. 2 " . . . .
Lo Ymin
0.3 0.4164
0.4 0.4157 A |
0.5 0.4150
0.6 0.4141
0.7 0.4133
0.8 0.4124
0.9 0.4111 0
’ ' ' ' ' ' 1
_ 0 10 20 30 40 50 60
1
51 Figure 3: The data packet dropout in the S-C channel a (l).
2 T T T T T
1+ i
1t
0 1 1 1 1 1
0 10 20 30 40 50 60
!
0F
FIGURE 2: The mode of the closed-loop system & (I).
1.0868
-1 . . . . .
K =[-0.1339 -0.0274 -0.0026 |,L = 0.1465 |, 0 10 20 30 40 50 60
1
-0.7119
FIGURE 4: The data packet dropout in the C-A channel S(I).
Vmin = 0.417.
(43) disturbance input is assumed to be w (I) = 1/I2. The mode of

The initial conditions of the nonlinear NCS are supposed
as  x,=[020301]", x=[000]", and the

the system under consideration is shown in Figure 2. The data
packet dropout in the S-C channel is shown in Figure 3, and
the data packet dropout in the C-A channel is exhibited in
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FIGURE 5: The state responses of the open-loop system.
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FIGURE 6: The state responses of the closed-loop system.

Figure 4. As can be seen from Figure 3, the probability of data
packet loss during the active attack period is significantly
greater than that during the attack sleep period. In the total
running time, the number of successful packet transfers is 34.
The number of packet transmission failures is 26, which is
much higher than the average packet transmission failure
probability of 0.1 when there is no network attack. In Figure 4,

the number of successful data packet transmission in the total
running time is 51. The number of packet transmission
failures is 6, which is very close to the average data packet loss
failure probability of 0.2 when there is no network attack.
We give the response curve of the open-loop system, as
shown in Figure 5. Since both subsystems of the controlled
object are stable, the system state converges to zero in the
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FIGURE 7: The state responses of the closed-loop system without data packet dropout.

open-loop case. As can be seen from Figure 6, under the
action of the designed controller, the system performance
such as convergence time and overshoot is better than that of
the open-loop system.

If there is no packet loss in S-C and C-A channels, the
system state curve is shown in Figure 7. Compared with
Figure 6, the system performance is better than that in the
case of packet loss. Hence, data packet loss will reduce
system performance.

5. Conclusions

This paper researches the H , control problem for a nonlinear
Markov NCS with random data packet loss and periodic DoS
attacks via observer. Premeditating the data packet loss in the
S-C channel and C-A channel, sufficient conditions for the
stochastic stability of the system are derived, and the con-
troller design method is also proposed. Simulation results
demonstrate the effectiveness of the proposed method. Under
the event-triggered mechanism, the controller design for NCS
subject to data packet dropout and DoS attacks in both the S-
C channel and C-A channel will be researched in the future.
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Traffic accidents in mountainous highway tunnels have resulted in significant negative effects and losses. Among the potential
hazards that can lead to fatal injuries, human-related hazards have been recognized as the leading cause. Determining the risk
management effectively and prioritizing unsafe human behavior are the basis for preventing and controlling traffic accidents in
mountainous highway tunnels. Therefore, hazards that could potentially cause highway tunnel traffic accidents were identified by
using a tail-biting fish diagram combined with the fault tree method. A risk assessment model was constructed based on
probability, degree of importance, and loss. Furthermore, the probability can be calculated by assessing the degree of unreliability,
which can be obtained by assessing the degree of importance of unsafe behavior in the fault tree, and the loss can be acquired from
the authority. The case of 8-10 traffic accidents that occurred in the Qinling No. 1 Tunnel of the Ankang section of the Beijing-
Kunming expressway was studied, and the values of the unsafe behaviors were assessed. According to the risk values, the priority
for controlling unsafe behaviors can be acquired and tailored measures can be taken to prevent and control the risks, which
provides a theoretical basis and new method for the effective control of mountainous highway tunnel traffic accidents.

1. Introduction

The highway is not only an important symbol of traffic
modernization but also a symbol of national modernization
[1]. By 2021, China’s highway mileage is 169,000 km, ac-
counting for 3.2% of the world’s total highway mileage,
ranking first worldwide.

With the fast construction of highways and extending to
mountainous areas, tunnels, as a direct traffic facility
crossing mountains, have been increased greatly, as the
tunnels have the functions of improving alignment stan-
dards, ameliorating technical status, shortening operation
distance, enhancing transport capacity, and protecting the
ecological environment. According to statistics, the number
of highway tunnels in China has exceeded 20,000, reaching
21316, and the total length has exceeded 20 million meters
(21.999 million meters actually) by 2020, far more than the

other countries in the world (Figure 1). Moreover, the
number of long freeway tunnels in China increased rapidly
from 2010 to 2020 (Figure 2). By 2020, the number of long
freeway tunnels in China had reached 5541, with a total
length of 9.633 million meters. Among them, the number of
extra-long highway tunnels has reached up to 1394, with a
total length exceeding 6.23 million meters.

Serious road traffic accidents often occur in tunnels
worldwide. The earliest recorded tunnel traffic accident
occurred in 1949 at the Holland Tunnel in New York City,
where a dangerous chemical vehicle caught fire and gen-
erated a large amount of toxic gas, causing 66 people to be
poisoned and 23 vehicles damaged. In 1982, a serious tunnel
traffic accident occurred at the Salang Tunnel in Afghani-
stan, where a truck collided with a tanker, resulting in an
explosion; more than 200 people were killed, and hundreds
of vehicles were damaged. In 1999, a truck fire accident
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occurred at the French/Italian Mont Blanc tunnel, which led
to fierce burning, the temperature exceeding 1000°C, and the
asphalt pavement had been burned as the bus contained
flour and cream. A total of 39 people were killed, 40 vehicles
were damaged, and most of the casualties were caused by
suffocation as a result of fire smoke and toxic gas [2]. In 2001,
a truck fire accident occurred in the St. Gotthard Tunnel in

Switzerland. The accident was caused by a collision between
two trucks, which led to a heavy fire and smoke, resulting in
11 deaths, mainly due to smoke, gas suffocation, and high
temperature. The high temperature also caused the collapse
of the tunnel vault. In 2004, a series of rear-end collision fire
accidents occurred in Japan’s Takayama Tunnel [3], causing
four-vehicle rear-end collisions and fires when a large truck
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hit a car parked near the road. Five people were killed, and 23
others, including the firefighters, were hospitalized after
smoking. In recent years, a large number of highway tunnel
traffic accidents have occurred in China (Table 1), resulting
in serious economic losses and significant negative social
impacts.

Owing to the particularity of traffic environments,
tunnels have become the main spatial distribution points of
accident-prone traffic sections, which seriously affects
highway safety [4]. Compared with general roads, the death
rate of highway accidents is twice higher [5], especially with
the increasing frequency of traffic accidents in highway
tunnels, which has affected traffic safety dramatically and
caused significant social and economic losses. It shows that
nearly 93% of accidents are caused by human internal risk
factors [6], according to an analysis of 2258 traffic accidents
by the National Highway Traffic Safety Administration
(NHTSA). Statistical data from China also verified the
conclusion that human factors are the main cause of traffic
accidents. Moreover, road tunnel traffic accidents are
dominated by rear ends and collisions [7], and tracing
collisions account for 57.46% of total accidents [8]. A strong
positive correlation exists between traffic accidents and
driving speeds [9-11].

Currently, relevant theoretical research and technical
measures are more interested in reducing the risk factors of
vehicles and road environments, and less attention has been
paid to reducing human risk factors. It has been verified that
human factors are the primary and key factors in accidents,
and research has also shown that accidents caused by unsafe
behaviors are much higher than other unsafe hazards, such
as machines, environments, and management [12]. Humans
are the main body of multinomial collaborative systems.
Therefore, unsafe behavior control has become a key factor
in highway tunnel traffic safety management. The mea-
surement of human factors in human-machine-environ-
ment systems is the focus of management [13]. However, few
studies have focused on the measurement of the specific and
single hazard of unsafe human behavior and rarely quan-
titative research on human unsafe behavior in highway
tunnel traffic accidents. Therefore, to address the gaps in
research knowledge, we conducted a study on the risk as-
sessment of the unsafe behavior of humans in highway
tunnel traffic accidents using a tail-biting fish diagram
combined with the fault tree method. A risk assessment
model was constructed to obtain the risk ranking of unsafe
behaviors, which was intended to provide a theoretical basis
for the effective control of unsafe behavior in highway tunnel
traffic accidents.

The remainder of this paper is organized as follows: In
Section 2, unsafe human behaviors that can potentially cause
highway tunnel traffic accidents are identified. In Section 3, a
risk assessment model composed of probability, importance
degree, and loss is constructed and the method for assessing
the probability and importance degree is proposed. In
Section 4, we apply this model to the “8.10 traffic accident”
that occurred in the Qinling No. 1 Tunnel of the Ankang
Section of the Beijing-Kunming Expressway. Finally, we
discuss and conclude the study in Section 4.

2. Identification and Analysis of Human Unsafe
Behavior in Highway Tunnel
Traffic Accidents

tThe mechanisms underlying traffic accidents in highway
tunnels are complex. According to the accident causation
theory, the highway tunnel traffic system can be expressed
as a complex system composed of people, vehicles, roads,
environment, and management. These five factors were
coordinated and interacted with each other. If any factor
has potential hazards, it will affect the safety status of the
system and can lead to accidents. Therefore, tunnel traffic
accidents can be expressed as a process in which people,
vehicles, roads, the environment, and other dynamic and
static factors are out of balance [14]. Among these factors,
human factors account for approximately 80% of accidents
[15], mainly manifesting as unsafe human behaviors.
Human unsafe behaviors refer to the behavior character-
istics when the man’s ability is lower than the system’s
requirements in a specific space-time environment, which
shows that human behavior does not meet the require-
ments of the system.

The adverse source of the accident was the quality of the
man. Specifically, people are the dominant factors in acci-
dents. The main cause of traffic accidents is the interaction
between internal and external risk factors. Various external
environmental risk factors affect the driver, stimulate in-
dividual internal risk factors, and ultimately lead to traffic
accidents. When drivers experience severe traffic violations,
such as distraction, fatigue, overspeed, mental workload, and
drunk driving, traffic accidents are likely to take place during
the driving process. In the causes of highway tunnel safety
accidents, human unsafe behaviors are caused by a variety of
factors, mainly including psychological causes, physiological
factors, skills, working environment, and the influence of
management. The first three aspects are subjective reasons
(internal causes), and the latter two are objective reasons
(external causes) [16]. Furthermore, the primary causative
factors in highway traffic environments include drivers and
passengers. According to the statistics, driver-induced fac-
tors are 8-9 times more than those of passengers. Therefore,
in this study, we focused on the unsafe behavior of drivers.

2.1. Driver-Induced Factors. Drivers are the main partici-
pants in traffic behavior [17], and their psychological and
physiological reactions directly affect traffic safety, with
factors including physiology, psychology, technical experi-
ence, and traffic behavior. Simultaneously, the driver is
affected by the driving environment, road conditions,
weather conditions, and other factors:

(1) Some highway tunnels are located at high altitudes
with low air pressure and low oxygen, which can
easily lead to physiological discomforts such as
plateau reactions, dizziness, heartbeat, acceleration,
and other symptoms, thus affecting the driver’s at-
tention and reducing their ability to respond to
emergencies.
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TaBLE 1: Major tunnel traffic accidents in China (2002-2022).
Serial Accident location Time Type of accident Consequence Cause of accident
number (years)
1 Gansu Tangjiafengtai Tunnel ~ 2002 Rear-end collision 8 dead, 8 wounded Miss operation
2 Zhejiang Shangsan 2002 Rear-end collision 7 dead, many injured Dim lights in the
Expressway Tunnel tunnel
3 Sichuan Fengdian Tunnel 2004 Rollover 5 dead, 27 injured Over speed
4 Chongging Jinyunshan 2005 Collision 1 dead, 11 injured Too fast
Tunnel
5 Chongging Huangshi 2006 Crashed into tunnel 4 dead, 3 wounded Vehicle out of
Tunnel control
6 Guangd?&i E;Tnluyuan 2007 Crashes into tunnel 2 dead, 3 wounded Collision
7 Guangd(?rrl]li Ill);lbaoshan 2008 Rear-end fire Tunnel collapse partially Chemical explosion
8 Shaanxi Fengbaozhai Tunnel ~ 2008 Vehicle collision 4 dead, 1 seriously injured Over speed
9 Shandong Panlong Tunnel 2009 Tailgating fire 3 dead, 5 wounded Fatigue driving
10 Zhejiang Daxiling Tunnel 2010 Spontaneous ignition Facilities damaglzci,s great econOmIC oo nitrailer burning
11 Jiangsu huishan tunnel 2010 Fire 24 dead, 19 injured Arson
12 Gansu xingidaoliang tunnel 2011 Fire 4 deed, 1 injured, 3 vehicles Rear-end ﬁre and
burned, tunnel damaged explosion
13 Sichuan tl:):rglggluanshan 2011 Vehicle collision 7 dead, 4 wounded Brake failure
14 Shanghai Bund Tunnel 2012 Crashes into tunnel 3 dead, 1 injured Disoperation
. . 40 dead, 12 injured, 43 vehicles .
15 Shanxi Yanhou Tunnel 2013 Fire Illegal operation
burned
16 Guangd?SIglnI:f oyishan 2014 Rear-end collision 5 dead, 13 injured Fatigue driving
Shanxi Jincheng section Hazardous chemical 40 killed, 12 injured, and 42 Articulated train
17 2014 . .
Yanhou Tunnel explosion vehicles burned crash
18 Shaanxi Baojiashan Tunnel 2015 Vehicle collision 1 dead, 1 injured Miss operation
19 ShaanX1T(121;nIilerllg No. 2 2016 Rear-end collision 2 dead, 2 wounded Over speed
20 Yunnan Maanshan Tunnel 2017 Bus rollover 10 dead, 38 injured Miss operation
21 Shandong Taojiakuang 2017 Fire 13 dead (11 children) Fire
Tunnel
22 Shaanxi Qinling No. 1 2017 Bus collision 36 dead, 13 injured Collision
Tunnel
23 Zhejiang Wangzhai Tunnel 2018 Collision 1 dead, many injured Over speed
24 Hubei Liziping Tunnel 2018 Collision 2 dead, many injured Over speed
25 Zhejiang Maoliling Tunnel 2019 Fire 5 dead, 36 injured Tires triggered fire
26 Guangxi Hezuo village 2019 Collision 4 dead, 4 seriously injured Out Of.Cf)IltI‘Ol,
Tunnel collision
27 Sichuan Xudianzi Tunnel 2020 Bus collision 6 dead, 29 injured Vehicle rollover
28 Jielong Tunnel 2021 Chain collision 4 dead, many injured Over speed
29 Shanxi Yagou Tunnel 2022 Collision 5 dead, many injured Lose control

(2) When driving in the tunnel, especially in freeway

tunnel groups, the light changes frequently and the
driver experiences a black hole and white hole effect
in a very short time, which seriously affects the
driver’s visual perception [18]. Moreover, the high
spirit concentration in tunnels causes fatigue, which
can easily lead to accidents.

(3) Owing to the different usages of materials at the

entrance and exit of the tunnel, there is a transition
area that leads to a significant difference in the ad-
hesion coeflicient of the pavement inside and outside

the tunnel. Under the stress of bad weather, such as
rain and snow, the road adhesion coefficient changes
dramatically and vehicles are easy to ski.

(4) In a depressed driving environment in a tunnel,

drivers tend to leave the tunnel quickly and engage in
illegal driving behaviors, such as speeding and
overtaking. When the traffic flow in the tunnel is
large or the road surface is wet, overspeed and
overtaking are often prone to collisions or rear-end
collisions and sometimes even lead to a series of rear-
end accidents.
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(5) In bad weather, drivers are prone to anxiety, irri-
tability, misjudgment, missed operations, and other
behaviors, coupled with the impact of wet and
slippery roads on vehicle performance, which in-
creases the possibility of traffic accidents.

(6) When driving at night, drivers can easily relax their
vigilance and drive quickly. In addition, when
driving in an external environment of dawn, dusk,
and dim light, the driver’s vision decreases signifi-
cantly. Therefore, the accident rates at dawn and
dusk are much higher.

Generally, when driving in the complex environment of
a tunnel, the driver is likely to experience speed, fatigue,
driving, overload, negligence, and other illegal driving be-
haviors owing to weak safety consciousness. Tunnel envi-
ronment driving is prone to traffic accidents, particularly for
drivers of dangerous chemical transport vehicles and trucks
[19]. Therefore, driver factors include driver safety aware-
ness, illegal traffic behaviors, improper operation, psycho-
logical changes, emergencies, and environmental impact.

2.2. Passenger-Related Factors. Passenger-related factors
mainly refer to the factors that directly or indirectly lead to
tunnel traffic accidents owing to passengers’ unsafe be-
havior, such as carrying contraband goods (which may lead
to fire and explosions), talking with the driver (which may
affect safe driving), or even encouraging the driver to violate
regulations and speed. Although passengers cannot control
the vehicle directly as drivers, improper behavior increases
the risk rate. In addition, passengers should fasten their
seatbelts and escape abilities along with their self-rescue
capabilities.

Owing to its closed distribution in space [20], a tunnel is
the bottleneck of a freeway. Once a tunnel traffic safety
accident occurs, it has serious impacts, including traffic
congestion, vehicle damage, tunnel damage, and casualties
[21]. Meanwhile, the limitations of the tunnel environment
aggravate the consequences of accidents [22]. According to
Table 1, once a traffic accident occurs in a freeway tunnel, it
will seriously affect the traffic situation, leading to traffic
jams. Personnel rescue, and vehicle dragging, which are very
inconvenient, and the evacuation and rescue processing will
be prolonged, further aggravating the situation and causing
chain reactions and large seepage accidents in the sur-
rounding environment. Moreover, tunnel traffic accidents,
often prone to chain accidents or secondary damage such as
chain tails, may also cause casualties [23]. If a vehicle fires in
a tunnel, it can easily cause the pavement asphalt material to
melt or even be on fire. Once a fire or explosion occurs,
particularly when a truck or hazardous chemical vehicle
explodes in a tunnel, an extremely high-temperature flame
front or shock wave will be generated, which is accompanied
by a large number of toxic and harmful gases. Owing to the
relatively closed tunnel, people trapped in it are easily
suffocated by smoke and the rescue work is extremely dif-
ficult, resulting in significant casualties and property losses
[24]. Based on this, we drew a tail-biting fishbone figure: a

chart with two fishbones, one biting another, to describe and
analyse the accident risk factors, risk events, and risk loss
based on Ishikawa Char (Fish Bone chart) (Figure 3, the
diagram looks like two fishbones with one biting another);
from the aspect of car insecurity, road and environmental
defects, security management deficiencies and human un-
safe behaviors, we acquired all the potential hazards and
their impacts and losses systematically.

Simultaneously, the fault tree can be applied to the
systematic analysis and quantitative evaluation of the special
causes of system accidents, such as human factors. Com-
bined with the results of the tail-biting fishbone figure, a fault
tree model of traffic accidents in mountainous highway
tunnels was established (Figure 4 and Table 2).

As shown in Figure 4 and Table 2, unsafe behaviors that
cause traffic accidents in mountainous freeway tunnels in-
clude speeding (X,), overload (X,), irregular overtaking
(X3), drowsy driving (X,), drunk driving (X5), sudden
illnesses (X,), negative emotions (X;), psychological
shadows (Xjg), and weak awareness of safety (X,).

3. Risk Assessment of Human Unsafe
Behaviors of Traffic Accidents in the
Highway Tunnel

3.1. Risk Evaluation Model of Human Unsafe Behavior.
To evaluate specific unsafe human behaviors and rank these
activities, the risk values of each unsafe behavior should be
assessed. Subsequently, tailored measures can be taken
according to the risk values. The risk values can be calculated
using possibility (P) and loss (L).

R =P, L, (1)

The possibility of unsafe human behavior risk is mainly
measured by the human unreliability degree (HUD) and its
degree of importance (I). Therefore, the risk evaluation
model for unsafe human behavior can be revised as follows:

RH, = HUD; -1, - L, (2)

where RH; is the risk value of unsafe behavior at time t;
HUD,; is the unreliability of unsafe behavior i at time ¢; I; is
the importance of unsafe behavior i in the accident system;
and L; is the possible loss of the accident caused by the
unsafe behavior i .

3.2. Assessment Model of Human Unreliability. In a system,
human behavior is usually measured by reliability, that is,
the probability of a person completing a specified task (or
function) without an error within the specified time and
under a given condition. Corresponding to human reliability
is unreliability, which can be used to scientifically measure
unsafe behavior.

Reliability is a function of time and can be expressed as a
reliability function R (¢), which represents the probability of
continuous operation during the period of (0,t). The cor-
responding reliability is unreliable, which indicates the
probability that people cannot complete a specified action
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under a given condition and within a specified time. It is also
known as the failure probability or failure rate and can be
expressed as the available F(t). It is apparent that
R(t)+F(t)=1-

Let & represent the time from unit to failure, which is a
random variable. According to the definition of reliability,
the probability of an event being {£ > ¢} is the reliability of the
unit at time. In other words, there is a probability that no
failure will occur within the (0, t) unit. If R(¢) is a reliability
function, then

R(t) = P{E>t). (3)

Here, P represents probability and event {{<t} is the
complement set of events {£>t}. Its probability is often
referred to as the cumulative distribution function (F (t)).

F(t)=P{<t} =1-R(2). (4)

Its physical meaning is the failure probability of the unit
in the time interval (0, t), that is, the degree of unreliability.

For a limited sample, the total number of products
operated under the specified conditions is N, and (0, t), and
the cumulative number of failures for a product during its
operating hours is r(t). Reliability and unreliability were
estimated as follows:

R(t) = —N‘);Ir(t),
0
(1) ®
r(t
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TaBLE 2: Accident tree event description for mountain highway
tunnel accidents.

Number Meaning
T Tunnel traffic accident
M, Human unsafe behaviors
M, Car insecurity
M, Road and environmental defects
M, Security management deficiencies
M, Driver-induced factors
M, Passenger-related factors
M, Vehicle factors
My Hazardous material transportation
M, Tunnel defect
M, Defects conditions
My, Management defects
M, Defects in emergency management
M, Miss operation
M, Physical and mental deficiency
M, Vehicle safety hazards
M6 Daily check not in place
M, Harsh environment
Mg Emergency disposal defects
X, Speeding
X, Overload
X, Illegal overtaking
X, Drowsy driving
X Drunk driving
X6 Sudden illness
X, Psychological shadow
X Being depressed
X, Weak awareness
X1 Affect driving
Xy No seat belts
X1, Carrying flammable and explosive articles
X5 On-the-road crash
X4 Brake failure
X5 Distraction
Xis Inadequate daily maintenance
X7 Poor compliance
Xis Poor regulation
Xis Complex lines
X5 Low road adhesion coefficient
X5 Design defect
X5 Ventilation and lighting defects
X3 Unclear traffic signs
X, Inclement weather
X5 Slow emergency response
Xy Roadblock
Xy Inadequate management system
Xog Inadequate on-site supervision
Xy Insufficient safety education and training
X350 Inadequate emergency response system
X5 Lack of emergency drills
X3, Untimely emergency response

Similarly, the degree of unreliability of unsafe behaviors
may be defined as

HUD=1-2r (6)
=l
where N, is the number of error-free operations completed
and N, means the total number of times the operational task
was executed.

Therefore, the SOR model was used to assess the un-
reliability of unsafe behaviors. SOR is a theoretical model of
“stimulus-organism-response,” which was proposed by
Mehrabian and Russel in 1974 in the field of environmental
psychology [25]. The model considers that environmental
factors can stimulate human emotions and cognition and
elicit close or escape responses. The model primarily in-
volved three variables: stimulation, organism, and response.
The theory holds that the relationship between external
stimuli and individual responses is neither direct nor me-
chanical, as the individual is an organism with rich thought
and emotional activity and has a certain subjective initiative.
When facing a stimulus, it is not a passive response but an
active selection. The face of some external stimulation may
have a certain psychological activity, which may affect the
individual state; this also means that the internal state of the
organism plays an essential role in it. According to the SOR
model, a calculation method for determining the operational
reliability of human beings was proposed by Professor Yachi
Ichi Michizui of Tokyo University in Japan. He believes that
the basic reliability of the operator is

Y = Y17Y2Y3 (7)

where y, represents the basic reliability of the information
input process, y, refers to the basic reliability of the decision
process, and y; refers to the basic reliability of the operation
output process [26]. The values for y;, y,, and y; are pre-
sented in Table 3.

In this study, the reliability degree model was revised by
considering operating time, operating frequency, physical
and psychological conditions, degree of danger, and en-
vironmental conditions. After obtaining the basic reli-
ability of the operator y, it can be modified more precisely
according to the operating conditions, operating time,
operating frequency, risk, and psychological and physio-
logical effects; the operation reliability R can be obtained as
follows:

R=1-bcdef (1 -y). (8)

R is the revised reliability degree, b is the correction
factor for the operation time, ¢ is the correction factor for the
operating frequency, d is the correction factor for the degree
of danger, e is the correction factor for the physical and
psychological conditions, f is the correction factor for the
environmental conditions, and 1 -y is the basic unreli-
ability, with each correction factor covering a certain range
(Table 4).

Based on the reliability R value, we can also get the
corresponding unreliability U value as follows:

U=1-R
=1-[1-bedef (1 -1y)] (9)
= bedef (1 - ).

The rolling quantitative fusion method is adapted to
calculate the reliability degree, as in the method, the closer it
is to the mean, the greater the data weight and there is no
relationship with the data itself.
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TaBLE 3: Values of parameters in basic reliability.

Category Content Y1 V3 Vs

Simple Few variables, ergonomic principles considered 0.9995-0.9999 0.999

General Variables below 10 0.9990-0.9995 0.995

Complex Variables over 10, inadequate consideration of ergonomic principles 0.990-0.999 0.990

TaBLE 4: Value of the correction coefficient.

Coefficient b c d e f

1.0 Sufficient slack time Low Safe Good Good

1.0-3.0 Insufficient slack time Appropriate Risky Bad Bad

3.0-10.0 No slack time High Fatal Very bad Very bad
Suppose that for the same behavior or operations, dif- 1™

ferent experts’ judgement according to the SOR model of an HU D = m Z; §j. (12)

=

unreliability series is UapUpyp-- - U(].) ..
arranged in order from small to large.

’U(Vl)’ Wthh is

U=(upty, ..oty suy,), W<ty i=12,...,m-1 (10)
This is calculated as
1 m—j+1i+j—1u
k .
= = =1,2,...,m. 11
fjm—j+1;;j] ()
= =i

The unreliability quantitative fusion results can be
obtained:

3.3. Importance Degree Analysis Based on Fault Tree. As
shown in Figure 4, Boolean algebra is used to solve the
minimum cut set. The minimum cut set is a set of necessary
and sufficient bottom events that leads to the occurrence of a
fault tree. Using the fault tree analysis software FreeFta, 44
minimum cut sets of traffic accidents in highway tunnels
were obtained as follows:

Xl’ XIO’ Xll’ X12> X13X15’ X13X16’ X14X15’ X14X16’ X17X18’ X19X22X26’ X19X23X25’ X19X23X26’
X19X24X25’X19X24X26’XZ’XZOXZZXZS’XZOXZZXZG’ X20X23X25’X20X24X26’X27X30’X27X31’ . (13)
XZSXSO’ X28X31’ X28X327 X29X30’ X27X31’ X27X32’ XS’ X4’ XS’ X6’ X7’ XS’ X9

This shows that 44 possible routes can lead to traffic
accidents in mountain highway tunnels and that there is at
least one basic event in the minimum cut set, indicating that
accidents can easily occur.

When the minimal cut set is determined, the importance
of each basic event in the structure of the accident can be
approximately calculated according to (14), which is used to
analyse the impact of each basic event on the top event
[27, 28].

1
I¢(i)=1—H<l—2nj1>, (14)

x;€k;

I(X)=1(Xy)=1
=I1(Xy) =1
=1(Xyy) = 1(X13) > I(Xp)
= I(X23) = I(Xzz) = I(le) = I(Xzo) = I(X19)-

where I, (i) represents the structural importance of the
underlying event i and #; is the minimum cut set in which
the base events are located for each event i.

For example, event X, has only one event in a minimal
cut set and its structural importance.

I,(4)=1. (15)

The event X, exists in two minimal cut sets, and each
cut set has two basic events: its structural importance as

1 1

The structural importance of each event is calculated as
follows:

(X10) = I(X) = I(Xg) = I(X;) = I(X¢) = I(X5) = I(X,) = I(X;) = I(X;) = I(X,) > I(X3,)
(X30) = I(X29) = I(Xzs) = I(X27) = I(Xzs) = I(X25) = I(XIS) = I(X17) = I(Xw) = I(XIS)

(17)
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3.4. Loss Measurement Standard. According to the Road
Traffic Accident Treatment Law in China (the NPC Standing
Committee, 2003), the classification criteria for road traffic
accidents are as follows.

3.4.1. Minor Accidents. This denotes a minor injury to one to
two people or property loss of less than 1000 CNY.

3.4.2. General Accidents. This denotes serious injury in one
to two people, mild injury in more than three people, or
property loss of less than 30,000 CNY.

3.4.3. Major Traffic Accidents. It refers to an accident that
causes one to two deaths, serious injury to more than three
people and less than ten people, or property losses between
CNY 30,000 and 60,000.

3.4.4. Extraordinarily Serious Traffic Accidents. It refers to
an accident that causes more than three deaths, eleven se-
rious injuries, one death, eight serious injuries, two deaths,
five serious injuries, or loss of more than 60,000 CNY.

4. Case Studies

On August 10, 2017, at 23:34, a bus (number Yu C88858)
travelled from Chengdu to Luoyang. When it passed
through the south entrance of the Qinling No. 1 Tunnel
(1164km +930m) in the Ankang section of the Beijing-
Kunming Expressway, a traffic accident occurred at the
tunnel entrance, resulting in serious deformation and
damage to the bus; 36 people were killed, and 13 people were
injured in the accident.

The investigation found that the direct cause of the
accident was that Baiming Wang, the driver, drove over the
speed and fatigued when he passed the tunnel and did not
take any safety measures such as steering and braking before
the collision, which caused the vehicle to deviate from the
right side of the road and collide frontally with the wall of the
Qinling No. 1 Tunnel entrance. Furthermore, the fact that
passengers are unattached to seat belts is another important
cause of extremely serious secondary injuries.

In “8:10” traffic accidents, people’s unsafe behaviors
include driver’s fatigue, driving at night and speeding
passengers in a sleeping state, and not wearing seat belts;
both the passenger and the driver become victims. The
driver’s driving speed was identified at speeds ranging from
80 to 86 km/h when entering the tunnel, which is higher than
the speed limit (60 km/h for the bus), with 33% to 43% above
the limit, and he drove continuously for 2.5 hours deep in
the night with a severe fatigue state. Passengers did not tie
any safety belts. Owing to the large inertia when the accident
occurred, the loss of necessary protection caused a serious
secondary injury. Night and fatigued driving are derived
from human cognitive defects, which are often caused by the
social environment, weak security awareness, and insuffi-
cient management of relevant departments [29-32].

According to the above assessment model of the
probability and importance degree model, the “8-10” Special
Major Road Traffic Accident on the Ankang Jingkun Ex-
pressway in Shanxi Province was studied and its unsafe
behaviors were measured.

As shown in Figure 4 and Table 2, we consider overspeed
(X,) as an example. According to Table 5, the gradual
cumulative results of the rolling average &; and final fusion
results of the reliability degrees are obtained as follows:

&, =0.903096;

£, = 0.898916;
£, = 0.898916;
£, = 0.903096,

— 1 &
HFP, =— Y&,
j=1

1
=1 (0.903096 + 0.898916 + 0.898916 + 0.903096)

= 0.901006.
(18)

Furthermore, the degree of importance of overspeed
(X,), as described in Section 3.3, is
I,(1) =1 (19)

Therefore, the risk value of overspeed (X,) is obtained as
follows:

RH, = HFP, - P, - D,
=0.901006 %1 = L (20)
= 0.901006L.

L is the consequence of tunnel traffic accidents, and in
this case, its quantitative value was 40 in this study,

according to Table 6. Similarly, the risk value for drowsy
driving (X,) was obtained according to (11) and Table 7.

_ 1 &
HFP, =— Y&,
j=1

1
= 1 (0.938935 + 0.996555 + 0.996555 + 0.938935)

= 0.967745.
(21)

And its importance degree refers to (12).

Ij(4)=1. (22)

Therefore, the risk value of drowsy driving (X,) is
obtained as follows:

RH, = HFP, P, D,
= 0.967745 % 1% L (23)
= 0.967745L.
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TABLE 5: Analysis table of overspeed driving.
Category Expertl Expert2 Expert3 Expert4
Stimulus reliability (y,) 0.992 0.993 0.9991 0.9996
Organism reliability (y,) 0.99 0.995 0.99 0.99
Response reliability (y;) 0.994 0.992 0.9995 0.99
Basic reliability (y) 0.976188 0.980131 0.988614 0.979708
Correction factor of the operation time (b) 1.5 1.8 3 2
Correction factor of the operating frequency (c) 2 1 1 2
Correction factor of the degree of danger (d) 6 6 4 3
Correction factor of the physical and psychological conditions (e) 1 1.6 2 2
Correction factor of the environmental conditions ( f) 2 2.8 3 2
0.14275072 0.038645 0.237882 0.025982

Reliability R;,

TaBLE 6: Consequence and its value of traffic accidents.

Values Extent of injuries Losses caused by accidents (CNY)
10 1 to 2 people with minor injuries Less than 1000
20 Serious injury of 1 to 2 people/more than 3 people with slight injuries Less than 30,000
30 1 to 2 deaths/more than 3 people with grievous injuries Between 30,000 and 60,000
40 More than 3 deaths/11 serious injuries/1 death, 8 serious injuries/2 deaths, 5 serious injuries More than 60,000
TABLE 7: Analysis table of drowsy driving.

Category Expertl Expert2 Expert3 Expert4
Stimulus reliability (y,) 0.991 0.991 0.9991 0.993
Organism reliability (y,) 0.992 0.995 0.991 0.991
Response reliability (y;) 0.992 0.993 0.9993 0.992
Basic reliability (y) 0.975207 0.979143 0.989415 0.97619
Correction factor of the operation time (b) 1.2 2 3 1
Correction factor of the operating frequency (c) 1.8 1.3 1 2
Correction factor of the degree of danger (d) 3.9 4.9 4 3
Correction factor of the physical and psychological conditions (e) 2.3 2.2 2 2
Correction factor of the environmental conditions ( f) 2 2.5 3 2

0039277763 -0.46147 0.237882 0.428572

Reliability R;,

According to the above risk values, the risk value for
drowsy driving (X,) was higher than that for high-speed
driving (X,). Accordingly, the priority level of X, is superior
to that of X, when taking precontrol measures.

In view of the fact that the single risk value of drowsy
driving is higher than that of speeding, drowsy driving
should be given higher management authority and more
resources when formulating management standards or
taking management measures and unsafe behaviors that
reach a specific risk value should be included in key su-
pervision. For drowsy driving, the penalty standard (fine or
deduction of driver’s license points) should be formulated
and its penalty standard should be higher than that of
speeding. But, the reality is that we lack penalties standard
for drowsy driving as it is difficult to identify fatigue driving.
However, drowsy driving can be controlled through some
technical means. For example, biological recognition tech-
nology and Al intelligence can be carried out for early
warning and identification of drowsy driving before the
vehicle is launched, the location information can be used to
monitor continuous driving for a certain period of time
(4 hours), and the black box video monitoring system can be

used to record the driver’s behavior. Al identification smart
technology can be applied to early warning of unsafe be-
havior to achieve intelligent control and effective prevention
of unsafe behavior.

Similarly, the risk values of other specific unsafe human
behaviors can be obtained using this model and method.
Finally, the risk ranking of a specific unsafe human behavior
in highway tunnel traffic accidents can be obtained
according to the risk values, and tailored measures can be
taken to prevent and control hazards.

5. Discussion and Conclusions

The occurrence of an accident is a complex process, and
most accidents have multiple causes. Hazard control is the
main objective of safety management. Therefore, hazard
identification and assessment are the base of risk manage-
ment, which aims to establish a proactive safety strategy by
investigating potential risks. This process is used to deter-
mine risk management priorities by evaluating the value of
the hazards.
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In this study, a tail-biting fishbone and fault tree model
was used to establish a causal model for traffic accidents in
mountainous highway tunnels. Based on the characteristics
of unsafe human behaviors and their consequences, a human
unsafe behavior risk measurement model for traffic acci-
dents in highway tunnels was established, which was derived
from the degree of human unreliability, the importance of
the accident system, and possible loss after the accident.
Moreover, a risk assessment model for unsafe human be-
havior was introduced to obtain the risk ranking. Methods
for assessing the probability and degree of importance were
proposed. Furthermore, the probability was obtained by
assessing the unreliability degree of the unsafe behaviors,
and the degree of importance was obtained by analysing the
degree of influence in the fault tree using the Boolean algebra
algorithm. Finally, the risk value was calculated, and the
priorities for controlling the unsafe behaviors of humans
were obtained, which provided a theoretical basis for the
scientific, reasonable, and effective control of tunnel traffic
accidents. This model may also be applied to other tunnel
traffic accidents; however, some induced factors may change,
so the model needs to be revised slightly. For other accidents,
they may be assessed from unreliability, degree of impor-
tance, and loss and the model needs to adjust according to
the actual situation. In the future, the process of unsafe
human behavior and its mechanism can be analysed sys-
tematically, and its value can be assessed quantitatively. With
the determined value, then the formulation of management
standards and the optimization of management processes
can be carried out to achieve fine and effective safety control.

The management standards of human unsafe behavior
can be established, and tailored management measures can
be taken, for example, classification/hierarchical control for
drowsy driving, speeding, illegal overtaking, AI identifica-
tion, and early warning of unsafe behavior with smart
technology, to achieve intelligent control and effective
prevention of unsafe behavior.
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For a class of uncertain continuously networked Lurie control systems with both sensor-to-controller time-delay and controller-
to-actuator time-delay, the problem of codesigning its observer and fault-tolerant controller based on an event-triggered
mechanism under actuator failure is investigated. Firstly, considering that the state of the system cannot be measured directly, an
observer is constructed on the controller node. Secondly, to reduce the waste of network bandwidth resources and improve the
performance of the network control system, a network control system approach based on event-triggered mechanism is proposed.
By introducing the event-triggered mechanism and the actuator fault indication matrix, the Lurie networked control system is
modeled as a Lurie system with time-delay using the state augmentation technique to obtain a model of the closed-loop system.
Finally, based on Lyapunov stability theory, sufficient condition for the stability of the closed-loop system is obtained, and the
design method of the fault-tolerant controller and the observer is given. The obtained results are given in the form of linear matrix
inequalities, which are easy to be solved by using the linear matrix inequality toolbox. Finally, the feasibility and effectiveness of the

method are illustrated by a simulation example.

1. Introduction

With the rapid development and wide application of
computer, communication and control technologies, net-
worked control systems (NCSs), and control systems, in
which nodes (sensors, controllers, actuators, and controlled
objects) transmit data through a shared communication
network, have attracted much attention [1]. Compared with
the traditional point-to-point control system, the NCS has
the advantages of low installation cost, easy maintenance,
high flexibility, information resource sharing, and easy re-
mote operation. It has been widely used in intelligent
medical, intelligent transportation, and intelligent
manufacturing fields [2-5]. However, due to the problems of
time-delay, packet loss, and wasted communication re-
sources derived from the application of NCS, the actual

production process will be affected by many uncertain
factors, such as equipment wear and tear and production
line aging, and the system will inevitably fail [6]. Once the
system fails, it may cause catastrophic losses or even damage
to personal safety, so it is of great economic and social
significance to improve the reliability and stability of NCS
operation with the help of fault-tolerant control.
Fault-tolerant control is the most common and effective
control method [7, 8], which has received a lot of attention
from academics and has achieved some results. The existing
research literature on fault-tolerant control of NCS with
time-delay can be divided into two categories. The first
category of literature focuses on fault-tolerant control of
NCS with time-delay between the sensor and the controller.
In Ref. [9], a fault-tolerant controller design method based
on observer estimation is proposed for the time-delay
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between the sensor and the controller, and a closed-loop
NCS is made asymptotically stable and satisfies the given
control performance by combining Lyapunov stability
theory and the linear matrix inequality method. The liter-
ature [10] models the time-delay from the sensor to the
controller as a Markov chain with incomplete transfer
probability and uses the state augmentation technique to
transform the closed-loop system into a Markov jump
system, gives sufficient conditions to guarantee the stability
of the NCS, and designs fault-tolerant controllers. The
second type of literature focuses on fault-tolerant control of
NCS with time-delay between both sensors to controllers
and controllers to actuators. The literature [11] combined
the time-delay in the sensor-to-controller network and the
time-delay in the controller-to-actuator network into a total
time-delay, established a robust fault-tolerant control
method for discrete NCS with time-delay, and combined
Lyapunov stability theory and switching system theory, for
the design of fault-tolerant controllers. The literature [12]
describes the sum of the time-delay from the sensor to the
controller and from the controller to the actuator in terms of
random variables conforming to the Bernoulli distribution.
A stability criterion for systems with stochastic time-varying
time-delay is proposed to ensure that the designed fault-
tolerant controller can satisfy the asymptotic stability con-
ditions and operability requirements when the state tra-
jectory enters the slip surface.

With the development and integration of control science
and computer technology, the demand for data and infor-
mation transmission is also increasing. Due to the limitation
of network communication bandwidth, communication
resources are limited, and if the amount of data transmitted
by the system exceeds the threshold value that can be carried,
it will lead to network congestion or even system collapse. To
address this problem, some scholars have conducted re-
search. The traditional time-triggered mechanism is simple
and easy to implement, but the selected sampling period is
small, and frequent data transmission and update will lead to
the waste of communication resources and easily cause
network congestion [13, 14]. In order to overcome the
shortcomings of the time-triggered mechanism, many
scholars have successively adopted the event-triggered
mechanism to save network resources. The implementation
method is to let the sampled signal reach an event generator,
then the event generator decides whether the signal is
transmitted to the network according to the triggering
conditions. This mechanism of transmitting only necessary
signals and reducing unnecessary signal transmission de-
termined by the triggering conditions effectively reduces the
occupation of limited communication resources and im-
proves the efficiency of information transmission [15-17].
With the continuous development of NCS, many innovative
results have been achieved for event-triggered mechanisms.
For example, the adaptive event-triggered mechanism
proposed in the literature [18, 19] has attracted much at-
tention. Compared with the traditional event-triggered
mechanism, its triggering threshold is a time-variable related
to the system state, so it can flexibly adjust the triggering
conditions according to the system state to further reduce
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the data transmission and maintain a better system per-
formance, which is significant for NCS. Scholars have in-
troduced different kinds of event-triggered mechanisms into
NCS to replace the traditional time-based periodic trans-
mission method, which has become an important research
element in NCS.

In recent years, some results have been achieved in the
research about fault-tolerant control of NCS with time-
delay under the event-triggered mechanism. For example,
an event-triggered mechanism with the fault-tolerant
control strategy is proposed for continuous uncertain NCS
with time-delay from the sensor to thecontroller, which
enables the system to remain stable in case of actuator
failure [20]. The literature [21] investigated the asyn-
chronous H_, fault-tolerant control of discrete Markov
jump systems with actuator failure and time-delay, pro-
posed a pattern-dependent event-triggered mechanism
method based on the pattern-dependent Lyapunov-Kra-
sovskii function, and obtained the performance of the
closed-loop system with stochastic mean-square stability
under actuator failure and the joint design method of the
asynchronous fault-tolerant controller and event-triggered
mechanism. However, all the above-mentioned literatures
are studies done based on state feedback in the case of
measurable system states. For the case where the system
state is not measurable, literature [22] proposes a delay-
based event-triggered fault estimation observer for a class
of continuous NCSs with time-delay and faults, gives a
fault-tolerant control method based on fault estimation to
compensate the effects generated by system faults, and
designs fault-tolerant controller gains and event-triggered
parameters to ensure the required performance of the
faulty system and to reduce the communication resources
wastage. However, only the time-delay in the sensor-to-
controller network is considered in the paper. In the lit-
erature [23], a fault-tolerant control model for linear NCS
with time-delay under the dynamic event-triggered
mechanism is developed, an observer design method for
simultaneously estimating the state vector and unknown
actuator faults is proposed, and an observer-based fault-
tolerant controller is designed, but the time-delay from
sensor-to-controller and controller-to-actuator is com-
bined in the paper to deal with them.

Lurie systems are a class of nonlinear systems with
typical structural features that can be more accurately
modeled to reflect objective reality, and they represent many
essential features of nonlinear systems. The absolute stability
of Lurie systems has received much attention. However, few
literature have been devoted to the problem of fault-tolerant
control under actuator failure as an object of study.

It is well known that time-delay is the main cause of system
instability in NCS. Most of the existing techniques have only
studied the controller-to-actuator time-delay or have com-
bined the sensor-to-controller and controller-to-actuator
time-delay into one treatment. Based on the above discussion,
the following questions naturally arise: Is it possible to build a
unified model of NCS with bilateral delays based on event-
triggered mechanisms? How can the joint design of event-
triggered mechanism, observer, and fault-tolerant controller
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under this unified model make the closed-loop system with
time-delay, uncertainty, and actuator failure stable?

In this paper, we address the codesign of its event-
triggered mechanism and fault-tolerant controller under
actuator failure for a continuously networked Lurie control
system with time-delay and uncertainties, with the following
main contributions:

(1) The influence of the time-delay from the sensor to
the controller and from the controller to the actuator
on the control system is taken into account, which is
more interpretable and mechanistic

(2) Also considering the time-delay, uncertainty of
system parameters, and actuator failure, an observer
is constructed on the controller node to establish the
Lurie NCS model under the event-triggered mech-
anism, which enables the impact of time-delay,
uncertainty, event-triggered mechanism, and actu-
ator failure on system performance to be analyzed in
the same framework

(3) According to Lyapunov stability theory, the stability
conditions of the closed-loop system are obtained,
and the design methods for solving the event-trig-
gered weight matrix, robust fault-tolerant controller,
and observer are given

The remainder of this paper is organized as follows. The
modeling of a continuous Lurie NCS with actuator failures
under an event-triggered mechanism is shown in Section 2.
In Section 3, the system stability analysis and the codesign of
the observer, fault-tolerant controller, and event-triggered
mechanism are provided. Section 4 exhibits the construction
of the simulation model and the verification of the algo-
rithm. Section 5 summarizes the contents of the full paper.

Notations are as follows: R" represents the n-dimen-
sional Euclidean space; * represents the transpose of the
corresponding matrix block; if the matrix A is invertible,
A~! represents the inverse of A; AT and A" represent the
transpose and Moore-Penrose inverse of the matrix, re-
spectively, and the real positive definite matrix X is rep-
resented as X > 0; I represents the unit matrix of appropriate
dimensions; and diag{a, b . . .} represents the diagonal matrix
with a,b as the main diagonal.

2. Problem Description

Consider the following Lurie system with uncertainty and
actuator failure:

x(t) =(A+AA)x(t) + (B+ AB)Fu(t) + (D + A D)w(¢),
y(t) = Cx(¢),
w(t) = -y (y(1).

(1)
where x(t) € R*,u(t) € R", y(t) € R are the system state
vector, input vector, and output vector, respectively;
A,B,C,D are real constant matrices of appropriate di-

mensions; AA,AB,A D are uncertainty matrices with
bounded parametrization and satisfy [AA AB AD]=

UE(t)[H, H, H;|, where U,H,,H,, H; are known ma-
trices with appropriate dimensions, and E (¢) is an unknown
matrix satisfying E(NTE(t)<; F is the fault indication
matrix which we define under actuator failure and satisfies
F = diag{fl,fz,...fm},fj €[0,1], j=1,2,...m, where
fj =0 means the jth actuator is completely failed, f; =1
indicates normal operation of the j th actuator, and
fj € (0,1) indicates partial failure of the j th actuator.
¥ (-): RT — R1 is a memoryless nonlinear function, satis-
fying the local Lipschitz condition, ¥ (0) = 0, and for any
y(t) € R1 satisfies, the sector condition is

v (YO (y (1) -0y (1) <0, (2)

where ® is the real diagonal matrix. Such a nonlinear
function y (-) is usually said to belong to the sector [0, ®],
denoted as y(-) € £[0,O].

Remark 1. For the more general case y(+) € £[®;,0,], it can
always be transformed into the case of ¥ (-) € £[0, ®] by loop
transformation, so only the case of y(-) € £[0,0] is con-
sidered in this paper.

The NCS structure diagram shown in Figure 1 consists of
an actuator, a controlled object, a sensor, a sampler, a zero-
order retainer, an observer, an event generator, and a
controller. The sampler acquires the output signal of the
system with a fixed period h. The signal collected by the
sampler is directly transmitted to the event generator
connected to it. Then, whether the event generator can send
the sampled data y(t;h + jh) to the controller needs to be
determined according to the following conditions:

[y (g + ) =y (6)] 'V [y (th + jh) = y (th)]

(3)
>ay’ (th + j)Vy (teh + jh),

where V is a positive definite matrix and j € Z*,0 € [0, 1].

Remark 2. Only the output sampled data y(t.h + jh) sat-
isfying equation (3) will be transmitted, and obviously this
event-triggered mechanism will reduce the communication
load in the network and reduce the computation of the
controller. There is a special case that if o = 0 in Eq. (3) holds
for all sampled output data y(tih+ jh), then the event-
triggered mechanism will degrade to a time-triggered
mechanism. In addition, the triggering instant of the event-
triggered mechanism used in this paper is based on the
system sampling period h, which can be triggered only at the
sampling instant, ensuring that the minimum event interval
time is positive and avoiding Zeno behavior.

After the event generator has released the current sample
signal, the sample signal is transmitted directly to the zero-
order keeper via the network and then to the actuator via the
observer. In this process, the time-delay from the sensor to
the controller is denoted by 7;°, and the time-delay from the

controller to the actuator is denoted by 7i".
To facilitate the following analysis, the following hy-
potheses are proposed:

(a) The matrix C is a row-full rank matrix
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FIGURE 1: Structure of observer-based NCS under the event-triggered mechanism.

(b) The sensor is time-driven, the controller and actu-
ator are event-driven, and the data is single packet
transmission

(c) Time-delay 7;° and 7;* are both bounded for any
£20,0< 7, <T <7y, 0< T <77 <7

The instants when the event generator sends data are
noted as iyh,i,h,i,h, ..., where izh =0 is the initial trig-
gering instant. Due to the network time-delay, the instants
when those released signals reach the observer are
igh + 7}, i h + 7}, ih + 7)°, . . .. In addition, the period of the
event generator sending data can be expressed as
Akh = ik+1h - Ikh

Based on the above analysis of the system output re-
ceived at the observer side, we get

¥(6) = y(ixh), te[igh+t i h+1). (4)

Fort e ‘[ikh + 15k h + 75 ) and Aeh =i b —igh, two
cases are discussed:

(@) f Ah<h+ 135 - Ty

bl
Tet1

we define

p(t) =t- ikh, t e [lkh + Tfkc, ik+1h + ch ) (5)

Tht1

We can obtain

Ty <p(t) Sigh—igh+ 7 <h+7y. (6)

Accordingly, define an error vector as
(1) =0. (7)
(b) fAch>h+ 135 — T?I:rl’ since 0 < Tfkc < 1Y, it is easy to

prove the existence of a positive integer £>1 such
that

eh+ 1y -1 <ANh<(e+Dh+1y—17 . (8)

To simplify the expression, let
O, = [ikh + 70kt h+ T}j)
Oy = [ixh + 0h + T3, ich + (8 + Dh + 7y), (9)
0, = [ikh +eh+ Ty g h+ 7 )
Then the interval [ith + 7}, ik, h + 737 ) can be divided
into the following & + 1 subintervals

[igh + 75 i b+ 750 ) = Oy u{Us 105} VD, (10)

Define the segmentation function as

t —ich, te,,
p(t): t—ikh—(Sh, tef}(;, 6:1,2,...,8—1, (11)
t—ikh—sh, t e 6n.

From (9) and (11), we can obtain

T <p(t)<h+Ty,. (12)
At this point, define the error vector

0, ted,
y(lkh) - y(lkh + Sh), te 65, (13)
y(ixh) — y (ich + €h), t €O,
From the definition of 9, (t), the following equation

holds for t € [ixh + 737, i, h + 737 )

9, (1) =
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y(ixh) = 9. (1) + y (t - p(1)), (14)

9 (VI () <oy’ (t—p()Vy(t—p(t)). (15)

Construct an observer of the following form on the
controller side as

{ x(t) = A% (1) +Bu(t)+ Lyt —p(0) + 9 () -yt —p@))],

y(t) = Cx (1),

where X (t) represents the state of the observer, ¥ (t) rep-
resents the output of the observer, and L is the gain matrix of
the observer to be designed.

The following observer-based feedback control law is
used as

a(t) = Kz (t), (17)

where K is the controller gain matrix.

Remark 3. Due to the time-delay 7* in the controller-to-
actuator network, the input of the control object is different

(16)

from the input of the observer, and the following equation
holds true:

u(t) =a(t - ") = Kx(t - 73°). (18)

Define e(t) = x(t7) —x(t), the augmentation vector
z(t)=[xT(t) et ()], hy =755, hy = 757 + h, and hy = 7%,
h, = 1§}. Based on the above analysis, the closed-loop net-
work control system can be written in the following form:

{ 2(t) = (A, +US(OH, + B,K,)z(t) - (B, + US ()H,)FK, z(t - 7;°) + L,C,z(t — p (1)) + (D, + UE (t)H,)w () + L, 95 (1),

z(t) = ¢(t), Vte [ty —max(hy,hs, by, hy),tg—hy).

where

At this point, condition (2) becomes
o (Dw(t)+o' ()0z(t) <0, (21)

where ® = OC[I 0].

Remark 4. In a real industrial system, the actuator failure
indication matrix F = diag{0,0} means the actuator is
completely failed and the controller will not be able to realize
the control of the controlled object. Therefore, this paper
only considers the case of partial actuator failure, and the

d

waf

Lemma 2. [25] Suppose that 1;,1,,...1y: R”" — R has
positive values in a subset of the open set D, D € R™, then the

T (0)Qs (a)da < —[

(19)

{zfos s Jo-[2 2]

(20)

actuator can still work normally within a certain range even
though it has failed.

3. Main Results

3.1. System Stability Analysis. The following lemmas will be
used in the derivation of the expected result.

Lemma 1. (Jensen’s inequality) [24] For any constant matrix
QeR™™, Q=QT >0, scalar 0<d, <d,, the vector-valued func-
tion x: [-d,—d;] — R", the following inequality holds true:

w0 e S

* Q Jlx(t-d,)

mutually inverse convex combination of I, in the set D
satisfies



min Z&zi (6) = L(6) + max RPIGE

{y,-y,->o,z_y,_1} i ey (23)
where
.R" R £ = ; 1; (¥) fi,j(t) S0
fij RT—R, f;(t) = fi;(8), fa0 1o 20
(24)

Lemma 3. [26] Given a symmetric matrix A, and real
matrices of any proper dimensions A, and A, for all A € Q,
there is A+ A,AA;+ ATAAT <0, where Q={A=
diag{A, ..., A, piL .. pd} A<, A; e RW%, =
L,...,k,pjeR j=1,....9,k, g€ Z"}, when and only
when there exists I' € y satisfying

[Al +AITA; A, } <o, 25)
* -T
(¢ Py WLIC, 0 ¢5 P3 0 WL, 9]
¥ ¢y ¢35 M 0 0 0 0 O
* oK ¢33 ¢ 0 0 0 0 0
* 0k * ¢y O 0O O O O
Nyy=| = * * * @55 Psg ¢s; O 0 |
* % % * x ¢ N 0 0
e S )
* % % * x x *x =V 0
I * x % % ok % —2]]
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where  x = {diag{sll, oo LS .Sg}: 0<s; € R0<
S; € RW",k,g € Z'}, in particular, when k = 1,g = 0, and
this inequality A, + AyA; Ay + AJATAT <0 is equivalent to
A+ s ATA; + s7ALAT <.

Definition 1. [27] If it is globally asymptotically stable for all
y(-) € £[0, @], then the Lurie system (18) is absolutely stable
within £[0, ®].

Theorem 1. Consider the system shown in Figure 1, for given
scalars hy, hy, hs, hy, 0, actuator failure indication matrix F,
and gain matrices K and L, if there exists matrices of proper
dimensions M,N and positive definite  matrices
W>0,V>0,S;,>0,P; >0, where i=1,2,3,4, then we have

N;; N
[ 11 12]<0’

* Ny
(26)
P, M P, N
>0, >0,
* P, * P,
where
(27)

Ry, = [hl({Pl (hy = hl)(lszh3(1TP3 (hy = h3)C1TP4]) Ry, = diag{~P,~P,,~P3,~P,},
{, =[(A,+UE(t)H, + B,K,)0 L,C, 0 — (B, +UE(t)H,)FK,0 0 L, (D, +UE(H)H,)],

é, =W (A, +UE(0H, + B,K,) + (A, + UE()H, + B,K,)'W + WB,K, + K'BITW + 8, +S, +S, +S, - P, — P,

TT— TT TT— TT _T
¢15 = -W (B, + UE(t)H,)FK,, ¢)g = W (D, + UE(t)H;) — O, ¢y, = =S5,

~P,-Py¢,;=-M+P,,C=[C 0],

$y3 = 2P, + M+ M' +0C VC,hyy, =M + Py, ¢y = -S, — Py, ¢sg = —2P, + N+ N', ¢ = PL - N7,

$s; =Py — N, g =—S3 = P3 — Py, 5, = =5, — P,.
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Then the Lurie system (19) is robust and absolutely stable Vt,z(t) =V, (t,z(t) +V,(t,z(t) + V;(t,z(£), (28)
within €[0, ®].

where
Proof. Construct a Lyapunov-Krasovskii function

Vi(tz(t) = th Wz (t), t
V,(t,z(t) = j zr ()S;z (a)dex + J , Z! (0)S,z (e)do + J‘

t

\ zT(a)S3z(oc)d(x+ J-t zT(oc)S4z(oc)d(x,

3
-h, t (29)

0 t t 0
V,(bz(®) = hy j_h Le 2T ()P, ()dadd + (hy - hl)j Lg 2T ()P, 2 (@)dadd + s J_h J T (@P2 (@) dads

—h, t+

hy ot
+(hy — ) J_h Lg 2" (@)P,2 (a)dads.

By taking derivation of V' (t, z (t)) for ¢ along the system
(19), it can be obtained that

Vt,z(t) =V, (t,z() + V,(t,z(1) + V5 (t,z(1),  (30)
where

V,(tz () =2  (OWz(t) + 2" (OWZ(t) = 22" (HWZ (1),
V,(tz(t) =2" ()S,2(t) — 2" (t — 1),z (t — hy) + 2 (£)S,2(t) = 2" (t = h,)S,z(t — hy) + 2" (£)S;52(¢)
2 (t=hy)Ssz(t —hy) + 2" (1)S,2(t) — 2" (t — hy)S,z (t — hy),
. 2.T . t T . 2.T . t=hy T . (31)
V,(t,z(t) = 22" ()P,Z () - hy J L2 (@Pz(@)da+ (hy = h))*2" ()Py2 (t) = (hy — hy) Jt 2 (@)Py2 (a)da

t

t—h
+ 15T (P2 (8) - hy J .

2" (@)Pyz (@)da + (hy — 1)’ 2" ()P, (t) - (hy — hs3) J 2T ()P, 2 (a)da.

t-h

Applying Lemma 1 and Lemma 2 to the integral term in
(29), the following equations hold true:

t
~h, Lh 2 ()P Z(a)da < - g7 (OIT,9, (1), (32)
hym) [ @Pyz (da =y h) [ @P@da (b h) [ 2 (@2 (e
) [ @P@da= () [ S @R @da (o h) [ @R @l
< - ¢, (DL, (b),
t
oy | @PE@das - o] (0L () (34)
hh) [ Pz da= (- h) [ @PE@da (b h) [ £ @z (a
=t [ @PE @ ==k [ @R @ (=) [ @Rz

< - g5 (DT, (1),

where



T z(t-hy) T
¢f<t>:[z(f<j;)] ,goZ:[z(t—p(t)) ,¢§<t>=[
! z(t—hy)
P, M-P, -M b _p
I,=| % 2P,-M-M" M-P, ,H3=[ NS
* * P,

Substituting (32), (33), (34), (35) into (29) and com-
bining (15) and (21), we can obtain
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T Z(t—h3) T
z(t) T _ ca _ p, -P,
z(f‘hs)],%_lZ(tt T};k) ] P, I
z(t—hy) (36)
P, N-P, -N
],H4: x* 2P,—N-N' N-P, |
* * P,

V(t,z(t) <2z" (OWZ(t) + 2 (1)S,2(t) — 2" (t—h))S,z(t —h,) + 2" (£)S,2(t) — 2" (t — h,)S,z (t — h,)
+27 (1)S;2(t) — 2" (t —h3)Syz(t — hs) + 2" (£)S,2(t) — 2" (t — hy)S4z (t - hy)
+ 22T (0)PZ(t) + (hy — b)) 2T ()Py2 (t) + W2z ()P32 () + (hy — b3)*2" (£)P,2(t) (37)
+ay" (t—pE)Vy(t —p(t) = 9 (VI (1) - 20" (D () — 20" (£)Oz(2)

<n' (t)(Nn - leNglesz)ﬂ (),

where 7 (t)=[z" (1) 2" (t=h))z" (t-p()2" (t—hy)Z" (t-
Nz (t- h)z' (t-hy)9 (D' (1)),

From Schur’s complement lemma and Definition 1, if (36) is
less than 0, it is known that the Lurie system (19) is globally
asymptotically stable for any €[0, ®] and therefore is absolutely
stable. O

3.2. Joint Design of the Observer and the Controller under the
Event-Triggering Mechanism

Theorem 2. Consider the system shown in Figure 1, for
given scalars hy, h,, hs, hy, 0, actuator fault indication

matrix F, and gain matrices K and L, if there exist matrices
of suitable dimensions M,N,Y,,Y, and positive definite
matrices X >0,V >0,Y>0,S;>0,P; >0, i=1,2,3,4, then

we have
A, A
B (38)
* Ay
P, M P, N
>0, >0, (39)
* P, * Py
where
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(¢ P1 ~LY,1, 0 ¢i5 Ps 0 ~LY,C ¢y ]
* $n ¢y M 0 0 0 0 0
*OOX $5 ¢ 0 0 0 0 0
* % ¥ Py 0 0 0 0 0

7\11 =1 k% * * @55 @56 %57 0 0

% * * % ¢s N 0 0

% * * % % $p 0 0

* % * ¥« % % % —-CYCT 0

| o+ x * * % ok % * =21 ]

~ [ =T ~T =T ~T~T~T] ~ — —_ — S E— — _
Ay =|mC (hy=h) hyl (hy—h) EE ],A22 = diag{P, - 2X,P, - 2X, P, - 2X, P, - 2X,~sI,-s_'I},
¢

& =[XH, 000 -H,FY,I, 000 Hy; 00 0 0],¢,, =AX+BY, I, +XAT + 1"V B +8, +5,+85,+8,

[AX+BY,I, 0 -I.Y,I, 0 -B,FY,I, 0 0 -I.Y,C" D, &, =[T" 00000000T T T T |

=l

_Pl_ 3>

~ = o~ —T ~ - = = ~ — =~ - — —T T ~ — =
¢15=-B,FY I,,¢,0=D; - XO ,¢,, ==S, =P, =Py, )3 =M+ P,, 33 = -2P, + M+ M +0I;YI5,¢3, =-M +P,,
~ = = ~ - — =T ~ T —T ~ = —~ = = = =~ —
Gus=-8, - Py ¢pss = 2P, + N+ N ,¢5c =P, =N ’¢57=P4_N’¢66=_S3_P3_P4’¢77=_S4_P4’Il:[_I I]’
L=[0 1],

(40)

then the Lurie system (19) is robust and absolutely stable ~ Proof. : From Schur’s complement lemma and Lemma 3,
within £[0, ®], controller gain matrix K, observer gain matrix N, — R,N;1N], can be transformed into
L, then the event-triggered weight matrix V can be obtained

“1yoT S1LT
from the following equation Nyp = NpRy Ny <Ay — Ay Ay, (42)

K=Y, X ,L=Y,x 'c',v=Cc"x'yYx'!c". (41) where
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TasLE 1: 73 or 74} under different event-triggering thresholds o.

o 0.4 0.3 0.2 0.1 0.05
Given 1y; = 0.1, the upper bound of 75} 1.532 1.541 1.557 1.586 1.611
Given 737 = 0.1, the upper bound of 73; 1.546 1.548 1.552 1.561 1.569
3.5 T
)
31
25 ¢
s
Z
g 2y
g
2
§ 1.5+F
Q
~
1t
IlnnnnnnnG
oif Ml L1 |

0 2 4 6 8 100 12 14 16 18 20

Event triggering time (Second)

FIGURE 2: Event-triggering time and intervals when the actuator is normal.

0.8

FIGURE 3: System state when the actuator is normal x, (t) and its estimated value X, (t).
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Event triggering time (Second)

FIGURE 5: Event-triggering time and intervals in case of F = diag{1, 0}.
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— x®
...... £ ()

FIGURE 6: System state x, (t) and its estimated value X, () in case of
F = diag{1, 0}.

0.2 F ]

T

— x, (1)
...... %, ()

FIGURE 7: System state x, (t) and its estimated value X, (¢) in case of
F = diag{1, 0}.
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1.6 T T T T T T T T

0.8 1

Release interval

0 . ) ) A
0 2 4 6 8 10 12 14 16 18 20

Event triggering time (Second)

F1GURE 8: Event-triggering time and intervals in case of F = diag{0, 1}.

— x, (1
...... %, (1)

FIGURE 9: System state x; (f) and its estimated value X, (f) in case of F = diag{0, 1}.

0.2 ]

-0.8 —
0 2 4 6 8 10 12 14 16 18 20
t
— x, (1
...... %, (t)

FIGURE 10: System state x, (¢) and its estimated value X, (¢) in case of F = diag{0, 1}.
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(¢ P1 WLIC, 0 ¢y5 Py 0 WL, ¢y ]
* ¢, ¢35 M 0 0 O 0 0
*OOH $3 ¢34 0 0 0 0 O
* % * ¢y 0O 0 0O 0 O
Ap=| * = * * P55 P56 57 00
* % * * % P M 0 0
® % * * % % ¢, 0 0
* ok * * % % x =V 0
L % % % * % %k % * =2
[ =T =T =T =T T T . -1
Ay = Py (hy =) Pyhsl Py (hy = ha)C Py& &, ]’Azz = dlag{‘Pp‘Pz)‘Ps’_Pp‘51’ - I}>
— — — — — T
g=[wty" 00000000 (P,O) (P,U) (RO) (O],
& =[H, 000 -H,FK, 000 H, 0 0 0 0],
{=[A, +B,K, 0 L,C;, 0 =B,FK, 0 0 L, D,],¢,; = WA, + WB,K, + AlW + K| BiW +S, + S, + S,
+S,-P, - P,
$15 = ~WB,FK,,$,0 = WD, =8, ¢, = =S, = P, = P,,¢,; = =M + Py, b3, = —2P, + M+ M" + 6C VC, ¢y, = ~M + P,,
T T T =
$as = =S, —Pppss = 2Py + N+ N',¢56 =P, —N ,¢5; =P, = N, g5 = =S3 = P; = Py, ¢, = =S, - P,,C=[C 0].
(43)

Due to the presence of nonlinear terms in Aj—
A, A5 AL, it is inconvenient to solve the controller, so take

W = diag{W, W}, and define X =W ', X = W~! = diag(X,

XLY,= KXY,=LCXY =XCTVCXY, = [Y, -Y,].
¥, - [g _gz ],M _ XMX,N = XNX,P, = XP.X,5, -
XS, X, i=1,2,3,4. Pre and postmultiply diag{X,X, X,

X, X, X, X,CXCT, 1, P{', P;1, P;1, P,Y, I, 1} on both sides of

the matrix [ A D ], noting that since P,>0,P,>0,
* Ny
P, >0,P, >0, there must be

[ (P, - X)F; (P, - X) 0,

(P, - Y)ﬁ;l (P, - X) >0,
1 (44)
(Py - X)P;' (P, - X) 20,

| (P,-X)P,' (P, -X)=0.
Equation (43) is equivalent to
[ -XP,'X <P, -2X,

-XP,'X <P, - 2%,
y (45)

That is, we can get the linear matrix inequality (38), where
K=Y, X"L,L=Y,X !C"and V=CTX 'YX !C". O

Remark 5. Since the matrix C is a row full rank matrix of
m X n, the matrix C* of n x m exists such that CC* = I, C* is
called the right inverse of C, and the observer gain matrix
L=Y,X 'C" is obtained from Y, = LCX.

Remark 6. Since X >0,V >0,CX#0,C is a row full rank
matrix, there must exist (CX)'V (CX)>0;Y = XCTVCX is
a nonsingular matrix, which yields the event-triggered
weight matrix V = C*TX" 'YX !C*.

Remark 7. The upper and lower bounds of time-delay are
introduced in the proof, which makes the conclusion less
conservative. In addition to the decision variables required
for constructing Lyapunov function, no other free-weight-
ing-matrix is introduced, which avoids the computational
burden caused by too many decision variables and the
possible conservatism caused by the optimization of too
many decision variables. A modified Jensen’s inequality is
used in the paper. This inequality has a tighter integration
bound, which reduces the computational complexity while
reducing the conservatism of the conclusion.

4. Simulation Example

To verify the effectiveness and usability of the method,
consider the following Lurie system, where
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0 -0.9 0 0.1

0 int 0
H, :[ ],a(t):[sm ],w(-)efl(hll-
0.1 0 cost

A:[O.l 0.1 ]’B:[l.z 0 ],C:[O.l 0.1])D:[ .

Obviously this system is not stable.

According to Theorem 2, when the other parameters are
chosen constant, the upper bound of the allowed time-delay
of the system varies with the event-triggered threshold o as
shown in Table 1.

As can be seen from Table 1, the smaller the event-
triggered threshold o is, the larger the upper bound of the
allowed time-delay is. Therefore, in order to mitigate the
impact of time-delay of the system performance, the event
threshold o can be appropriately decreased.

Assume that an event-triggering threshold is set as
0 = 0.1, a system sampling period is given as i = 0.01s, and
the upper and lower bounds of the time-delay are
hy =0.01,h, = 0.11,h; = 0.01,h, = 0.11. The nonlinear
function y(-) is taken as the saturation function sat(-), and
the initial state of the system x(0)=[-0.8 0.8],
%(0)=[-0.6 0.6]".

According to Theorem 2, given the fault indication

. 1 . . .
matrix F = [ 0 (1) ], the controller gain matrix, observer gain

matrix, and event-triggered weight matrix for normal op-
eration of the system are as follows:

—-0.1945 -0.0245 4.1849
~0.0431 —0.1645 |’ 0.8596

], V =4.6857. (47)

The triggering instants are shown in Figure 2, the state
and its estimated value curves of the system are shown in
Figures 3-4. [ 10 ] |: 1 0]

Given the fault indication matrix F = oollo o

the controller gain matrix, observer gain matrix, and event-
triggered weight matrix for a system actuator failure are as
follows:

-0.1973 -0.0185 ] [ 4.1656

,V =4.6690. (48)
0.1882 -0.7919 0.8093

The triggering instants are shown in Figure 5, the state
and its estimated value curves of the system are shown in
Figures 6-7. 00

Given the fault indication matrix F = 01l the

controller gain matrix, observer gain matrix, and event-
triggered weight matrix for a system actuator failure are as
follows:

—-0.0426 -0.1639

~0.1942 —0.0246
’ 0.8359

4.1673
,V =4.5781. (49)

The triggering instants are shown in Figure 8, and the
state and its estimated value curves of the system are shown
in Figures 9-10.
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020 0 0.1 0 0.1
,U: ’Hl = ,H2: 5
0 0 0 0 0 0

(46)

As can be seen from Figures 2, 5, and 8, the system
requires much less data to be transmitted near the equi-
librium point than during the transient process, which is
exactly in line with the expectation of transmitting data
according to the control demand and can effectively save
network communication resources, reduce waste, and save
resources compared to the time-triggered mechanism. As
can be seen from Figures 6, 7, 9, and 10, the system remains
stable with effective fault-tolerant control in the event of an
actuator failure.

5. Conclusion

In this paper, a robust fault-tolerant controller is designed
for the Lurie NCS with time-delay and uncertainty from the
sensor to the controller and from the controller to the ac-
tuator, which makes the system fault-tolerant effective and
keeps the system stable in case of an actuator failure. By
constructing an observer on the controller node, a mathe-
matical model of the observer-based event-triggered
mechanism is established to ensure the stability of the
closed-loop system while also reducing the amount of data
transmission in the network, which in turn saves network
bandwidth resources. According to Lyapunov stability
theory, sufficient conditions for the stability of the closed-
loop system are derived, and the collaborative design of the
event-triggered mechanism, fault-tolerant controller, and
the observer is realized. In future research, the focus will be
on more complex systems based on event-triggered mech-
anisms, such as T-S fuzzy systems that simultaneously
consider the effects of packet loss and external disturbances.
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Vehicle-pedestrian accidents are one of the main types of road traffic accidents in China because of their mixed traffic features. By
analyzing the characteristics of vehicle-pedestrian accidents, the head injury criterion (HIC) was selected as a quantitative index of
pedestrian head injury risk, and vehicle-pedestrian collision simulation tests were carried out using PC-Crash. From the collected
test data, the multivariate relationship models between the HIC, vehicle speed, and collision angle were fitted for different vehicle
types. A risk assessment method for vehicle-pedestrian accidents based on the HIC was proposed by the Fisher optimal seg-
mentation algorithm. Finally, a new index for evaluating the accuracy of accident risk classification, the degree of error clas-
sification, was proposed to verify the validity of the accident risk assessment method. The results show that vehicle speed, collision
angle, and vehicle type play a key role in pedestrian injury. Flat-headed vehicles are more likely to cause head injuries to
pedestrians than high-headed and low-headed vehicles. Rear-end collisions cause more injuries to pedestrians than side collisions.
The research results can provide guidance and a basis for accident liability determination, speed limit management, vehicle safety

design, and human injury mechanism analysis.

1. Introduction

With the rapid growth of the social economy and the con-
tinuous innovation of science and technology, automobile
manufacturers are increasingly pursuing comfort, safety, and
environmental protection, as well as the protection of pas-
sengers in vehicles, while their awareness of the protection of
pedestrians outside vehicles is relatively weak. Among all road
traffic participants, pedestrians are one of the most vulnerable
groups. In recent years, the lack of safety awareness of drivers
and pedestrians in observing traffic rules and poor traffic
management has caused frequent pedestrian traffic accidents,
and the resulting losses are difficult to estimate. According to
statistics in China’s annual statistical report of road traffic
accidents (2021), pedestrian traffic accidents accounted for
approximately 21% of all accidents in the whole year but lead
to approximately 27% mortality [1]. The reason is that road
traffic in China is mainly typical plane cross-mixed traffic.

Although most urban roads are divided into nonlane isolation
facilities, collision accidents between cars and pedestrians
cannot be eliminated.

The USA and the European Union began to pay at-
tention to pedestrian safety in the mid-1970s. Since then,
biological samples and mechanical dummies have been used
to carry out real vehicle test studies instead of pedestrians,
including human injury evaluation, the impact of overall
vehicle structure design on pedestrian injury, and human
injury prevention measures and safety countermeasures
[2-5]. For example, Severy et al. used mechanical dummies
to study vehicle-pedestrian collision accidents successively
in 1963 and 1966, which was the first experiment in this field
[6]. On this basis, other relevant scholars used dummies or
corpses to conduct a series of experiments under different
collision conditions. The data obtained from a test are fitted
using mathematical regression with different methods to
obtain a corresponding empirical formula [7].
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Due to the high cost of real vehicle tests and considering
the feasibility of computer technology simulation, some
scholars have developed mature accident reconstruction
software (SMAC, AUTOSMAC, PC-Crash, etc.) by building
digital dummy models, providing another way to analyze
and study vehicle-pedestrian collision accidents [8]. A
dummy model should not only adapt to human body dy-
namics analysis but also be able to carry out human body
damage analysis [9, 10]. Therefore, a digital dummy should
have high computational efficiency, be able to adapt to
different environments, conform to various biomechanical
characteristics of the human body, and output corre-
sponding parameter information for the calculation of a
damage index.

For example, Xu et al. proposed a personalized cus-
tomization method to divide the pedestrian structure into
independent modules according to obvious bone markers
and establish a multibody model and a finite element (FE)
model for each independent module to form a hybrid pe-
destrian model [11]. To characterize the complex vehicle-
pedestrian interaction process, Grindle et al. developed and
validated a detailed pedestrian FE model corresponding to
50% male to predict injuries caused by pedestrian accidents.
Compared with a simplified pedestrian model, the con-
structed model shows higher biofidelity [12]. In addition, to
explore the damage prediction ability of the Total Human
Body Model for Safety (THUMS) finite element human
model (FE-HBM) in real-world vehicle-pedestrian colli-
sions, Panday et al. used sequences of multibody tools and
finite element tools to reconstruct 10 vehicle-pedestrian
crashes with lower limb injuries. The conclusion shows that
the THUMS FE-HBM can better predict pedestrian injuries
in real traffic accidents [13]. Lalwala et al. also reconstructed
a THUMS pedestrian model using pedestrian accident cases.
It can be observed from the reconstruction study that the
kinematic response and damage response of their THUMS
lower limb model are in good agreement with the actual
collision data [14].

With the continuous improvement of accident databases
by traffic research institutions in various countries, in recent
years, some scholars have relied on cases in a database to
explore the significant cause factors affecting the frequency
and severity of vehicle-pedestrian accidents. For example, in
terms of road control, based on three years of traffic accident
data in Hong Kong, Zhu selected the best performance
artificial neural network (ANN) model by comparing var-
ious data mining algorithms and determined the most
significant factors causing fatal and serious accidents. The
results show that in rainy weather, fatal and serious vehicle-
pedestrian collisions are more likely to occur in the case of
intersection signal failures [15]. Sheykhfard et al. used a
structural equation model (SEM) to investigate the data of
1358 pedestrian accidents in Gilan Province, Iran, from 2012
to 2018. Factor analysis results showed that the quality
defects of automobiles and poor traffic design at intersec-
tions, major urban roads, and outer ring roads are important
reasons for the increase in fatal accidents [16]. With the
continuous improvement of research methods, Kamboozia
et al. constructed a pedestrian accident severity prediction
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model using ANNs and multiple logistic regression. By
comparing the severity prediction results of pedestrian ac-
cidents using different methods, they put forward the best
prevention and control measures to improve pedestrian
safety on rural roads [17].

In terms of vehicle and pedestrian characteristics, Park
et al. used a multilevel model to investigate the differences
between the low-level individual characteristics and high-
level community environmental characteristics of pedestrian
collisions in Seoul, South Korea. The results showed that
older pedestrians suffered more serious pedestrian injuries;
trucks and vans were more likely to cause serious pedestrian
injuries [18]. While researching the influence of alcohol,
Lasota’s survey found that younger victims were more likely
to die at the scene of an accident, especially in rural areas
[19].

To determine the high-risk and low-risk areas of pe-
destrian death accidents in Iran, Hasani et al. input collected
pedestrian accident data into ArcGIS software to identify
high-risk and low-risk areas by calculating the spatial au-
tocorrelation of the data [20]. Jamali-dolatabad et al. col-
lected pedestrian traffic accident data in Tabriz from 2014 to
2015, with fatal accidents as the case group and nonfatal
accidents as the control group. Their results showed that the
significantly related factors influencing pedestrian death
were pedestrian age, type of license plate, accident season,
type of driving license, gender of pedestrian, and pedestrian
fault [21]. Feng et al. used a multivariate logistic regression
model to analyze 111 collision accidents and found that
collision with the front windshield frame usually leads to
more serious damage. When the collision speed exceeds
40km/h, the risk of serious head injury for pedestrians
increases sharply [22]. While discussing the characteristics
of fatal pedestrian accidents involving low-speed vehicles,
Matsui, a Japanese scholar, thought the relative percentage
of pedestrian deaths is significantly higher when vehicles are
traveling at low speeds, except for accidents involving box
trucks or SUVs [23].

At present, researchers mainly carry out vehicle-pe-
destrian accident research through simulation and accident
case statistical analysis. In terms of simulation, most existing
studies are optimized and improved for a dummy model,
and few involve the risk assessment of pedestrian accidents
by developed dummy models. However, an accident risk
assessment based on the statistical analysis of accident cases
mainly considers macro factors, such as vehicle speed, ve-
hicle type, accident environment, and road design, but lacks
in-depth discussion of the impact of micro-factors (such as
pedestrian speed, collision angle, type of head, and pedes-
trian and vehicle lateral contact position) on human injuries.
Therefore, this paper adopts computer simulation tech-
nology to carry out a risk analysis of vehicle-pedestrian
accidents with a more mature multirigid body dummy
model. Common computer simulation software for accident
reappearance includes SMAC and AUTOSMAC, developed
by the National Road Traffic Safety Administration of the
USA, and PC-Crash, developed by the DSD of Austria. Since
SMAC and AUTOSMAC cannot realize pedestrian collision
simulation, PC-Crash has been constantly updated and
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upgraded, adding pedestrian multirigid body and FE cal-
culation models on the basis of a single rigid body model,
which has been widely recognized in the field of road traffic
accident reconstruction and has become the most widely
used accident simulation software. In view of this, this paper
chooses PC-Crash to carry out simulation tests. Through the
investigation and analysis of accident cases, the typical
collision patterns of vehicle-pedestrian traffic accidents are
determined. Based on a rigid body dynamics method, PC-
Crash is utilized to build three vehicle rigid body models
(short head, high head, and flat head) and a pedestrian
multirigid body model, HTC is used to measure the risk of
pedestrian head injuries, a vehicle-pedestrian collision
simulation test is carried out under the influence of different
vehicle types, vehicle speeds, pedestrian speeds, collision
angles, and relative collision positions, and the influence of
multiple factors on pedestrian injury is studied. According
to the collected test data, the relationship model between the
HIC and vehicle speed under different collision angles is
fitted using multiple regression analysis for different vehicle
models. A reasonable evaluation series and corresponding
HIC threshold of pedestrian injury risk in vehicle-pedestrian
accidents are determined using the Fisher optimal seg-
mentation algorithm, and the vehicle-pedestrian accident
risk evaluation method based on HIC is given. Compared
with risk assessment based on accident case analysis, the
research results obtained by simulation in this paper are not
affected by factors, such as region, time, and traffic char-
acteristics, and have universal applicability.

2. Characteristics Analysis of Vehicle-
Pedestrian Collision Accidents

2.1. Collision Form. Compared with people in a vehicle,
pedestrians are completely exposed to the external envi-
ronment, have strong subjective randomness when walking,
and choose the road, direction, and walking speed that they
think will reach their destination. The characteristics of
pedestrian traffic are related to the height, age, psychology,
physique, and gender of pedestrians, which leads to the
diversity and complexity of vehicle-pedestrian collision
accident patterns and makes them face different injury risks.

There are three common collision patterns between cars
and pedestrians: front, side, and rear collisions with pe-
destrians. Because frontal collisions between vehicles and
pedestrians occur most frequently and are most likely to lead
to pedestrian deaths, this paper focuses on frontal collisions
between vehicles and pedestrians. This collision process can
be divided into three stages, as shown in Figure 1.

@ Collision phase: The pedestrian’s lower limbs first
collide with the front part of the vehicle. As the vehicle
continues to move forward, the pedestrian’s chest and ab-
domen contact and collide with the engine hood of the
vehicle. If the vehicle speed is high, the pedestrian’s head will
collide with the front windshield or A-pillar of the vehicle.
Usually, at this stage, pedestrians are subjected to a large
impact force, resulting in very serious pedestrian damage. @
Flight phase: After the collision, the human body continues
to fly in the air. At this stage, the pedestrian does not contact

F1GURrE 1: Diagram of the collision process.

any object and only receives friction resistance from the air.
® Landing and rolling stage: After falling to the ground,
pedestrians are affected by the friction resistance of the road
and immediately begin to slow down. According to the
different falling speeds and directions, the pedestrian ex-
periences a composite motion state of sliding, rolling, or
rotating on the road surface.

2.2. Pedestrian Injury Mechanism. In vehicle-pedestrian
collision accidents, the injuries suffered by pedestrians can
be roughly divided into two categories, namely, primary
injuries and secondary injuries. A primary injury refers to an
injury caused by the first collision or crushing of the human
body between a vehicle and a pedestrian. A secondary injury
refers to an injury caused by the collision and scraping
between the human body and the ground or other objects
after being hit. Generally, pedestrian injury mechanisms can
be divided into the following two categories according to
different vehicle types:

(1) When a pedestrian collides with a high-head vehicle
(such as an off-road vehicle) or a low-head vehicle
(such as a car), because the front collision contact
point of the vehicle is not higher than the center of
gravity of the human body, the first damage to the
human body is the car’s front bumper, engine cover,
and front windshield contact collision with the human
body. The second collision is the human body in the air
after the overturn of the vehicle, subsequent contact
collision or landing, and road impact causing damage.

(2) When a pedestrian collides with a flat-headed vehicle
(such as a van or truck), the height of the front part of
the vehicle is higher than the height of the pedes-
trian’s center of gravity, and the pedestrian’s legs,
torso, or even their whole body contact with the front
part of the vehicle, resulting in a large contact surface
and easily causing nonobvious trauma to the human
body but especially serious internal injuries. After
the collision, the human body experiences a flat
throwing movement, which will cause obvious
falling injury and then scratching or rolling.

According to the statistical analysis results of pedestrian
traffic accidents in China [24], Figures 2 and 3 show the
injury frequency of pedestrian body parts and the distri-
bution frequency of fatal body parts, respectively. Figure 2
shows that the most vulnerable parts are people’s legs and
head, among which leg injuries account for 40%, and 32% of
pedestrians suffer head injuries. Figure 3 shows that head
and chest injuries are the main causes of pedestrian deaths,
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FiGure 3: Distribution of fatal pedestrian parts due to injury.

accounting for 64% and 12%, respectively. Therefore, the
analysis and protection of head injuries play an important
role in pedestrian safety research.

3. Evaluation Standard and Method of
Head Injury

3.1. Head Injury Criterion. The head injury evaluation
standard is defined by physical parameters related to injury
intensity or a function composed of several physical pa-
rameters, which is related to the degree of risk of a certain
part of the human body being damaged and is used to
measure whether the load exceeds the degree of causing a
certain injury. At present, the head injury criterion (HIC)
proposed by Versace in 1971 is widely adopted interna-
tionally, serves as the basis of the Federal Motor Vehicle
Safety Standards (FMVSS), and is used to evaluate vehicle
safety. In domestic and foreign laws and standards, the HIC
has become the most extensively employed criterion for
evaluating head injuries. The safety limit value for the HIC is
generally 1,000. According to related statistics, when the
HIC > 1,000, the probability of fatal head fracture exceeds
33%. Its calculation formula is as follows [25]:

1 t 2.5
HIC = [(t2 - tl)(H L a(t)dt) ] (1)
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where a represents the resultant acceleration at the center of
gravity of the head in a collision; t; and t, are two different times
during the co]llslon, which are chosen to maximize the HIC; and
1/t, -t f N a,dt represents the average resultant acceleration
between £, and &,. The time interval (i.e., from #, to t,) of the HIC
substantially affects the calculation of its value. Thus, this paper
selects 15 ms, as adopted by the U-NCAP collision test.

3.2. Fisher Optimal Segmentation Method. When the
HIC > 1,000, head injuries tend to be more severe, but there is
no clear standard for using the HIC to measure the severity of
head injuries. Therefore, this paper uses the Fisher optimal
segmentation algorithm to classify the HIC data obtained from
a simulation test to obtain a pedestrian accident risk classifi-
cation scheme, including the optimal classification number
and corresponding index thresholds of each level. The principle
of Fisher optimal segmentation is to ensure the ordered sample
data of each group after segmentation and minimize the sum of
squares of deviations within the group. In this case, the cor-
responding grouping is the optimal segmentation. The specific
implementation method is described below [26].

3.2.1. Define and Calculate the Class Diameter. The Fisher
optimal segmentation algorithm usually uses the diameter to
define the difference degree in a class. When the difference
degree in the class is smaller, the class diameter is smaller,
indicating that the sample attributes in the class tend to be
consistent. If the data samples are divided into k categories
and have C5 classification methods, assuming that Hj; is
one of the classifications, then the sample data contained in
the classification are denoted as {xi,xm, Ce X } (I<i<j).
The sum of the squares of deviations of the samples in Hj is
defined as the class diameter D (i, j), namely,

j

.. T _
DGi-Y (55 (5-5)
i=1
where x; is the standardized sample value and X;; is the
average value from sample i to sample j.
3.2.2. Calculate the Classification Error Function.

Generally, an error function is used to define the merits and
demerits of data sample classification. If m data samples are
divided into k categories, the corresponding error function of
this category is

k
elp(m.k)] =Z Di iy = 1) (3)

That is, the error function of any classification method is
expressed as the sum of all diameters. The smaller e[ p (m, k)]
is, the smaller the sum of diameters of all classifications is,
and the better the classification effect is.

3.2.3. Determine the Optimal Solution. According to for-
mula (3), when k =2, the error function corresponding to the
optimal 2 classifications is
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e[p(m,Z)]=212i§1r1n{D(1,i—1)+D(i,m)}. (4)

When k>2, the error function corresponding to the
optimal k classification is

e[p(m,k)]:gisrrln{e[p(i—1,k—1)]+D(i,m)}, (5)

Here, it is necessary to determine the appropriate classifi-
cation point i, guarantee formula (5) to calculate the
minimum value, that is, e[p(m, k)] =e[p (i — 1,k—-1)] +
D(iy,m) is the minimum, so the k class
Hy = {if>ig,1>- . .»m} can be obtained. Then, the classifica-
tion point i _; is determined to make it satisfy e[p (i, — 1, k —
D] =elpli_; —1,k—2)]+ D(ir_y,ip — 1) so that the k-1
class Hy_; = {ix_1,ix_; + 1,...,i — 1} can be obtained, all
the classifications H,,H,,...,H; can be obtained by
analogy, and finally, the optimal solution can be obtained.

3.24. Determine the Optimal Classification Number.
Generally, the optimal classification is determined by
drawing the curve of the minimum error function changing
with the classification number k. When the curve curvature
changes significantly, the corresponding k value is the ap-
propriate classification number. In addition, to determine
the k value more accurately, the minimum error function
ratio f3 (k) between adjacent classification numbers can be
turther calculated. The larger f (k) is, the better the clas-
sification effect is, as shown in

e[p(m,k)]

e[p(mk+1)] (©)

B (k) =

3.3. Abbreviated Injury Scale. In addition, to standardize the
evaluation of injury levels after accidents, countries around
the world have put forward the abbreviated injury scale
(AIS) to evaluate the risk of injury after years of accident
research. The AIS is a scoring method for classifying trauma
based on anatomical indexes. It defines nine anatomical
ranges to determine the location of trauma, specifically
including head (skull and brain), face (eyes and ears), neck,
chest, abdominal and pelvic organs, spine (cervical spine,
thoracic spine, and lumbar spine), upper limbs, lower limbs,
pelvis and buttocks, body surface (skin) and thermal injury,
and other injuries. According to the pedestrian injury report,
the trauma level of the pedestrian after the accident was
assessed with six grades, as shown in Table 1.

4. Data Collection

4.1. Test Scenario. First, a two-way four-lane road model
with a lane width of 3.5m, total length of 100m, and
pavement adhesion coefficient of 0.7 is constructed using
PC-Crash, as shown in Figure 4. Then, the software’s human
body model is used. The model is a multibody dynamic
system consisting of 16 independent rigid bodies and 15
hinge joints, as shown in Figure 5. Each part of the human
body (head, trunk, limbs, buttocks, etc.) is regarded as an
independent rigid body, and its surface shape is defined by

TABLE 1: AIS classification standard.

AIS score Description Mortality rate (%)
1 Mild 0.6
2 Moderate 3.2
3 Heavy 9.3
4 Severe 28.3
5 Critical 78.4
6 Extreme (currently incurable) 100

FiGURE 4: Road scenario.

an ellipsoid, which simplifies the joint of each part to a hinge
connection. In this paper, adult males were selected as the
research object, and multiple rigid body model parameters
were assigned according to physical characteristics. The
specific setting parameters are shown in Table 2.

According to the analysis in Section 2.2, a Volkswagen
Bora 2.0, Audi Q5 2.0TDI, and Volkswagen T4 2.5 TDI (as
shown in Figure 6) were selected from the PC-Crash da-
tabase as representative models of low-head, high-head, and
flat-head vehicles, respectively, to explore the impact of
different head types on pedestrian injury risk.

4.2. Test Scheme. Considering that pedestrian speed may
affect accident risk, this research carries out vehicle-pe-
destrian collision simulation tests under a pedestrian
moving state. According to the statistical analysis of pe-
destrian motion state and collision angle in vehicle-pedes-
trian accidents in the literature [27], 55% of pedestrians are
in a walking state, 38% are in a running state, and 4% are in a
stationary state. The proportion of pedestrians in the lateral
position (i.e., the walking direction of pedestrians is 90° from
the driving direction of vehicles) is 68%, followed by the rear
position (i.e., the walking direction of pedestrians is 0° from
the driving direction of vehicles) and the facing position (i.e.,
the walking direction of pedestrians is 180° from the driving
direction of vehicles), accounting for 21% and 7%, respec-
tively. Therefore, this research chooses two states of walking
and jogging for pedestrians (corresponding to a walking
speed of adult males being approximately 5km/h and a
jogging speed being approximately 10 km/h), and the two
orientations of collision angle between pedestrians and cars
are 90° and 0° for experiments. In addition, to explore the
impact of pedestrian collision position relative to vehicle on
accident risk, this study selects the front 1/4 and 1/2 posi-
tions as research variables. Figure 7 shows the collision
position of pedestrians relative to cars at different collision
angles.

Considering the demands of road traffic car speed in
China, at the same time to make the research more rea-
sonable, the car speed is set to Vi € {20, 30, 40, 50, 60, 70, 80,
90, 100, 110} km/h. Combined with the analysis of the above
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FIGURE 5: Pedestrian multibody model.

TABLE 2: Body parameters of 90th percentile adult males aged 18-60 years in China.

Height (mm) Weight (kg) Upper arm length (mm) Forearm length (mm) Thigh length (mm) Calf length (mm)

1754 71 333 253 496 396

(a) (b)

FiGURE 6: Test vehicle models. (a) VW Bora 2.0. (b) Audi Q5 2.0TDI. (¢) VW T4 2.5 TDI.

90" 900
Vs Vs

FIGURE 7: Diagram of the test collision location.
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TaBLE 3: Resultant head acceleration value of low-head vehicle and pedestrian collision (m/sz).
1/4W 1/2W
Speed (km/h) 5km/h 10km/h 5km/h 10 km/h
0° 90° 0° 90° 0° 90° 0° 90°
20 7325 4910 10743 5710 8893 5523 7418 5661
30 18432 8492 19722 5691 18817 7517 19366 5863
40 31446 10111 28788 12198 31143 7824 31050 9156
50 38902 16472 39020 12151 38179 17399 36127 11671
60 37538 19569 37202 20320 34151 26587 36897 17693
70 39112 29179 40570 25684 38536 32482 37900 32015
80 83079 57019 96861 46872 73810 36515 96522 30526
90 61532 70732 54079 52682 91077 58322 67637 48716
100 66272 70748 75818 58711 72905 54236 77429 35124
110 98648 73310 112221 75050 94712 55597 117232 60774
TaBLE 4: Resultant head acceleration value of high-head vehicle and pedestrian collision (m/s?).
1/4W 1/2W
Speed (km/h) 5km/h 10 km/h 5km/h 10 km/h
0° 90° 0° 90° 0° 90° 0° 90°
20 6850 6018 4975 3768 9324 4959 9367 4932
30 19676 6205 21291 5873 17794 8436 18627 5697
40 27784 10803 28913 11685 26035 11672 26990 10196
50 41633 17836 39939 14931 34615 16708 35541 13995
60 30945 22409 32566 16596 33216 24322 32900 17927
70 41164 27664 37652 24207 57948 33650 45046 23883
80 70486 32955 60383 31991 118726 37902 89432 37764
90 82572 54328 69229 38435 69090 53954 59607 45422
100 78490 57858 91205 51966 69118 54485 136390 64674
110 96015 64113 160570 84012 136823 54876 112009 54378
TaBLE 5: Resultant head acceleration value of flat-head vehicle and pedestrian collision (m/s?).
1/4W 1/2W
Speed (km/h) 5 km/h 10 km/h 5 km/h 10km/h
0 90° 0° 90° 0° 90° 0 90°
20 72581 68028 57022 56185 102776 58738 96927 63485
30 55403 50536 65902 56045 93834 51304 77411 49532
40 63699 39733 84445 46869 76342 48448 86677 49439
50 78634 51023 103047 44617 115872 46188 102369 42441
60 115818 78840 130771 64405 152051 69207 147071 53681
70 130897 121951 168717 109352 157615 82202 171708 73181
80 154287 158591 144967 143215 207197 122008 206549 104993
90 152299 173736 147755 147764 183070 122477 177983 141675
100 282092 178430 244815 166398 264413 156806 260346 153319
110 375455 229065 418680 187684 430182 178198 448000 166874
variables, we set the model M € {M;, M,, M3}, wherein M;, 5. Results and Ana]ysis

M,, and M represent the low-head, high-head, and flat-head
vehicles, respectively; collision angle f¢ {0°, 90°}; pedestrian
walking speed V', € {5km/h, 10 km/h}; collision position R €
{1/4W, 1/2 W}, where W is the width of the front part of the
car in meters. The simulation test involves 5 variables, namely,
{M, 6, Vs, Vp R}. According to the values of each variable, a
total of 3x2x10x2x2=240 collision modes were simu-
lated. Before the collision, the vehicle moves in a straight line,
and after the collision, the vehicle is fully braked until it stops.
The collision process is shown in Figure 1.

5.1. Model Fitting. Through each simulation test, the re-
sultant acceleration value of the pedestrian head under
different collision forms is obtained, as shown in Tables 3-5.
The HIC value can be calculated using formula (1), as shown
in Tables 6-8. Among them, the test data with a HIC val-
ue > 1000 account for 75.8% of the total.

First, the Pearson correlation analysis between each
variable and the HIC is carried out, and the results are listed
in Table 9. ** in the table represents a significant
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TaBLE 6: HIC value of collision head between low-head vehicle and pedestrian.
1/4W 12W
Speed (km/h) 5 km/h 10 km/h 5 km/h 10 km/h
0° 90° 0° 90° 0° 90° 0 90°
20 46 17 121 25 75 23 48 24
30 466 67 551 25 490 49 527 27
40 1770 104 1419 166 1728 55 1715 81
50 3013 352 3036 164 2875 403 2504 149
60 2756 541 2695 594 2176 1164 2640 420
70 3054 1468 3347 1067 2943 1920 2823 1851
80 20084 7837 29477 4802 14942 2572 29220 1644
90 9481 13432 6866 6431 25272 8293 12011 5288
100 11414 13440 15979 8432 14488 6916 16842 2334
110 30856 14690 42589 15577 27870 7358 47504 9192
TasLE 7: HIC value of collision head between high-head vehicle and pedestrian.
1/4W 1/2W
Speed (km/h) 5 km/h 10km/h 5 km/h 10km/h
0° 90° 0° 90° 0° 90° 0° 90°
20 39 28 18 9 85 17 86 17
30 548 31 668 27 426 66 478 25
40 1299 122 1435 149 1104 149 1208 106
50 3570 429 3218 275 2250 364 2404 234
60 1701 759 1932 358 2030 931 1982 434
70 3471 1285 2777 920 8160 2097 4348 890
80 13316 1990 9045 1848 49033 2823 24146 2798
90 19778 6945 12730 2924 12666 6826 8757 4439
100 17424 8129 25361 6215 12679 6995 69354 10738
110 28838 10507 104299 20653 69906 7122 42389 6961
TasLE 8: HIC value of collision head between flat-head vehicle and pedestrian.
1/4W 12W
Speed (km/h) 5km/h 10 km/h 5km/h 10 km/h
0° 90° 0° 90° 0° 90° 0° 90°
20 14327 12185 7838 7554 34185 8441 29527 10251
30 7294 5796 11255 7507 27228 6019 16832 5512
40 10338 3177 20919 4801 16256 5216 22329 5486
50 17504 5936 34412 4245 46139 4629 33848 3746
60 46085 17619 62430 10627 91011 12720 83740 6740
70 62581 52429 118035 39919 99565 19558 123337 14626
80 94393 101114 80777 78359 197276 52491 195738 36059
90 91382 127011 84717 84730 144763 52997 134915 76269
100 426669 135763 299372 114021 362929 98293 349136 92919
110 871989 253521 1145038 154059 1225307 135322 1356163 114839
TaBLE 9: Correlation analysis.
Vehicle speed Collision position Pedestrian speed Collision angle Vehicle type
HIC 0.333** 0.017 0.005 ~0.181** 0.311**

correlation at a level of 0.01 (two-tailed test). The vehicle
speed, collision angle, and vehicle type are significantly
correlated with the HIC, while the collision position and
pedestrian speed show a weak correlation. The analysis

shows that the impact force of any part of the front of the
vehicle on the pedestrian is equivalent, and the pedestrian
speed relative to the vehicle speed can be ignored at the
moment of collision. The above reasons lead to a change in
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FIGURE 9: Relationship between vehicle model and the HIC.

collision position and pedestrian speed, which has little
impact on pedestrian injury. Therefore, it will be eliminated
in the later analysis.

Figures 8-10 show the relationship between significant
risk factors and the HIC. Figure 8 shows that the HIC value
gradually increases with increasing vehicle speed, and the
increasing trend is increasingly larger. As shown in Figure 9,
aflat head, high head, and short head are more likely to cause
injury to the pedestrian head, while a high head and short
head have the same impact on the pedestrian head. As shown
in Figure 10, pedestrian injury is more serious when the
collision angle is 0° than when the collision angle is 90°; that
is, injury caused by a rear collision between the vehicle and
the pedestrian is greater than that caused by a side collision
between the vehicle and pedestrian. The analysis shows that a
rear collision between cars and pedestrians easily causes
pedestrians to recline, which increases the probability of a
serious collision between the head and automobile engine
cover, front windshield, or A-pillar.
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FiGure 10: Relationship between impact angle and the HIC.

Table 10 shows how scholars use various methods to
identify the significant risk factors based on data sources
from different areas and times. Besides collision angle, the
significant risk factors identified in this paper are basically
consistent with those identified by other researchers, such as
the vehicle speed and vehicle type. In terms of vehicle type,
factors screened by other scholars, such as larger vehicles,
light machinery trucks, and light passenger vehicles, all
belong to the category of flat-headed vehicles identified in
this paper, which indicate that the research results of this
paper are not limited by region and time and have universal
applicability.

With reference to the relationship between the above
variables and the HIC value, the nonlinear relationship
between the HIC and vehicle speed was fitted using multiple
regression analysis for different vehicle types and collision
angles, as shown in Table 11. According to the determination
coefficient R” between different expressions (the greater the
value is, the better the goodness of fit), the optimal rela-
tionship models of the HIC, vehicle speed, and collision
angle corresponding to different models are determined as
follows.

(1) Short head type:

0
HIC = (~1105.442 + 105.627Vs — 3.196V s + 0.032V3)

0
+<1 - W)(o.o%vg'm).
(7)
(2) High head type:

0
HIC = W(o.oomv;‘s“)

+<1 - i,)(4313.065 — 271598V g + 4.424V5).
90
(8)
(3) Flat head type:
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TaBLE 10: Comparison of the conclusions in this paper and other research.

Literature Method Significant risk factor Data source
This Multiple regression analysm 'Vehlcle speed', yehlcle type (ﬂat—heade’d. PC-Crash simulation
paper and correlation analysis vehicles), and collision angle (rear-end collision)
. . . . Pedestrian-vehicle collision data from
[18] Multilevel model Pedestrian age and vehicle type (larger vehicles) 2015 to 2017 in South Korea
[21] Partial least squares Pedestrian age, pedestrian gender, vehicle type  Fatal pedestrian crash in Tabriz, Iran,
discriminant analysis (light machinery), and accident time during 2014 to 2015
[22] Multivariate logistic reeression Vehicle speed (in excess of 40 km/h) and Pedestrian-vehicle accident cases in
8 & collision location Chongging, China, from 2011 to 2015
- Vehicle type (trucks, light passenger vehicles)  Fatal pedestrian accidents of low-speed
[23] Statistical tests and light level vehicles in Japan from 2005 to 2014
TaBLE 11: Model fitting results.
Number Model Collision angle Model expression R?
1 HIC = 5.195¢%%8Vs 0.958
2 0 =90° HIC = -1105.442 + 105.627V g — 3.196V§ + 0.032V§ 0.980
3 - HIC = 8.968¢ V3% 0.945
4 HIC = 5.616¢"%%Vs 0.941
5 Short head type HIC = 10:922-143.901V" 0.931
6 . HIC = 0.013V3% 0.905
6 =0 3.276
7 HIC = 0.006V¢ 0.935
8 HIC = 0.002V 32 0.918
9 HIC = 7.222¢"771Vs 0.966
10 9 —o0° HIC = 3.344¢%978Vs 0.975
11 - HIC = 0.0001V383! 0.988
12 . HIC = 4.43¢%7°Vs 0.969
13 High head type HIC = 4313.065 — 271.598V g + 4.424V2 0.934
14 0 =0° HIC = -72412.624 + 5232.291V ¢ — 107.569V§0.67V‘; 0.920
15 - HIC = 0.002V3622 0.909
16 HIC = 0.002V 3% 0.924
17 HIC = 39206.161 — 1867.829V ¢ + 20.139V% + 0.119V3 0.963
18 0 —90° HIC = 57651.927 — 3377.693V s + 55.218V§ — 0.152V] 0.982
19 B HIC = 17718.827 — 449.132V ¢ - 3.278V§ + 0.155V§ 0.984
20 HIC = 56592.336 — 2915.804V ¢ + 40.36V% — 0.079V 3 0.978
Flat head type 2 3
21 HIC = —458713.785 + 34542.659V § — 735.559V§ + 4.804V'g 0.966
22 0 —o° HIC = 2946.727¢%%47Vs 0.910
23 B HIC = -729141.994 + 54160.807V ¢ — 1112.044V§ + 7.001V§ 0.907
24 HIC = -871724.682 + 63661.079V g — 1297.743V§ + 8.087V§ 0.890
_ 0 2 3
HIC = o (17718.827 — 449.132V s — 3.278V5 + 0.155V3)
(9)

0
+ (1 - o7 )(—458713.785 +34542.659V ¢ — 735.559V§ + 4.804V3).

5.2. Accident Risk Assessment. According to the data ob-
tained in the tests, combined with the HIC security threshold
introduced in Section 3.1, the data with HIC<1 were
screened out and classified as a separate group, and the risk
level was determined as level I. The remaining 183 groups of
data were numbered according to the HIC value from small
to large, and the HIC ordered sample was generated, which
was denoted as x; (i=1, 2, ..., 183).

According to the specific implementation steps of
Fisher’s optimal segmentation algorithm introduced in
Section 3.2, this study uses MATLAB to write the algorithm
code, calculates the class diameter and minimum error

function of the HIC ordered samples, and draws the vari-
ation curve of the minimum error function with the clas-
sification number k, as shown in Figure 11.

As shown in Figure 11, when k = 3 and 4, the curvature of
the minimum error function curve changes significantly. To
further determine the optimal classification number, the
minimum error function ratio 8 (k) between adjacent
classification numbers is calculated as shown in Table 12.

According to Table 12, 3 (4) is greater than 8 (3), so k=4
is the optimal classification number. In addition, the clas-
sification numbers corresponding to the optimal classifi-
cation of ordered samples can be obtained from Table 6, and
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FIGUure 11: Relationship between the minimum error function and the classification number.
TaBLE 12: Classification results.

k Minimum error function Classification B value
2 132.125 {1~117} {118~183} -
3 52.271 {1~117} {118~171} {172~183} 1.69
4 30.856 {1~64} {65~117} {118~171} {172~183} 1.77
5 17.451 {1~64} {65~94} {95~117} {118~171} {172~183} -

TaBLE 13: Risk evaluation standards for vehicle-pedestrian
accidents.

Accident risk level ~ HTC threshold  Pedestrian injury level

Class T <1000 Mild or moderate
Class 11 (1000, 5216] Heavier
Class III (5216, 20084] Severe
Class IV (20084, 144763] Critical
Class V >144763 Extreme

then the corresponding HIC index threshold can be de-
termined. Based on the above research results in combi-
nation with the AIS injury classification standard (as shown
in Table 1), the automobile and pedestrian accident risk
classification evaluation method is presented, as shown in
Table 13.

6. Case Analysis

To evaluate the effectiveness of the accident risk classifica-
tion evaluation method proposed in this paper, 50 typical
vehicle-pedestrian accidents are selected for verification (as
shown in Table 14), including 20 short-head automobile
accidents, 19 high-head automobile accidents, and 11 flat-
head automobile accidents. First, according to the infor-
mation of each accident case, combined with models (7)-(9)
fitted in Section 5.1, the HIC value corresponding to each
accident is calculated, and then the accident risk level is
determined according to Table 13. Finally, the evaluation
method of automobile pedestrian accident risk classification
is verified using the actual injury level of pedestrians. Among
them, the actual injury level of pedestrians is evaluated using
the trauma scoring system Version 3.0 according to the
injury report issued by a hospital or medical examiner.

It can be seen from the evaluation results in Table 14 that
the risk level corresponding to 5 accidents calculated using
the accident risk evaluation method proposed in this paper is
not consistent with the actual pedestrian injury level,
namely, cases 22, 30, 39, 43, and 46, with an error rate of

10%. Considering that the error rate cannot accurately
measure the degree of error classification of accident risk
using risk assessment methods, this paper proposes a new
index to evaluate the accuracy of accident risk assessment
methods, namely, the error classification degree «, as shown
in formula (10). According to formula (10), the degree of
error classification is 2.59%, which is within the acceptable
range, thus verifying the accuracy of the risk assessment
method of automobile and pedestrian accidents proposed in
this paper.

n

o= Zz:l ZIJFNIJ l#], (10)
TN+ Y, 1:;EN;;
where TN is the number of correctly graded cases; FNj; is the
number of cases of the i pedestrian injury level misclassified
at the j risk level; n is the number of risk levels divided; and
1ij is the corresponding weight coefficient; the calculation
formula is

lj -l

j= (11)
The research results of this paper can not only provide a
scientific judgment basis for accident analysis and treatment
but also provide a reference for speed limit management. For
example, in the absence of effective accident scene evidence
and video surveillance, a judicial appraisal institution can
determine the corresponding HIC range from Table 13
according to the pedestrian injury level in the accident.
Then, combined with the car accident and collision shape,
using the optimal fitting model, this research deduced the
range of speed in a trouble-causing car accident, and the
calculation result is helpful to a traffic police department
responsible for both sides of the accident. Similarly, for
sections with a high incidence of vehicle-pedestrian acci-
dents, the maximum allowable speed that can guarantee
HIC<1000 (the accident risk is grade I) can also be deduced
based on the optimal model for different models to for-

mulate the speed management scheme.
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TaBLE 14: Case validation.

Number Accident speed (km/h) Collision form Model Actual pedestrian injury level ~HIC  Accident risk level
1 75 Rear-end collision  Short head type Severe 8334 111
2 84 Side collision Short head type Heavier 4183 I
3 50 Rear-end collision  Short head type Heavier 2208 I
4 47 Side collision Short head type Mild 121 I
5 56 Side collision Short head type Moderate 407 I
6 70 Side collision Short head type Heavier 1604 II
7 82 Side collision Short head type Heavier 3710 I
8 95 Side collision Short head type Severe 7521 111
9 34 Rear-end collision ~ Short head type Moderate 624 I
10 51 Rear-end collision  Short head type Heavier 2356 I
11 49 Rear-end collision  Short head type Heavier 2066 II
12 80 Rear-end collision  Short head type Severe 10296 111
13 85 Rear-end collision  Short head type Severe 12558 III
14 44 Side collision Short head type Mild 81 I
15 48 Side collision Short head type Mild 140 I
16 66 Side collision Short head type Heavier 1144 I
17 71 Rear-end collision  Short head type Severe 6964 111
18 77 Rear-end collision Short head type Severe 9084 11
19 89 Side collision Short head type Severe 5539 111
20 40 Side collision Short head type Mild 54 I
21 37 Rear-end collision High head type Mild 320 I
22 69 Rear-end collision High head type Heavier 6635 I
23 76 Rear-end collision High head type Severe 9225 I
24 99 Rear-end collision High head type Critical 20784 v
25 105 Rear-end collision High head type Critical 24570 v
26 73 Rear-end collision High head type Severe 8062 I
27 62 Rear-end collision High head type Heavier 4480 I
28 55 Side collision High head type Moderate 465 I
29 78 Rear-end collision High head type Severe 10044 I
30 74 Side collision High head type Severe 1449 I
31 55 Side collision High head type Moderate 465 I
32 53 Side collision High head type Moderate 403 I
33 30 Side collision High head type Mild 46 I
34 50 Side collision High head type Moderate 323 I
35 47 Rear-end collision High head type Heavier 1321 I
36 49 Rear-end collision High head type Heavier 1627 I
37 51 Side collision High head type Moderate 348 I
38 63 Side collision High head type Moderate 782 I
39 65 Side collision High head type Heavier 882 I
40 76 Rear-end collision  Flat head type Critical 26780 v
41 72 Side collision Flat head type Extreme 186242 Vv
42 58 Side collision Flat head type Extreme 170884 \4
43 48 Side collision Flat head type Severe 165750 \%
44 69 Side collision Flat head type Extreme 182041 \4
45 78 Side collision Flat head type Extreme 196299 \4
46 34 Rear-end collision  Flat head type Severe 54247 v
47 83 Rear-end collision ~ Flat head type Critical 87926 v
48 88 Rear-end collision ~ Flat head type Extreme 158663 \%
49 97 Rear-end collision ~ Flat head type Extreme 355531 \4
50 77 Rear-end collision  Flat head type Critical 33126 v

In addition, because the collision between an automobile
hood and pedestrians easily causes fatal injuries, the space
between the hood and various parts in the engine com-
partment can be considered in the design of a vehicle to
ensure that the hood has enough deformation space for
cushioning the impact force. Of course, improving active
safety technology and road design will also play a role in

protecting pedestrians. For example, by capturing the
movement characteristics of pedestrians and vehicles,
computer vision technology can be used to predict potential
accidents between pedestrians and vehicles at signalized
intersections, which can be used for the development of
collision warning systems in connected vehicle environ-
ments [28].
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7. Conclusion

Based on accident case investigations, this research uses PC-
Crash to carry out vehicle-pedestrian collision simulation
tests under different accident patterns, revealing the sig-
nificant risk factors (i.e., vehicle speed, collision angle, and
vehicle type) affecting pedestrian injury. For different vehicle
types, a multivariate relationship model between the HIC,
vehicle speed, and collision angle is built, and a classification
evaluation method of vehicle-person accident risk based on
the HIC is proposed and verified. Research results of this
paper can promote pedestrian injury reduction in accidents
and provide guidance on speed limit measures.

Although this research has made some innovative
achievements, there are still the following deficiencies. For
example, this paper only selects Chinese 90"™% adult men as
representatives for the crash tests, without considering adult
women, children, the elderly, and other groups. As a result,
the factors involved in the proposed accident risk evaluation
method are not sufficiently comprehensive and ignore
factors of pedestrian gender or pedestrian age that may affect
the accident risk. In addition, the values of the variables were
relatively low in the test process, and there was no relevant
research on occupant movement. Therefore, follow-up re-
search work can consider increasing the value range of
variables and combining PC-Crash and MADYMO software
to conduct in-depth research on the injury mechanisms of
different pedestrian groups and the response of drivers in the
car before and after the accident.
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This paper addresses the communication congestion and actuator fault in a nonlinear networked control system. A weighted
average event-triggered mechanism adopted the weighted average of data packets is proposed to alleviate the communication
congestion and save the network communication resources. Meanwhile, based on the system state estimation and fault estimation
obtained by a state-fault observer, a fault-tolerant controller is designed to compensate and reduce the influence of fault and
nonlinear factors in the networked control systems. The stability of the closed-loop system is proved by the Lyapunov-Kroasovskii
theory, and the gains of the observer and controller are obtained by linear matrix inequalities. The feasibility of the proposed
scheme is verified by the networked motor control system. The proposed weighted average event-triggered fault-tolerant control
scheme can reduce the data transmission without affecting system performance. Meanwhile, it not only has fault-tolerant control

performance but also reduces the influence of nonlinear factors on the system output.

1. Introduction

In recent decades, networked control systems (NCSs) have
gradually attracted considerable attentions. Compared with
conventional control systems with point-to-point wired
communication, NCSs have more advantages. For example,
the introduction of the network can reduce the complexity
and cost of the control systems and improve the reliability
and scalability of the control systems. Therefore, NCSs have
been widely applied in the industrial process, automatic
control, robotics, aircraft, and unmanned technology [1-3].
Nevertheless, some unfavorable factors also unavoidably
appear in NCSs, such as communication congestion, actu-
ator fault, nonlinear factors, network-induced delay, and so
on, which inevitably affects the control performance [4-6].

Due to limited communication bandwidth and imperfect
communication link, the communication congestion may
appear in NCSs [7-9]. In order to alleviate the communi-
cation congestion and save the network communication
resources, the event-triggered mechanism is usually adopted
in NCSs [10-13]. Different from the conventional time-
triggered sampling, the event-triggered mechanism is based

on data sampling. Therefore, an event-triggered mechanism
can improve the efficiency of data transmission in the
communication and calculation of NCSs. In [14], an
adaptive event-triggered scheme was designed to alleviate
the communication congestion. In [15], a self-triggered and
event-triggered mixed sampling scheme was proposed to
reduce the numbers of transmitted data packets in wireless
NCSs. In order to get better quality of service for network
communication, a hybrid method of random switching
based on time-triggered and event-triggered was introduced
in [16]. Nevertheless, the possible actuator fault in NCS is
ignored in [14-16].

Besides communication congestion, actuator fault is
inevitable in practical NCSs which decreases the system
performance. Therefore, the fault-tolerant control (FTC) of
NCSs as well as event-triggered mechanism is widely
studied. In [17], an adaptive event-triggered mechanism was
proposed and a fault-tolerant controller based on the trig-
gered output data was designed. In [18], a sliding mode fault-
tolerant controller for NCSs was proposed under a dynamic
event-triggered mechanism to ensure that the trajectories of
the system can reach the sliding surface. In [19], an
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impulsive FTC was designed based on the estimated fault
and an integral-based event-triggered mechanism was
designed to alleviate communication congestion. In [20], a
fault-tolerant controller based on an adaptive memory-
based event-triggered mechanism was proposed to com-
pensate for the influence of fault according to the fault
estimation. In [21], based on the system state and fault
estimation, a fault-tolerant controller was designed to
compensate for the fault and the event-triggered mechanism
was adopted to save communication resources. However,
the NCSs considered in [17-21] are linear and the influence
of nonlinear factors is ignored.

Along with communication congestion and possible
actuator fault, the modeling of NCSs is often accompanied
with some complex nonlinear factors in practice [22-24],
such as the nonlinear coupling relationship among different
nodes in complex dynamic networks [25] and the com-
munication topology structure of nonlinear multiagent
systems [26]. Therefore, the research of nonlinear NCSs has
further significance. In [27], a resilient event-triggered
mechanism was developed, and the sufficient conditions
were constructed to ensure that the switched control strategy
subjected to actuator fault and nonlinear factors was ex-
ponentially stable. In [28], a period event-triggered sampling
scheme was designed, and an FTC was proposed for non-
linear NCSs to guarantee its stability under the actuator
fault. In [29], an adaptive event-triggered communication
scheme was adopted to save the network communication
resources by adjusting event-triggered threshold, and a state
teedback controller was designed for nonlinear NCSs under
fault. In [30], an event-based adaptive FTC using a fuzzy
approximation mechanism was proposed for the nonlinear
system, which could also be applied to NCSs. In [31], an
adaptive event-triggered mechanism with an adjustable
triggering threshold was proposed, and an FTC with sto-
chastic event-driven actuator scheduling was investigated
for nonlinear NCSs. However, some unexpected triggered
events can be further avoided in [27-31].

Inspired by the discussions above, in this paper, a
weighted average event-triggered fault-tolerant control
scheme is proposed for nonlinear NCSs subjected to com-
munication congestion and actuator fault. The main con-
tributions of this paper are as follows:

(1) Different from the conventional event-triggered
mechanism, the weighted average event-triggered
mechanism (WAETM) considers the weighted av-
erage of data packets, which can further alleviate the
communication congestion and save the network
communication resources.

(2) Based on the WAETM a state-fault observer is
designed to obtain the system state estimation and fault
estimation, which can guarantee the asymptotically
stability of the observation error dynamic system.

(3) With the system state estimation and fault estima-
tion, a fault-tolerant controller is designed, which
can compensate for the influence of fault and reduce
the influence of nonlinear factors in NCSs.

Mathematical Problems in Engineering

The remainder of this paper is structured as follows. The
model of nonlinear NCSs is presented in Section 2. The
design of the WAETM, state-fault observer, and fault-tol-
erant controller are presented, and the stability of the closed-
loop system is proved in Section 3. The feasibility of the
weighted average event-triggered FTC scheme for nonlinear
NCSs is demonstrated by the networked motor control
system in Section 4.

Notations: the following notations are adopted in this
paper. I denotes the identity matrix with an appropriate
dimension. For matrix B, its inverse and transpose matrices
are denoted by B and BT, respectively. 0 denotes zero
matrix. R” denotes the n-dimension Euclidean space and
R™" denotes the n x n matrix. { * } denotes the symmetric
term in a symmetric block matrix.

2. Problem Statement

The model of nonlinear NCSs with actuator fault is as
follows:

{X(t) = Ax(t) + Bu(t) +Bff(t) + Fp(x(t),1),

(1)
y(t) = Cx (1),

where x (t) € R” is the system state vector, u(¢) € R™ is the
system control input, and y (t) € R" is the system measured
output, f(t) € R" is the actuator fault, p(x(t),t)=
[py (x, (8),1), ..., p, (x, (1), )T is the nonlinear function,
AeR",BeR™,CeR"™ B e R"",F ¢ R"" are the
system parameter matrices with appropriate dimensions.

Assumption I (See [32,33]). It is assumed that the nonlinear
function p (x(t), t) is continuous and bounded, and satisfies
Lipschitz conditions. Therefore, the following condition is
satisfied

lp (1 (£, £) = p (3, (£), £)]| < 8]}, () = x, (1)) (2)

where § is the Lipschitz constant.

Assumption 2. Assume that the derivative of the fault is
norm-bounded, i.e. | f (t)I < f,, where f, is a constant.

3. Design of Weighted Average Event-Triggered
Fault-Tolerant Control

The proposed weighted average event-triggered FTC scheme
is shown in Figure 1. In order to save the network com-
munication resources in nonlinear NCSs, a WAETM is
designed to reduce the measured output data from y () to
y (tih). The zero-order holder ZOH guarantees the conti-
nuity of the successfully triggered data packet ¥ (¢) within
the holding time-interval. The state-fault observer is
designed to obtain the real-time system state estimation X (t)
and fault estimation f(¢). Finally, the fault-tolerant con-
troller u (t) is designed based on the system state estimation
and fault estimation to compensate and reduce the influence
caused by the fault and nonlinear factors.
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FiGUure 1: Weighted average event-triggered FTC scheme.

3.1. WAETM. Event-triggered mechanism is an effective
way to alleviate the communication congestion and save the
network communication resources. However, the conven-
tional event-triggered mechanism depends on the difference
between the values of the latest released data packet and the
current sampling data packet. The conventional event-
triggered mechanism is [21].

teah = teh + min{lhle! (£)Qe! (¢)
leN* (3)
>0y (th+10)Qy (teh +1h)},

where t.h represents the release instant, f; is a positive
integer, and h is the sampling period. I denotes the interval
time between the latest triggered instant and the next
triggered instant, ¢ is a constant, Q) is the constant weighted
matrix, and e (t) = y (t;h) — y(t h + 1h).

In order to further decrease the triggered data error and
save the network communication resources, the WAETM is
designed as follows:

¥ ={lle" ()Qe(t) — 07" (th) 27 (t,h) “
4
+90 7" (tch) Qe (t) + " Q" (th)] <0},

where ¥ denotes a set of events satisfying the event
trigger condition, y (t,h) = [t hy (t h) + (th+1h)y (t h +
Ih)]/ (2t h +1h) denotes the weighted average value
between the latest released data packet and the current
sampling data packet, e(t) = y(t;h) -y (th) de-
notes the difference between the latest released data
packet and the weighted average data packet, and ¢ is a
constant.

Remark 1. Compared with the conventional event-triggered
mechanism (2), the proposed WAETM (3) can decrease
the triggered data error e(t), avoiding unexpected
triggered events. Meanwhile, the item (/>0[7T(tkh)0e(t) +
el (t)QyT (th)] in the WAETM (3) contains a triggered data

packet y(t h). Therefore, the controller can obtain data
packets from the network even when the system is subjected
to others noises or disturbances. In fact, the WAETM in (3)
can be converted into the conventional event-triggered
mechanism in [21] when ¢ = 0.

The release instant of WAETM 1is denoted as
timh =th+ (I + 1)h, where [, = max{l|l ¢ ¥}. When
the data packets are successfully transmitted to the observer,
the system measured output can be written as follows:

y(t) = y(teh),  te [teh+ Tt h+ 1), (5)
where 7 (t) denotes the data successfully transmitted at the
triggered instant and 7, is the time delay.

Considering that the data packets transmitted by the
WAETM are subjected to time delay 7, = j, — t.h, where j;
represents the instant when the data packets arrive at the
ZOH. The ZOH deals with the data packets out-of-sequence
and guarantees the continuity of control input within the
holding time-interval. The subintervals are defined as
follows:

I = [jio jx + h),

I, = [ji + h, ji + 2h),

I= (6)

I = [k + (A = Dh, jigan)s
where 7, = min{l|j, + (I - 1)h > ji,,}, and the time delay
function can be written as follows:
t—th,

t—(t,+1)h, tel,,
7(t) = : (D) o (7)

tel,

E-[t+ G- Dl tely,

where 0 < 7(t) <1,,, 7(t) Ty, T, is the maximum value of
the 7(t), and 7, is a constant. Then the error function of
ZOH can be expressed as follows:

y (teh) = y (tch),

tih) - t + 1)h), tel,,
=] 7 () S

y(teh) =y (tch + (A = 1)h)), t eIy,

which implies that

tel,

y) =e, )+ y(t-1®), t€ [jpjrul- 9)

3.2. State-Fault Observer. According to the data packets 7 (¢)
successfully transmitted by the WAETM, the state-fault
observer is designed as follows:
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x(t) = AX(t) + Bu(t) + ij‘(t) +Fp(x(t),t) +L(y(t) -y (t — (1)),
FO=GF 0+ HF® -3 -1(0) (10)
y(t) = Cx (1),

where %(t) €R%, J(t)€R, f(t)eR™, p(E(t)t)= JO & (9E(s)ds <A, jo FH(9)f (s)ds A, >0, (14)

lp, (X, (),1),...,p, (%, (£),t)]" are the system state esti-
mation vector, system measured output estimation, fault
estimation signal, and nonlinear function estimation, re-
spectively. L and H are observer gain matrices to be designed
later.

The estimation error of system state is defined as
e, (t) = x(t) — X (t), the estimation error of fault is defined as
e; = f(t) = f(f), and the estimation error of nonlinear
function is defined as g (e, (t)) = p(x(t)) — p(%(t)). Then,
the estimation error of system state and fault can be re-
spectively rewritten as follows:

€. (t) = Ae, (1) + Fg (e, (x)) + Bres (t) — Le, (1)
— LCe, (t — 7(t)),

éf(t) =(1-GQ)f(t)+ Gef(t) - Hey(t)
— HCe, (t —7(1)).

(11)

Define &(t) = [e, (t)e ¢ (1)]7, then the observation error
dynamic system can be given as follows:

E(t) = AE() +BE(t—7(1) + Le, () + Df (t) + Fg (e, (1)), (12)

= | -LC o 7-| L
“|-HC o) |-H|

Up to now, we need some lemmas and definitions before
proceeding the stability of observation error dynamic.

Lemma 1 (See [34]). For any positive definite constant
matrix Y € R, scalar a>0, and vector function
x: [-a,0] — R", the following integration is defined:

t x@®) 1'1-v Y x(t)
- T (0)Y%(0)do )
an—ax O £(6) S[x(t—oc)] [ * —YHx(t—a)]

(13)

Definition 1 (See [35]). System (12) satisfies the H ., per-
formance under initial condition, and the following per-
formance index holds for all nonzero f(t) € L, [0, c0).

Theorem 1. For given positive scalars h, Ty, ¢, 0, A, and v,
there exists symmetric positive definite matrices P >0, R, >0,
R, >0, R; >0, G>0, Q> 0, and appropriate matrices M and
Z such that the following condition holds.

L, Bs Q M'F Z M'D]

x 2, M'B 0 M'F Zz M'D

* % By 0 0 Ey O

1]
Il

% % * By O 0 0 <0, (15)

i AT

where 8/, = R, + R, - n*/AG - Q + MTA, B, =2P - MT+
A'MT,
2 2
7T _
L6+Z6"+ M8,
4 4

(11

13

11

2 2
G+ 1,Q,

22

2
16
33=0CTQC+(1—T)R2—(1—T)R1—%G, (16)

[1]

83]

3 = ¢o(C'Q +QC),

(11

44:_R2_R3_Q’

then the observation error dynamic system (12) with the
WAETM (4) is asymptotically stable. In addition, the
state-fault observer gain matrices can be obtained by
L=M"Z

Proof. Choose a Lyapunov-Krasovskii function as follows:

Vi) =V, (&) + Vi, () +V5(8), (17)

where
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t—1

t (1) t
Vu® =8 WPEO+ [ EOREOW+ | 0RO+ [ ORE®®

t—1,

2

V=7, [ E@ckw-T [ [E@-n el -Gl

i ih

Vaw=n. [ | & ®akodsar

t=Ty J 1

The derivative of (17) is obtained as follows:

Vi () = 28" (0)PE(t) + E (DR E() — (1= DE (t = TR E(E — (1)) + (1 = D)E (£ - 7(1))

R&(t—1(8) = & (t — 1 )RE(t = Tpg) + ET (DRE(E) = E (£ — 70 )RE(t = Tpp)s

2
Vi (1) = 73, E (DGED) - %[5(1‘) —EE-T@W'GIEW® -Et - ()],

t

Vs () = 2%E (DQE() - 1y j & (0)QE (6)do.

t—

According to Lemma 1, we can obtain the following
equation:

o () 1'71-Q Q E(t)
— 0 6)do < .
w,, {oako <[z(t-rM)] [ . —QHf(f-TM)]

Therefore, from (19) we can get the following equation:

2 2
V(1) <28 ()PE(D) + £T<t>[R1 +Ry =G - Q]f(t) ~g- r(t))[(l - DR, ~(1-1)R, = -G

E(E—T(D) + E(t - 1y) [-Ry — Ry — QIE(t - Tp) + £ (£)

. 2 2
G+ QIEM + E (1) [ZG + HZGT]E(t —7(t) + & ()QE(t — Tyy).

In addition, the WAETM (3) is equivalent to the fol-
lowing equation:

ey ()Qe, () <oy’ (t - T()Qy(t - T(1) + doy’ (t - T()Qe, (t) + €, ()Qy (t - T(1))]
=o' (t-1(1))CTQCE(t - 7(1) + ¢o[E (- T(1)CT Qe (1) + €, (NQCE(t - 7(1))].

|

(18)

(19)

(20)

(21)

(22)



It is worth noting that for any matrix M with appropriate
dimensions, we have the following equation:
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oM’ + éT(t)MT] [-E() + AE(t) + BE(t - (1) + Le, (t) + Df (t) + Fg (e, (1))] = 0. (23)

According to Assumption 1, the nonlinear function
p(x(t),t) satisfies the Lipschitz condition, and for any
positive number v we have the following equation:

VET ()% (¢) - ng (e (1)g(e () =0. (24)
Define a new function as follows:
J1 () =V () + E WE® - A fT () f (). (25)

Integrating both sides of (25) under the zero initial
condition gives us the following equation:

t t t
j Ty (s)ds =V, (t)+j f%s)f(s)ds—alj FT()f ()ds,
0 0 0

(26)
where V, (t) > 0. Then according to Definition 1, we can
obtain the following equation:

J; £ ()E(s)ds <, J; T () f (s)ds. (27)

Define a variable as @, (t) = (&7 (t)éT(t)fT (t-1(1)
fT (t-1y)g" (e (x))e}" () fT (£)]. Then according to (21) and
(25) and (27), we can get the following equation:

X(t) = A% (t) + BKX (1) - BB'B,f () - BB"p(% (1) + B, ] (t) + Fp(R (1) + L(F (t) = 3 (t — (1))

JL(6) =V () + E (0E@) - A fT () f (t)
<! (H)Ea, (1)

(28)

According to (15) and (28), J, () <0 when E <0. When
f() =0, Vl (t) <0. Therefore, the observation error dy-
namic system (12) is asymptotically stable with WAETM (3).
The proof of Theorem 1 is completed. O

3.3. Fault-Tolerant Controller. With the system state esti-
mation, fault estimation, and nonlinear function estimation
obtained by the sate-fault observer, the fault-tolerant con-
troller can be designed as follows:

u(t) = Kz (t) - B'B;f (t) - B'p(X (1)), (29)

where K is the controller gain. The fault-tolerant controller
consists of three terms. The first term KX (t) is a state
feedback control, the second term —B'B I f(t) is used to
compensate the influence of faults, and the third term
—-B*p(Xx(t)) is used to reduce the influence of nonlinear
factors.

Combining the fault-tolerant controller (28) and the
state-fault observer (10), we can obtain the following
equation:

(30)

=(A+BK)x(t)+(F- BB )p(x(t)) + Le, (1) + LCe, (t - (1))

According to (10) and (30), the overall closed-loop
system can be written as follows:

é(t)=Ae(t) + Be(t—1 (1)) +f,ey (t)+Bge (t) +Fo(e(t)),
(31)

there e(t) = [T (el ()], (e(t) = [p" (= (t)g (el ()],
an

_ [A+BK 0
A= ,
. 0 A
_J0 LC]
B= )
L0 -LC )
T L
L= )
L
_ [F-BB o]
F= .
F 0

There needs a lemma before the subsequent discussion.

Lemma 2 (See [36]). For a fixed constant matrix Q with full
column rank, the unknown matrix Y can be calculated by the
following equality for any real matrix X, ¥ and N with
appropriate dimensions:

Y =(Q"xQ) 'Q"aN, (33)
when the following condition satisfies the following equation:

XQY =QN. (34)

Theorem 2. For given positive scalars h, Ty, ¢, 0, A, and p,
there exist symmetric positive definite matrices P, >0, S; >0,
S,>0,8;>0, H>0, W>0. Then, suppose there exists matrix
A, event-triggered weighted matrix Q> 0, and matrices M,
and © with appropriate dimensions such that the following
condition holds:
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TTT] [] w MF ML MiB,]

11 12 13
« [[ M{B o MF ML M|B,
22

—]
—

IT= 33 36 <0, (35)

L * % * * * * —AZI §

where [, =S, +S,—n?/4H-W + MTA, T[], =2P,—
MT + A" MT,
7'[2 7'[2 ~
[[==H+=H"+M]B,
1T 4

2 2
[]=7uH+,W,
22

2
[1=0C"0C+1 -1, - (1 -, _HZ’ (36)
33

[]=9o(c"a+0C),
36

then, the overall closed-loop system (31) is asymptotically
stable under the WAETM with the controller gain designed as
K = (B"®B) 'B"BA.

Proof. According to Lemma 2, if condition ®BK = BA is
satisfied, one can obtain that

K =(B"®B) 'B'BA, (37)
whereafter, choose a Lyapunov-Krasovskii function as
follows:

V() =V (1) + Vo (t) + Vs (B), (38)

where

V,, (1) = £ ()P,e(t) + r ( )eT(G)SIs(G)dG

t-7(t)
" J U 08,0 (0) + r ¢ (6)S,¢(6)d6

=Ty

T . 7T2 ¢
& OHEO0 - |

ixh

t
V() =2, j [£(6) - e (ih)]"

ih

-H[e(0) - e(ixh)]do ,

Vo (8) = 7y r r &7 (OWe(6)d0 dr,

[1=-5-5-w, (39)
44 and the derivative of (39) is obtained as follows:
V,, (£) = 26" ())P,&(8) + € (£)S,e(t)
— (1= (t—1())S,e(t — (1)) + (1 = )€ (t — 7(£))S,e(t — (1))
— el (t = 1y)S,e(t — 7))+
€' (£)S5e(t) — &' (£ = T)S3e(t = Tpg)s (40)
2
Vi (8) = T,&" (OHE(8) = %[e(t) —e(t -t Hle®) - et - 7(1)],
Vo (1) = 2,8 (OWE(t) - 1y r & (OWE(6)d6.
=Ty
According to Lemma 1, we can obtain the following
equation:
t & 1'rT-w w e(t)
- L owe(oydo<| H H ] 4
TMJ-[_TMS (OWe) <[s(t—TM) « —W [l e(t—1y) “y

Then, from (40) we can get the following equation:
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V, (1) <26" (H)P,(t) + €7 (1) [sl +Ss - %H - w]

2
.E(t)—gT(t—T(t))[(l -1)8, - (1-1)$, _ZH]

(42)
ce(t—T() +€ (t—1)[~S, =S5 — W]e(t - 7y)
2 2
+ & ([ H + T W]e () + € (1) [%H + HZHT]s(t —1(t) + €L (OWe(t - 1y).
Again, the WAETM (4) is equivalent to the following
equation:
e, (e, (t) <oy’ (t - T(1)Qy(t—7(1) + do[y’ (t - T(£)Qe, () + e, (N (t —7(1))] )
=& (t-T(t)CTQCE(t—7(1) + ¢o[E (¢ - 1(1)C" Qe, (1) + e, (NQCE(t - T(1))].
It is worth noting that for any matrix M, with appro-
priate dimension, we have the following equation:
[e" ()M + &' ()M [~ (t) + Ae(t) + Be(t — T(1)) + Le, (t) + Bye, () + Fo (e(1))] = 0. (44)

According to Assumption 1, the nonlinear function
p(x(t),t) satisfies the Lipschitz condition, and for any
positive number y we have the following equation:

e’ (8 (t) — uo’ (e(1)g (e(1)) 20. (45)

Define a new variable as @, (t) = [e! DT (el (t - 1(1))
el (t—1))9" (s(x))e§ (t)e? (t)]. Then according to (42) and
(45), we can get the following equation:

L (0) =V, () + € (De(t) = dyef (ep (b (46)

Similar to the proof of Theorem 1, we can obtain the
following equation:

L0 <@, O] @, ). (47)

According to (47), for any small scalar >0 under the
initial condition, the following inequality holds:

J, () < - Blle®)]. (48)

According to (35) and (47), it is obvious that
J, (t) < Owhen [ <0. Also, (48) indicates lim, _[le(t)]* =
0 and hence the closed-loop system (31) is asymptotically
stable with WAETM (4). The proof of Theorem 2 is
completed. O

4. Results

In this section, the networked motor control system shown
in Figure 2 is adopted to verify the effectiveness of the
proposed weighted average event-triggered FTC scheme.
The mathematical model of the brushless direct current
motor is

0 1000
A= ,
| -5.867 -3.038
[0.340
B= ,
| 4.868
c=[10], (49)
[-0.818 —1.65
F= ,
[ -02 -0.02
[ —4.811
Bf = .
| —25.852

The control input of the motor is the voltage value. The
system measured output of the motor is the speed (r/min).

The  reference  input  function is  set  as
y, (t) = 400 sin(t) + 1200, and the nonlinear function is
p(x(t),t) =[40 sin (x (£))0]7. The delay is
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FIGURE 2: Brushless direct current networked motor control system.
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FiGURE 3: Fault estimation (a) ETM-FTC in [21]; (b) WAETM-FTC.

7(t) = 0.2 sin(nt), and hence 7, = 0.2, 7, = 0.2. In addi-
tion, parameters in the event-triggered mechanism are set as
0 =0.0015, and ¢ = 0.12. The sampling time is h = 0.02s.
The event-triggered weighted matrix here is set as QO = I.

According to Theorem 1 and Theorem 2, the gains of the
state-fault observer and the fault-tolerant controller can be
obtained as follows:

49.522
L= ,
—26.896
(50)
H =-10.982,

K=[-25 -0.264].

Other parameters of the state-fault observer and the
fault-tolerant controller are

G=02,
B" =[0.014 0.204],
B* =[-0.271 -0.232].

(51)

Besides, the actuator fault signal is considered as follows:

25, 5<t<15,
50 — 25¢ 7119, 15 <t < 30,

f)= (52)
80 + 80 cos (0.1 (t —30)), 30<t<50,
0, otherwise.

The scheme proposed in this paper (denoted by
WAETM-FTC) is compared with the scheme in [21]
(denoted by ETM-FTC). In [21], an FTC scheme was
proposed, however, the conventional event-triggered
mechanism was utilized and the influence of the nonlinear
factors in NCSs were not considered.

Figures 3 and 4 show the fault estimation and fault
estimation error, respectively. Compared with the ETM-
FTC in [21], when WAETM-FTC is employed it is obvious
that the fault can be estimated much better in the networked
motor control system.

As shown in Figure 5, when WAETM-FTC is employed
the nonlinear function can also be effectively estimated. In
contrast, the ETM-FTC in [21] does not consider nonlinear
factors and thus the nonlinear function estimation is not
shown here.
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FIGURE 6: Measured output and reference input (a) ETM-FTC in [21]; (b) WAETM-FTC.

Figure 6(a) shows the measured output (speed) with the
ETM-FTC in [21]. During 0-5second, although there is no
fault in the system, the measured output can not track the
reference input well because there are still nonlinear factors
in the system. After 5 seconds, the fault occurs and the
system measured output suffers from both fault and non-
linear factors. Therefore, the error between the measured
output and the reference input becomes even larger as
shown in Figure 7. Figure 6(b) shows the measured output
(speed) with the WAETM-FTC scheme. During 0-5 seconds
when the fault does not occur while there are nonlinear
factors, the measured output can track the reference input.

After 5 seconds, even though there are both fault and
nonlinear factors in the system, the measured output can still
track the reference input well. Therefore, the error between
the measured output and the reference input can converge in
Figure 7.

The release intervals are shown in Figure 8, when the
ETM-FTCin [21] is adopted, most of the release intervals are
the same with the sampling time of 0.02 seconds, which may
lead to the communication congestion. In contrast, when
WAETM-FTC is adopted, it is clearly that most of the release
intervals are larger than 0.02 seconds, which indicates that
the unnecessary transmitted data packets are reduced.
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FiGure 8: Release intervals (a) ETM-FTC in [21]; (b) WAETM-FTC.

Moreover, the triggered times are 1688 in Figure 8(a), and
the triggered times are 837 in Figure 8(b), which indicates
that the proposed WAETM can decrease the triggered data
packets by 34.04%. Therefore, the communication conges-
tion is effectively alleviated.

5. Conclusions

In this paper, a weighted average event-triggered fault-tol-
erant control scheme is proposed for nonlinear NCSs with
the communication congestion and actuator fault. The
weighted average event-triggered mechanism, which adopts
the weighted average of data packets, is to alleviate the
communication congestion and save the network commu-
nication resources. The state-fault observer based on the
weighted average event-triggered mechanism is to estimate
the system state and fault. With the system state estimation
and fault estimation, the fault-tolerant control law is ob-
tained. The proposed weighted average event-triggered fault-
tolerant control scheme can effectively save the network
communication resources in nonlinear NCSs, while com-
pensating the influence of the fault and reducing the in-
fluence of nonlinear factors. Adaptive event-triggered based
fault-tolerant control for nonlinear networked control sys-
tems will be investigated in our future work.
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In this study, we study the load frequency control (LFC) problem for interconnected multiarea power systems (IMAPSs) with
quantization and actuator failure. To effectively reduce the amount of data in the channel, input signals will be quantized before
being transmitted from a controller to a system through the digital communication channel. To reveal the asynchronous
phenomenon between the original plant and LFC with actuator failure, a hidden semi-Markov model is formulated. In addition,
the stability of the jump system under network attack is discussed. On the basis of the Lyapunov theory, sufficient conditions are
derived to ensure the stochastic stability of IMAPSs. Finally, the validity of the theoretical results is tested via a simulation example.

1. Introduction

The power system is a complex nonlinear system, which has
developed into a multiregional interconnected power system
(PS) since the Industrial Revolution. To deal with the low-
frequency little oscillations of interconnected PSs, the LEC
was proposed in [1], which has been effectively applied to
PSs [2-4]. According to the LFC technique, the frequency
can be adjusted at a desired level, which guarantees the
stability of entire PSs. Over the past few decades, researchers
have proposed a number of techniques concerning with
LFC, such as use of the integral control law [5], PI case [6],
and PID case [7]. These approaches have been verified to
improve the control performance of interconnected PSs
(8, 9].

In practical applications, the dynamic systems may
undergo sudden changes in their parameters or structures
due to component failures, sudden environmental changes,
etc. In this case, Markov chains are widely adopted to model
the variations in PS states. In [10], the Markov chain was
employed to describe the random mutations of the discrete-

time PS. In [11], the uncertain Markov chain was applied for
the decentralized control of the PS. However, in most
existing literature concerning Markov PSs, the residence
time of Markov processes obeys a memory-free random
distribution, in which the probability of the transition rate is
time-independent. As signified in [12-14], compared with
the conventional Markov chain, the semi-Markov chain is
more general in approximating practical dynamics owing to
its time-varying transition rate. Consequently, it is mean-
ingful to study the LFC problem for PSs with semi-Markov
jumping parameters, the so-called semi-Markov PSs. To the
best of our knowledge, quite a few theoretical results have
been applied to semi-Markov PSs due to their inherent
difficulty, and this motivates this article.

In reality, the signal is communicated through a limited
bandwidth network [13, 15, 16]. Note that massive signals
are transmitted via the limited network, which may lead to
channel congestion, thus reducing the system performance.
To overcome this shortcoming, we quantify the control
inputs, in which quantization stands for the process of
mapping the continuous values of a signal to a limited
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number of discrete values [17, 18]. By means of quantization,
the amount of data in the channel and load of the channel
can be effectively reduced. The quantizers can be roughly
categorized into linear quantizers [19], and logarithm
quantizers [20, 21]. The problem of stabilizing a continuous-
time switched system affected by the time-varying delay and
data quantization has been addressed in [22]. In the
quantitative input multiarea, however, results of the power
system are very few; in order to fill the gap, this article takes
into account the interconnected more regional power system
with quantitative input, and the quantification method is
used as the basis of the design, making the obtained
quantitative instruments with the crudest density and fur-
ther reducing the burden of transmission. We would like to
mention that, in practice, capturing system information is a
tricky task. Therefore, the asynchrony between the system
mode and the controller mode cannot be omitted. Never-
theless, the asynchronous control of the semi-Markov
IMAPS has not been researched thoroughly, which partially
motivates the current work.

Motivated by the above considerations, this work con-
siders the LFC problem of the IMAPS subject to quanti-
zation input. Different from the existing homogeneous
Markov IMAPS, the semi-Markov chain is employed to
describe the dynamic behavior of the IMAPS. Aiming to
describe the asynchronous phenomenon between the
original plant and LFC, the hidden semi-Markov model is
formulated. By resorting to the Lyapunov theory, sufficient
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conditions are derived to ensure the stochastic stability of the
resulting dynamic. In the end, one numerical example is
inferred to show the correctness of the proposed method.
The general structure is rendered as follows: the second
section describes the asynchronous LFC of the semi-Markov
PS with quantization form. In section 3, sufficient conditions
of random stability are given. A numerical example is given
in section 4.

Notations: diag{ *} means a block-diagonal matrix;
He{R} = R+ R"; P>0 means P is positive definite; Pr{ = }
implies occurrence probability; &{ = } indicates the mathe-
matical expectation; | | signifies the Euclidean vector
norm.  signifies the identity matrix; A™ and A~ stand for
the transpose and inverse matrix, respectively.

2. Problem Formulations

2.1. System Model. In this study, the dynamic model of the
multiarea LFC is described as follows:

{ x(t) = A(r()x(t) + H(r (£))AP, (t) + B(r ()u (1),
y(£) = C(r ()x (),

(1)
where x;(t) € R, y;(t) € R?, u; (t) e R, and

AP: (t) € £,[0,00) represent the state, the output, the
control input, and the disturbance, respectively, and

T
yl(t = ACE: ACE (5)d5:| >

y(t) =
u(t) =

[y1 (D), (8) -
[
AP (t) = [AP] ()AP (£) -
[x

231 (l)uz (t)--

x;(8) = | AF, (1), APY (1), AY, (), AP (8), Jt ACE, (s)ds | T
0

x(t) =[x, ()x, (1) -

yN(t)]T’
N (t)]T)

IVACIE

>

* XN (t)]T,

Bi(r(t))—-0 m 0 0] ,
B(r(t)) = diag{B, (r (£))B, (r (t))--- By (r (1))},
. . .
Hi(r(t))=h—m 000 0:| s
H(r(t)) = diag{H, (r (t))H, (r (1)) --- Hy (r (1))}
Bi(r(t)) 0010
Ci(r(t) = )
0 0001
C(r(t)) = diag{C, (r (1))C, (r (1)) ---Cy (r (1)},
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D;(r(t)) 1 1 0
M; (r (1)) D (r (1)) D (r (1))
1 1
T (r(t) Ty(r(t)
Ay (r (1) = L L (2)
R, (r ()T (r (1) T (r (1)
N
> 2nT;(r (1) 0 0 0 0
j=Lj#i
Bi(r(1) 0 1 0 0
Ajj= lal}, with a5 = -2nT;j, a;=0, and Then, {(Ry, 1)} is said to be a renewal process if 7 (t) =
A= [Aij]Ni=1' Each ACE signal is described as a linear Ry (t) where N (¢) = sup{k: t >t} with
combination of the tie-line power exchange and frequency n 4
deviation, i.e., ACE; = B, (r (t))Af; (t) + Pi, (), where APi, Pr{R;,, = qIR, = p} =<] e PTG (4)
refers to the net exchange of the tie-line power. The no- 0, pP=q

menclature of other parameters is shown in Table 1.

In view of the uncertain fault time of the power system,
the semi-Markov process {r(t)}q€ & =1{1,2,...,8} is
adopted. For all k € N,

R, the Markov chain
T the sojourn time, i.e., Ty =t — t;_4

3
G, the probability distribution function 3)

X the Markov chain.

Pr{r(t +9) = qlr (t) = p} =<[

Meanwhile, the probability distribution function G, can
be described as follow:

G, (h) = Pr{Ty,, <hlr(t;) = p}. (5)

According to the aforementioned observation, we have

Pr{TkJrlSh'f'(s,RkJrl=q|Tk+1>h,Rk=p}, p%q,
Pr{Ty,, >h+0,Reyy =qITi >R = p}, p=gq.
Jl 70 (8 +0(9),

(6)
P#q

1+, (h)d+0(8), p=gq

Hence, by simple calculation, the transition rate matrix
can be defined by ¥ (h) = [”Zq]sw where

Pr{r(t +98) = qlr (t) = p}
1)

Tpq () = slino
(7)

_ Xp (1)
== —Gp(h)’ P*9

and ,, (h) = - ¥

i g () <0

2.2. Asynchronous Control Input with Quantized. As
exhibited in Figure 1, the control input u (t) is required to be
quantized before sending it to the power system. Inspired by

this fact, the logarithmic quantizer can be described as
follows:

q(u(®) = [a, (uy (1)ay (uy (1)) -~ q, (u, ()], (8)

where  the wth  subquantizer q,(-) satistying
Ay (ty (1)) = =q, (~11, (1)), w=1,2,...,1. The set of the
logarithmic quantization level can be described as

U, ={x6: £6 =)0,

» 9)
n=+1+2,---}u{+6;}u{o},

where 0<g? <1 and 6; >0 on behalf of the quantizer
density and the initial quantization, respectively .And
A, =1-9,/1+0, Then, we define the subquantizer
qe (1, (1)) as
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TaBLE 1: The physical meaning of parameters.

Parameters Nomenclature
Af;(t) Frequency deviation
AP (t) Mechanical power output increment
AY; (1) Valve position of turbine
D;(r (1)) Mode-dependent damping coefficient
T (r (1)) Turbine time constant
T' (r (t)) Governor time constant
ﬂl (r(t Frequency bias
(r(t)) Coeflicient between the i-th and j-th area
3
O 1 1
0 5 10 15
Time (s)
—r(®
3
TV ML
1} j . )
0 1 1
0 5 10 15
Time (s)
— ¢
FIGURE 1: The evolution of modes r(t) and ¢ (¢).
Y © © where K%, 0 (1) and K} o(t) AT€ the i -th proportlonal and in-
. n n
6,5 if T, <u, (1) < . tegral gams, respect1vely, and K’ o(t) = [Kp(p @ Kip]- The
q, (i1, (1)) = variable ¢ (t) that refers to the Markov chain belongs to the
e 0, it wu,(t)=0 space M ={1,2,..., M}, whose conditional probability
matrix is inferred F = [p,.] with
qy (cuy (), if g () <0. ) Ppmlsx
(10) tp(0) = mir (£) = p} = Py (13)
Then, we have that with 3,.c #Ppm = 1. According to equations (11) and (12),
the control signal u; (t, ¢ (t)) can be devised as follows:
q(u(t) =u(), (11)

where A = diag{A}, A, ...

A} ALAL<S.

In this work, the i-th control area of an asynchronous PI
controller is given by

. . t
(1,9 1)) = Ky ACE, () + Ky | ACE, (9ds

= K;,(t))’i (1),

12)

u; (6, 9(1) = a;(£) (S, + M) Ky (1), (14)
where a; (t) € {0,1}, and &{a; (1)} =a
2.3. Model Transformation. Let r(t) =p and ¢(t)=m

substituting equations (14) into (1), the closed-loop IMAPS
is formulated as follows:
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N

%, (1) =Ain(t)+ Y Ang(t)m,.B; (S, + MK, C x,.(t)+H;AP;(t),

j=Lj#i
y; () = Cox; (8).

For analysis convenience, based on the compatible
matrix B, we can obtain a full rank matrix B = [B;, B;].
We define %, (t) = (B;)_lxi (t), we have that

N

pm~p (15)

=A%+ Y AE(1)+a(S+A)K,CoE (1) + HyAP, (1),

jELj#i

yi (1) = C, %, (1),

where A7 = (B,) 'AJB,, K, = [(K,)" 0]T,C, =C/B,,
and ﬁ; = (E;)’IH;. It is worth noting that linear trans-

formation F; is invertible. Thus, the overall IMAPS can be
inferred as

X(1) =A%) +a(S+ MK, C,X (1) + HyAP, (1),
y(t)=C,X(),C,X (),

(17)

where a = diagy{a;}, S + A = diagy {(S; + A}
C, = diagy {6;}, H; = diagN{ﬁ;}, and
lejl Z;z Z;N

A, = Zil Z;Z K;N . (18)
Zgl Zgz KJ;JN

Definition 1. ([23]) The interconnected power system with
AP, (t) =0 is called stochastic stability if the following
equation holds:

e{jm % OFdtlr (t0) 9 (1)} < . (19)
0

Under the zero initial condition, the system with
AP (t) € Z,[0,00) and y >0, the H , performance index is
satisfied:

SUOO Y0y -y P (0P, (t)} <0. (20)
0

(16)

Lemma 1. ([21]) For the given matrix Q; and matrices Q,
and Q, with appropriate dimensions, if inequality
Q, + He{Q,AQ;} <0 holds for all |A|| <, for any scalar s,,
such that Q, +5,Q5 Q3 +5,'Q; Q, <0.

3. Main Results

Theorem 1. For given scalars y > 0and 1> 0 and the matrix
M, the IMAPS is stochastic stability with preset performance,
such that

~11 ~T=
Epm +C,C, * *
Bpm = B,  —He[pM'} = <0, (21)
H M qHM' -y

where
S M
By =) 1P+ Y p, He[M"(A, +a(S + MK,C,)},
gq=1 m=1

M
-2 T .= T
gplm =-M + P; + Zl ppmnMT(Ap +a(S+ A)KmCP),

Ty = g (0} = [ 15y (i, ()
(22)

Proof. Establish the semi-Markov-based Lyapunov function
as follows:

V(E(T), 7 (1), 9(1) = £ (HP, (, X (D). (23)

It follows that



LV (X (t),r(t),9(t)}= 61130

0 q#p

! { s\‘ Y 7,y (WOXT (t+0)P X (t+0)+(1+7,, (W)X (t+8)P,X (t+0) } + X ()P, X (1)
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s T
—x7 (t)(anqpq>x(t)+He{x (OP,X" (1)},
g=1

(24)
On the basis of equation (17), for any proper matrix M,
such that
0=2[X"()M" + ni’"(t)MT] x| - (1) + AX () +a(S+ MK, C,X(t) + HAP, () |. (25)
It follows from equations (24) and (25) that
LV (X (1), (1), 9 (1))}
S .
-x (1) < Y npqpq>3e(t) +He{% (0P,X" (0]
9=1 (26)
#2[XTOMT +nX OM" ] x[-2(0)+ X (0) +a(S + DK, C,2 (1) + H 0P, ()]
=T (OB, (1),
| f [ 1R OPIZ 1) () o (0)]
where {T(1) = [€7() APT(D)], & ()= [XT(1) X ()] “0 bl olt) (29)
1, =&fm,, (W} = [ 7, (h)x, (Wdh and
pq Pa 0 Tpa\Ap 1
” Sjv(x(to)”"(to)@(fo)) < 0.
) * *
pm
= _| g2 T Furthermore, for AP; (t) # 0, according to equation (24),
Bpm =| Epm —HelnM'} x| (27) it yields
—T T =T T =
H,M qH,M" 0 LV +y" (1)y (1) — y*AP] (AP, (1) <" (DE,, L (). (30)
In case of AP (f)=0, we have elZV(X(), Note that Z,,, <0, from which one can obtain
r(t), ()} <&’ (t)E;mﬁT (t), by equation (21), we have -~
gl ¥ j (2V +2" ()2 (t) -y’ AP[ (1)AP, (1) )dt <0, (31)
Bl <0 when Bl - | P =i 0
pm > pm [:21 }:|’ pm

Eom ~He{nM "
ZZ:IﬁPq+Zf:1ppmHe{MT(ZP+E(S+A)K,EP)}, g2l _

Som =

-M+P}+ M PomIM" (A, +a(3+A)K,C,). Subse-
quently, we have
2V (X @), r (1), 9(1)}
(28)

< < Ae{IXOF | X (t). 7 (t0) 9 ()},

where A =1, (—E;m), we can further have

which indicates
J (2" (z(t) -y APL ()AP, (1))dt <0, (32)
0

this completes the proof. O

Theorem 2. For given scalars y >0, >0, and s, >0, system
equation (13) is stochastic stability with the preset H, per-
formance index v, if there exist matrices Mand K,,, such that
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-l i
Epm * * * % % *
E,, -He[pM'} =+ x = * *
HM'™ gH,M' S o+ o« * *
ép 0 0 -8 = * * <0, (33)
T 11
0P 0 0 0 Gp * *
() (6 0 0 0 -Hefas]
| MT nM’ 0 0 0 0 ~He{as, } |
where's, =s' , a=na!
S TP, + HelMTA)} + Y po HelaV %, C
Epm = TppPy + He[MTA,} + lepm e{ar #,C,},
m=
=21 T M _ —
Epm=—"M+P,+ Z PomdnY Z,C,,
m=1
0, = —diag{P,P,---P, P P
p = 138{ 10 Py Ppyy oo s}» (34)

—T— —T— —T—
0;;11 :[\/pplc KlT\/szc KZT \/PpMC K]T\/I]

6p =[ \/le Pl \/sz P2"' \/Hp(p—l)Pp—l\/Hp(erl)PpH HpSPS])

Y = diag{Y,,Y,,...

Furthermore, controller gain matrices are given by K,,, =
MY 'YH,, .

Proof. Let Y#,, = M'K,,, with the purpose of structure of
the matrix K,,,. In detail,

i , , M 0[S, 0] .
K, =(M]) lyi%:n ::[ li 1][ P :|t%~1m. (35)
0 M, 00
According to Lemma 1 and by using the Schur com-
plement in equation (21)(10) the proof is completed. [

4. Numerical Example

In this section, to show the effectiveness of the attached
methodology, a numerical example of the 3-area inter-
connected semi-Markov switching power system is pre-
sented. Suppose that the coefficients are selected
T,(r() =02, T;;(r(t) =025 and T,;(r(t)) =0.12,
r(t) = 1,2. Furthermore, for any i = 1,2, 3, set

0.001 0 0 0

~i 0 0.001 O 0

BP = . (36)
0 0 0.001 O
0 0 0.001 0.001

Yyl Y, = diag{$,,0}.

Leta; = 0.5,y =7, 7 = 0.2, and s; = 0.4. Other nominal
parameters are listed in Table 2 [3, 24].

Specifically, the transition rate function can be written
g =11, (h)k/e*H*=1, and the Weibull distribution density
function is given by Xp (h) = ke (h/e)<! exp(—(h/e)k),
where k and € indicate the parameters of the shape and scale,
respectively. Noting that when p = 1, we choose € = 1 and
k = 3. Otherwise, for p =2, we set e =1 and k =4. Ac-
cordingly, the transition rate matrix can be expressed as

" [—3h2 30 ] (37)
Vi = .
rq AR —ap?
Thus, we have
ﬁpq = ¢e{m(h)}
(38)

~2.7082 2.7082
| 36763 -3.6763 |

In order to better describe the asynchronous phenom-
enon, the condition probability matrix is set as
follows T = [0.6 0.4; 0.5 0.5]. According to Theorem 2,
the asynchronous controller gains can be easily devised. We
select the initial state x;0 = [0.048 —0.040.065
0.024 —0.55]", x,, = [0.045 —0.090.0150.022 —0.46]",
X350 = [0.07 —0.050.07 —0.08 — 1.1]", and the load dis-
turbance APE =0.005 sin(k), (i =1,2,3). Added by the
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TaBLE 2: Parameters of the IMAPS.
Mode M; (r (1)) D;(r (1)) Ti (r (1) T, (r (1)) Bi(r (1)) R;(r (1)
Area 1 r=1 10 1 0.3 0.1 21 0.05
r=2 10 1.1 0.35 0.15 20.5 0.05
Area 2 r=1 12 1 0.4 0.17 21.5 0.05
c r=2 10 15 0.4 0.1 18 0.05
Area 3 r=1 12 1.8 0.35 0.12 21.8 0.05
r=2 12.5 1.25 0.15 0.15 23 0.05
1 multi-area power systems with the quantization effect has
3 0 been addressed. In this case, the system under consideration
< V is modeled as the semi-Markov jump system. The merit of
1 5 10 15 this work is to tackle the asynchronous phenomenon be-
Time (s) tween the control and semi-Markov interconnected multi-
. area power systems. By designing an asynchronous con-
8 troller with quantized form, the quantized closed-loop
g 0 '\7‘ - system has stochastic stability under the specified perfor-
1 . mance. At last, the effectiveness of the developed method has
0 > 10 15 been tested by the simulation result.
Time (s)
2 Data Availability
58]
<
0 . . .
- The data used to support the findings of this study are in-
2 ; . .
0 s 10 15 cluded in the article.
Time (s)

FIGURE 2: The state trajectories x; (¢) (i = 1,2,3).

Areal

Area2
=}
\
\
i
i
J
|
!
|

Area3

Time (s)

FIGURE 3: The measured output y;(t) (i = 1,2, 3).

above-derived gains, the mode evolution of r (¢) and ¢ (t) is
shown in Figure 1. The trajectories of the state are plotted in
Figure 2. Figure 3 thatdepict the state trajectories and the
measured output. These simulation results verify the ef-
fectiveness of the proposed method.

5. Conclusions

In this study, the problem of the asynchronous load fre-
quency control problem for semi-Markov interconnected
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