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MODEL-BASED EVENT-TRIGGER PREDICTIVE 

CONTROLLER WITH SWITCHED SYSTEM APPROACH 

FOR UNCERTAIN CYBER-PHYSICAL SYSTEM UNDER 

TIME-VARYING DELAY 

Xiaoyi ZHENG1*, Zhen ZHU2, Xiaomin FANG3 

A model-based event-trigger predictive controller with switched system 

approach is presented in this paper for uncertain cyber-physical system (CPS) 

under time-varying delay. Firstly, we propose a common form of CPS with system 

uncertainties, and some assumptions are stated in order to facilitate further 

research. Secondly, an event-trigger strategy is designed, meanwhile a time variable 

and an error variable are introduced, based on these, the CPS model is transformed 

into a switched time delay system. Thirdly, we discuss the stability analysis of the 

CPS and the design approach of the event-trigger parameter, and two theorems are 

presented to give the stability conditions about the switched system. Finally, we 

conduct a simulation experiment with a ball and beam system to prove the 

availability of our proposed scheme. 
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1. Introduction 

As the information technology develop, its interaction with physical world 

is becoming more and more prominent, an obvious example is the evolution of the 

Internet to the Internet of Things (IoT) [1-3]. In fact, any place where Information 

technology merges with the physical world, it can be called CPS, and the core 

technology of IoT applications such as intelligent manufacturing and smart city is 

CPS [4]. 

CPS requires tight integration and cooperation of computing, 

communication, and control technologies [5]. Thus from the perspective of 

control theory, CPS can be generally considered as complex networked control 

system (NCS), with which communication plays an important role in datum 

transfer [6]. The same to traditional NCS, CPS also exists time delay and data 

lose, these factors lead the CPS difficult to be controlled. Up to now, the related 

research about network-induced time-varying delay is mainly focus on NCS case 
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[7-9], while the CPS case is still in its infancy [10]. However, traditional time 

delay handling techniques seem insufficient for CPS case, as they do not take the 

new features appear in the CPS into full account, such as the CPS structure is 

more complex than the NCS, and more datum need to be transmitted to keep the 

CPS work well [11].  

For the above reasons, the research of CPS stability control with time-

varying delay is necessary, and some related works have been done in last few 

years. For instance, in literature [12], in order to deal with time delays and 

impulsive control, a hybrid controller is used to stabilize the networked CPS. In 

literature [13], a state synchronization problem for TCPS is considered, and the 

TCPS is suffered from time-varying network delay. In literature [14], a consensus 

algorithm for processing sensor data of multimissile systems is investigated, and 

the performance of the proposed algorithm is evaluated. There are also some other 

results and developments in this domain, see in literatures [10,15-18] and the 

references therein. We can see that there are few results consider system 

uncertainties and bandwidth limited constraint, which are the common issues exist 

in CPS. 

Our work is focus on the design of model-based event-trigger predictive 

controller with switched system approach for CPS under time-varying network 

delay and system uncertainties. The main contributions are listed below: (i) We 

put forward a new model-based predictive control method, which is combined 

with event-trigger idea. By employing this method, the advantages of predictive 

control is obtained, and network bandwidth is saved. (ii) System uncertainties are 

considered, and switched system approach is introduced, then the CPS is 

exponentially stabilized. 

The rest of this paper is organized as follows. In Part 2, a common form of 

uncertain discrete-time CPS model is presented, and some reasonable assumptions 

are stated. In Part 3, the event-trigger strategy is designed, then a switched system 

is deduced, based on which two theorems are presented to give the stability 

condition about the switched system. A simulation example is studied in Part 4, 

and in Part 5 is the conclusion. 

2. Problem formulation 

We consider the common form of uncertain discrete-time CPS model as 

below: 

( ) ( ) ( ) ( ) ( )1x t A A x t B B u t+ = +  + +     (1) 

where ( ) ntx   denotes the state vector of the CPS plant, ( ) mtu   denotes the 

control input vector, 
nnA   and 

mnB   are two known constant matrices, 
nnA   and 

mnB   are two unknown matrices denote plant uncertainties. 
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Remark 1: 

The CPS model (1) describes a general class of CPS with uncertainties A  

and B  that satisfying the following requirements: 

1HFDA=      (2) 

2HFDB =      (3) 

where H ,
1D  and 

2D  are all known constant matrices, F  is an unknown matrix 

satisfying IFFT  . 

Remark 2: 

In this paper, we will study the CPS with time-varying delay as shown in 

Figure 1. The system states sensed by the sensors be installed on the CPS plant 

and the control datum calculated by the controller are all transmitted by the 

network. In practical term, there exists time-varying network delay, our goal is to 

compensate the delay and hold the CPS plant stable meanwhile reduce the 

communication load with model-based event-trigger predictive control 

technology. 

controlled plantcontrolled plant

( ) ( ) ( ) ( ) ( )1x t A A x t B B u t+ = +  + + 

controllercontroller

( ) ( )kk dtxKtu += ˆ

SensorSensorActuatorActuator

( )sckd( )cakd Network

 
Fig. 1. Architecture of CPS from perspective of control theory 

 

The following assumptions are put forward: 

Assumption 1: Each control packet transmitted in the network is time-

stamped, so the actuator always uses the latest packet while discards the old one. 

Assumption 2: The round-trip time delay kd ( 3,2,1,0=k ) is bounded, 

the upper bound is Md , the lower bound is md , and when 0=k , 00 =d . 

Remark 3: 

The network delay from the sensor to the controller is denoted as ( )sckd , 

and the network delay from the controller to the actuator is denoted as ( )cakd , 

respectively. Then the round-trip time delay is ( ) ( )caksckk ddd += . 
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Assumption 3: The sampling instants set at the sensor side is described as 

 = ,2,1,01S , the event-trigger instants set at the controller side is 

described as  == ,2,1,0|2 ktS k , 00 =t , and 
12 SS  . 

Remark 4: 

The sensor gets the measurements from the CPS plant periodically, and 

only when the event-trigger strategy is triggered, the measurements will be 

transmitted to the controller. Here we need to notice that 00 =t , which means that 

event-trigger strategy is always triggered at the initial time, and is a huge 

simplification for system analysis. By this way, the communication load is 

reduced effectively. 

Assumption 4: The predictive step length uN  satisfies Mu dN  , and the 

control input holding strategy is adopted. 

Remark 5: 

Base on Assumption 1 and Assumption 4, while the actuator receives a 

new control packet, firstly, the round-trip time delay is calculated, which is the 

error value between the time-stamp of the new control packet and current time. 

Then according to the time delay, an appropriate control value is selected from the 

new control packet to act on the CPS plant until next packet arrive. So the actuator 

can always uses the most appropriate control data. 

3. Main results 

3.1 Event-trigger strategy design 

The event-trigger strategy is designed as follows: 

( ) ( ) ( )  ( ) ( )  ( ) ( )rtxrtxtxrtxtxrtxtrtg k

T

kkk

T

kkkk ++−−+−+=+ ,   (4) 

where kt  is the current event-trigger instant, 10   is a given scalar parameter, 

  satisfies 0= T
 and need to be calculated. While ( ) 0, + kk trtg , the 

sensor is triggered and transmits its measurements to the controller,  so rtk +  is 

the next event-trigger instant denoted as 1+kt . Then the next event-trigger instant 

can be calculated as below: 

( ) 1 min ,  0k k k k
r

t t r g t r t+ = + +     (5) 

From (5), we can see that the event-trigger instant depends not only on the 

error of CPS state between 1+kt  and kt , but also on   and  , and we can tune the 

triggering frequency by adjusting the value of  . 
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3.2 CPS modelling 

On the basis of CPS plant described by (1), then consider the event-trigger 

instant kt  and the round-trip time delay kd  together, we divide the time domain t  

as  )  )  )   1122111100 ,,, ++ ++++++ kkkk dtdtdtdtdtdtt . 

Then for  )11, ++ ++ kkkk dtdtt , the control input chosen from the 

control packet is ( ) ( )kk dtxKtu += ˆ , where ( )kk dtx +ˆ  is the estimated state value 

at time kk dt +  calculated as follows: 

Step 1: ( ) ( ) ( )kk txBKAtx +=+1ˆ   

Step 2: ( ) ( ) ( )kk txBKAtx
2

2ˆ +=+  

Step j : ( ) ( ) ( )k

j

k txBKAitx +=+ˆ  

Step kd : ( ) ( ) ( )k

d

kk txBKAdtx k+=+ˆ  

According to the above, for  )11, ++ ++ kkkk dtdtt , we have: 

( ) ( ) ( ) ( ) ( ) ( )k

d
txBKAKBBtxAAtx k++++=+1    (6) 

where  Mmmmk ddddPd ,,2,1, ++= . 

Let lti kk += , where 1,2,1,0 1 −−= + kk ttl  , so  1, 1 − +kkk tti . Then 

a time variable [19] is defined as: 

( ) kitt −=      (7) 

and it is obvious that ( ) MMm dht  =+0 , where m  is the lower bound of 

( )t , and 
M  is the upper bound. 

Here, an error variable is introduced: 

( ) ( ) ( )kkk txixie −=               (8) 

Then, for  )11, ++ ++ kkkk dtdtt , (6) can be rewritten as: 

( ) ( ) ( ) ( ) ( ) ( )( ) ( )( )k

d
iettxBKAKBBtxAAtx k −−++++=+ 1     (9) 

and according to the event-trigger strategy (4), for  )11, ++ ++ kkkk dtdtt , we 

yield: 

( ) ( ) ( ) ( ) ( )( ) ( )( )ttxttxixixieie T

kk

T

kk

T  −−=        (10) 

It can be seen that (9) is a switched time delay system. Let t : 

 ) P→+，0  be the switching signal, therefore, we can rewrite (9) as a switched 

system, and for  )11, ++ ++ kkkk dtdtt , the subsystem is given as: 

( ) ( ) ( ) ( ) ( ) ( )( ) ( )( )kiettxBKAKBBtxAAtx t −−++++=+ 


1   (11) 
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3.3 Stability analysis 

Then, we will discuss the stability analysis of the CPS and the design 

approach of the event-trigger parameter by using the switching Lyapunov function 

method. 

For simplicity, the following notations are used, where Pi : 

( ) ( ) ii

i BKABKBKABKAM +−+= 0  

 000
~

IMM ii −=  

( ) ( ) ii

i BKAKDBKAKDD +−+= 221 0  

( ) ( ) ii

i BKABBKABAHF +−+= 0

( ) ( ) ( )( ) ( ) ( ) Tk

T

M

TTT ietxttxtxt  −−=  

( ) ( ) ( ) jhtjt TTT  =,  

( ) ( ) ( ) ( ) ( )tMMtxtxth ii +=−+=
~

1  

Theorem 1: 

Provided that Assumption 1-4 hold, for given 

matrices A , B , H ,
1D ,

2D , K , and given constants 1 , 0 , 10  , the 

Lyapunov functional candidate (14) listed below satisfies ( ) ( ) 01 −+ − tVtV ii

  if 

there exist matrices 0= T

ii PP , 0= T

ii QQ , 0= T

ii RR , 0= T

ii ZZ , 

0= T
, X , Y  and scalars 01  , 02   such that the matrix inequations 

(12) and (13) listed below are hold for all Pi . 

( ) ( )

0

00000

00000

00000

0000
~

00000

0000

0
~

0

2

1

22

2

11

1

































−

−

−

−

−

−

+++

I

I

IH

HRMR

IH

HPMP

MRMPZ

iM

i

T

iiiM

T

iii

T

iM

T

i

T

iiM

T

iiiM

T

iii















(12

) 

0







−

i

T

i

RX

XZ

M
, 0








−

i

T

i

RY

YZ

M
         (13) 

Proof: 

For Pi , we define the Lyapunov functional candidate as [19]: 

( ) ( ) ( ) ( )tVtVtVtV iiii 321 ++=           (14) 

where  



Model-based event-trigger predictive controller with switched system approach for uncertain…167 

( ) ( ) ( )txPtxtV i

T

i =1  

( ) ( ) ( ) ( )
−

−=

+−=
1

1

2

t

tj

i

tjT

i

M

jxQjxtV


  

( ) ( ) ( ) ( ) 
−

−=

−

+=

+−=
1 1

1

3

Mj

t

jtm

i

tmT

i mhRmhtV


  

and 0= T

ii PP , 0= T

ii QQ , 0= T

ii RR . 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 1 1

1
1 1

1 1

1i i i

T T T T T

i i i i i i

V t V t V t

t M P HH M t x t Px t







    

−

−
− − −

 = + −

  − +   −
  

 

( ) ( ) ( )

( ) ( ) ( ) ( )MiM

T

i

T

iii

txQtxtxQtx

tVtVtV

M 







−−−=

−+=

−

−

222 1
 

( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

3 3 3

1

1
1

1 1

2 2

1

M

M

M

M

i i i

t
T T

M i i

j t

t
T T T T T

M i i i i i i

j t

V t V t V t

h t R h t h j R h j

t M R HH M t h j R h j













 

     

−

−
−

= −

−
−

−− −

= −

 = + −

 −

 = − +   −
  





 

According to the above, we have: 

( ) ( )
( ) ( ) 

( ) 
( )

( )
( )

( ) ( )
( )

( )jt
RX

XZ
jtjt

RY

YZ
jt

t
MHHPM

MHHRMZ
ttV

t

ttj i

T

iT
tt

tj i

T

iT

i

T

ii

T

i

T

i

i

T

ii

T

i

T

iMiM

T

iiiT

i

M

M

M
,,,,

~~

11

1

1

1

1

1

1

2

1

2

1





















 

−

−=
−

−−

−=
−

−−−

−−−









−








−















+−+

+−++++


 

where 0iZ ,  0YXYXi −−= , 





















−

−



−

=
−

−

000

000

000

000

i

ii

i
Q

PQ

M









. 

According to (12), finally we can conclude that: 

( ) ( )  ( )  0
~~ 1

1

1

1

11

2

1

2

1 +−++−++++ −−−−−−

i

T

ii

T

i

T

ii

T

ii

T

i

T

iMiM

T

iii MHHPMMHHRMZ 

and together with (13), we have ( ) ( ) 01 −+ − tVtV ii

 . 
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Theorem 2: 

Provided that Assumption 1-4 hold, for given constants 

1 , 0 , 10  , 1 , if there exist matrices 0= T

ii PP , 0= T

ii QQ , 

0= T

ii RR , 0= T

ii ZZ , 0= T
, X , Y , and scalars 01  , 02   for 

all Pi  satisfying (12), (13) and 

ji PP  , ji QQ  , ji RR  ( Pji  , )          (15) 

then the CPS plant described by (1) is exponentially stabilized for any switching 

signal with average dwell time 




ln

ln* = aa TT , and the decay rate is 
 , 

where 1
ln

ln
+−=






aT
. 

Proof: 

Similar to the above, we define the Lyapunov functional candidate as [19]: 

( ) ( ) ( ) ( )tVtVtVtV
tttt  ,3,2,1 ++=    (16) 

where 

( ) ( ) ( )txPtxtV
tt

T

 =,1  

( ) ( ) ( ) ( )
−

−=

+−=
1

1

,2

t

tj

tjT

M

tt
jxQjxtV






   

( ) ( ) ( ) ( ) 
−

−=

−

+=

+−=
1 1

1

,3

M

tt

j

t

jtm

tmT mhRmhtV





   

and 0= T

tt
PP  , 0= T

tt
QQ  , 0= T

tt
RR  , which can be calculated according 

to matrix inequations (12) and (13). From (15), we have: 

( ) ( )kk tVtV
ktkt 1−

    

Noticing that 
11 −

=− kk tt  , we can obtain that: 

( )   ( ) ( ) ( ) ( )
( )00

,

0

0

0

00 tVtVtV
tt

t

t

ttttttN








  
−−−−

=   (17) 

where  
aT

tt
NttN

t

0
00 ,

−
+  denotes the switching times of t  over  tt ,0 , 

00 N , 0aT  denotes the average dwell time of switching signal t , 

1
ln

ln
+−=






aT
. 

In addition, there exists constants ( ) ( ) ( ) iii
Pi

RQPa minminmin ,,min 


=  and 

( ) ( ) ( ) iii
Pi

RQPb maxmaxmax ,,max 


= . According to (17), we have: 
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( ) ( ) ( ) ( )
( ) 2

0

2 0

txbtVtxa
tt

t

−−



   

Then, the following inequation is obtained: 

( )
( )

( )0

0

tx
a

b
tx

tt−−




     (18) 





ln

ln* = aa TT  keeps that 1 , then the inequation (18) implies that 

(1) is exponentially stabilized and the decay rate is 
 . 

4. Illustrative example 

In this part, we consider a ball and beam system presented in [20], to prove 

the availability of our proposed scheme. 

The nonlinear model of the system is described in [20] in detail, and it is 

omitted here. Thus, we give the linear discrete-time approximation about the ball 

and beam system with sampling period sh 02.0=  as below directly: 

( ) ( ) ( ) ( ) ( )tuHFDBtxHFDAtx 211 +++=+  

where 



















=

1.00000.00000.00000.0000

0.02001.00000.00000.0000

0.0014-0.1401-1.00000.0000

0.0000-0.0014-0.02001.0000

A , 



















−

−

=

0.0200

0.0002

0.0000

0.0000

B , 

T

H 








−

−−
=

2.1013.00

03.001.0
, IF = −310 , 









−

−
=

0.301.10.2

0.1500.10
1D , 

 TD 2.01.22 −= . 

The controller gain K  is set directly as 

 3781.44463.153013.48954.2 −−=K  to guarantee the local certain model 

( ) ( ) ( )tButAxtx +=+1  is Schur-stable. 

Here, we consider the case that hdM 3= . Solving the inequations (12), 

(13) and (15) in Theorem 2 with 0001.1= , 2= , 36.0= and 2.1= , 

then the event-trigger matrix   is obtained: 



















=

1358.2689.01533.0-464.9-

689.01652.6757.2-967.4-

1533.0-757.2-1810.2510.8

464.9-967.4-510.8880.2
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On the basis of the above matrix and parameters, simulation results are 

displayed as follows. Fig. 2 shows the state responses of CPS plant, Fig. 3 shows 

the event-trigger instants. It can be seen that the CPS state can be exponentially 

stabilized, and the communication load is effectively reduced, only 22.4% 

sampled datum are transmitted. 

 
Fig. 2 the state response of CPS plant 

 
Fig. 3 the event-trigger instants 

 

Next, we investigate the influence of the event-trigger parameter   and 

the upper bound of round-trip time delay 
Md  on the number of event-trigger 

times. Let 36.0 ,30.0 ,24.0 ,18.0 ,12.0 ,06.0=  and hhhhdM 5 ,4 ,3 ,2= , 

respectively, other parameters are the same as before. The results are shown in 

Table 1. We can see that the number of event-trigger times increases as 
Md  

increases, decreases as   increases, which shows that a decreased Md  and an 
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increased   lead to fewer communication load. This is easy to explain, for  , we 

can make it out directly from the event-trigger strategy (5). And for 
Md , when the 

upper bound of round-trip time delay increases, the system performance will 

degrades, then the event-trigger strategy will be triggered more frequently. 
Table 1 

Event-trigger times for different 
Md  and   

event-trigger 

times 
06.0=  12.0=  18.0=  24.0=  30.0=  36.0=  

hdM 2=  417 337 299 252 222 196 

hdM 3=  456 383 310 287 252 224 

hdM 4=  490 404 349 311 270 243 

hdM 5=  514 422 365 336 300 271 

From the above, it is obvious that the method proposed in this paper can 

still keep the controlled plant stable while reduce the communication load 

effectively. 

5. Conclusions 

In this paper, we investigate the design of model-based event-trigger 

predictive controller with switched system approach for uncertain cyber-physical 

system under time-vary delay and system uncertainties. A novel method is 

adopted to achieve the goal of less control data transmitted in communication 

network while still keep the CPS plant stable, and in order to strength the 

universality about the method, system uncertainties are considered. The proposed 

scheme is verified effective by the illustrative example. However, for simplicity, 

the present work only considered CPS with time-varying network delay case, 

while data dropout is absent, so our future study will focus on the CPS with both 

sufferings. 

Acknowledgements 

The work was supported by “General Research Project of Education 

Department of Zhejiang Province (Y202044557)”. 

R E F E R E N C E S 

[1]. Juma M, Shaalan K. Cyber-Physical Systems in Smart City: Challenges and Future Trends for 

Strategic Research. 2020. 

[2]. Zakoldaev D A, Shukalov A V, Zharinov I O, et al. Designing technologies for the interaction 

of cyber-physical systems in smart factories of the Industry 4.0. Journal of Physics: 

Conference Series, 2020, 1515(2): 022008 (6pp). 



172                                             Xiaoyi Zheng, Zhen Zhu, Xiaomin Fang 

[3]. Singh H. Big data, industry 4.0 and cyber-physical systems integration: A smart industry 

context - ScienceDirect. Materials Today: Proceedings, 2020(4). 

[4]. Singh H. Big data, industry 4.0 and cyber-physical systems integration: A smart industry 

context - ScienceDirect. Materials Today: Proceedings, 2020(4). 

[5]. Justin B, Ella A. Optimization and Control of Cyber-Physical Vehicle Systems. Sensors, 2015, 

15(9). 

[6]. Guangyu W U, Sun J, Chen J. A survey on the security of cyber-physical systems. Control 

Theory & Technology, 2016, 14(001): 2-10. 

[7]. Bai J, Wang Y, Zhao L Y. Event-triggered H control for NCS with time-delay and packet 

losses. IMA Journal of Mathematical Control and Information, 2019(3): 3. 

[8]. Improved results on state feedback stabilization for a networked control system with additive 

time-varying delay components' controller. ISA Transactions, 2018: 1-14. 

[9]. Shah D, Mehta A, Patel K, et al. Event-Triggered Discrete Higher-Order SMC for Networked 

Control System Having Network Irregularities. IEEE Transactions on Industrial 

Informatics, 2020, 16(11): 6837-6847. 

[10]. L. Lou, X. Zhang and D. Wang. An Optimal Controller Design for CPS with Stochastic Time 

Delay. International Conference on Mobile Ad-hoc & Sensor Networks. IEEE Computer 

Society, 2017. 

[11]. Zhang Y, Fu X, Sun X. The Security Research Strategy of Network Control System Based on 

Cyber-Physical Fusion. Automation Panorama, 2015(10): 78-81+92. 

[12]. Liu Q, Hui Q. Hybrid stability analysis via extended small-gain theorem for networked 

cyber-physical systems with transmission delay. 2017 13th IEEE Conference on 

Automation Science and Engineering (CASE 2017). IEEE, 2018. 

[13]. Yan J, Yang X, Luo X, et al. Dynamic gain control of teleoperating cyber-physical system 

with time-varying delay. Nonlinear Dynamics, 2019. 

[14]. Abdelmawgoud A, Mo J, Benavidez P. Distributed Estimation in Multimissile Cyber-

Physical Systems with Time Delay. IEEE Systems Journal, 2020, (99): 1-12. 

[15]. Shanshan Bi and Maciej Zawodniok. PDF-based tuning of stochastic optimal controller 

design for cyber-physical systems with uncertain delay dynamics. IET Cyber-Physical 

Systems: Theory & Applications, 2017, 2(1): 1-9. 

[16]. Manikandan V. Stability Analysis of Cyber-Physical Micro Grid Load Frequency Control 

System with Time-Varying Delay and Non-Linear Load Perturbations. Computer Modeling 

in Engineering & Sciences, 2019. 

[17]. Robust control for a class of cyber-physical systems with multi-uncertainties. International 

Journal of Systems Science, 2021, 52(3): 505-524. 

[18]. Zhang J, Fu D, Li T, et al. Outer synchronization in drive-response cyber-physical systems 

with time-varying delays via adaptive control. 2018 Chinese Automation Congress (CAC). 

IEEE, 2018. 

[19]. Xiuxia, Yin, Dong, et al. Model-based event-triggered predictive control for networked 

systems with communication delays compensation. International Journal of Robust & 

Nonlinear Control, 2015. 

[20]. Zhang J, Xia Y, Shi P. Design and Stability Analysis of Networked Predictive Control 

Systems. IEEE Transactions on Control Systems Technology, 2013, 21(4): 1495-1501. 

 


