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Abstract. In this paper, the event-triggered output feedback control problem is studied for uncertain
networked control systems. Considering the full states information of system cannot be measured in
practice, output feedback control with dynamic compensation function and observer-based state
feedback control are derived respectively. Then, novel stability criterions are established to
guarantee the asymptotic stability of the closed-loop system based on the theory of Lyapunov
stability and linear matrix inequality approach. Numerical examples are given to demonstrate the
effectiveness of the proposed method.

Introduction

Networked Control Systems (NCSs) are distributed control system based on a communication
network. Compared with the traditional point-to-point control system, NCSs have many advantages
such as lower cost, less wiring, higher reliability, information resources sharing. However, control
systems faced some issues to be addressed because of the involvement of the communication
network, including time delay, packet dropout, communication constraints and so on. In recent
years, event-triggered control method has been widespread concerned to solve these problems. The
event-triggered control is that sampled signal is transmitted only if the predefined event-triggered
condition is violated. In NCSs, the event-triggered control transfers data based on requirement of
systems which avoid waiting time for sampling, decrease time delay, improve the utilization of
feedback data.

Recently, most event-triggered approaches are based on state feedback control methods [1-4].
However, those methods are inapplicable, because the full states of system cannot be measured, in
practice. Therefore, it is absolutely essential to research the event-triggered output feedback control.
Event-based output-feedback control method has been proposed in [5]. The stability and the
performance of L.-gain have been investigated for output-based event-triggered control system [6].
Achieving L, stability in the presence of communication delays and signal quantization based on
passivity theory for event-triggered output feedback control systems has been shown in [7]. The
new sufficient condition of an output-based discrete event-triggered mechanism has been
introduced in [8]. By using event-triggering quantisation, the hybrid system model and the time
delay model has been developed in dynamic output feedback control for linear systems [9]. Inspired
by these papers, this paper focuses on event-triggered output feedback control for uncertain
networked control systems.

This paper is organized as follows. First, output feedback control model and observer-based
state feedback control model have been constructed and analyzed. Then, the new sufficient
conditions have been presented in order to insure the asymptotic stability of the closed-loop system.
Finally, simulations are shown to prove the effectiveness of the methods.

Problem Description

Consider the continuous-time linear system with uncertain
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{)’((t):(A+AA)X(t)+ Bu(t) (1)

y(t)=Cx(t)
where X(t)eR", u(t)eR™ and y(t)eR" are, respectively, the system state vector, input
vector and output vector. all AA satisfying AA=DF (t)E , A, B, C, D and E are known

real matrices with appropriate dimensions, F (t) is an unknown matrix to meet F (t)T F(t)<I.

In the following networked control systems, event generator will be used to determine that
whether the sampled signal should be transmitted or not. The sampled signal is transmitted only
when the predefined event-triggered condition is violated. In this paper, event-triggered condition
depends on the error between the current sampling output date and the recent sampling update

output date for transmission, and the current sampling output date. {tk|k € N} is defined as the

gather of moments that the event generator transfers sampling update output date.
Event-triggered output-feedback control.

Feedback u(t)
controller

> Plant » Event generator

The structure of event-triggered output feedback control loop as considered in this paper is
shown in Figure 1. Output variable y(t) starts update only if the predefined event-triggered

condition is violated. t,, ke N is used to denote the moment of date updating. Consider the
output feedback control law

u(t)=Ky(t,),teft.t,,).keN ()
with K is output feedback control gain. Output error of system is

e, (t)=vy(t)-y(t).teft.t.).keN 3)
Therefore, the event-triggered condition is

le, O <aly(®) .o>0.ter’ @)

When event-triggered condition (4) is violated, event generator is triggered, and control signal is
transmitted.
And then, the close-loop system (1) can be expressed as follows

X(t)=(A+AA)x(t)+BKCx(t)+BKe, (t)
{y0)=CX0)

Event-triggered observer-based state feedback control.

)

i .
Plant y ( ) »  Observer X (t)
A A
v
u(t) » Event generator
A(t,)
Feedback S
eedbac B s >
controller | X, () AN I:I Etjvi)r}, //\

Fig.2. Event-triggered observer-based state feedback control loop
The architecture of event-triggered observer-based state feedback control loop is presented in
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Figure 2. State estimation variable )?(t) proceeds transfer only if the predefined event-triggered

condition is violated. t, ke N is defined as the moment of date transmission, and there exists

% (6)=R(t,).

The full dimension state observer is given by
{f((t) = A%(t)+Bu(t)+L(y(t)-9(1))
g(t)=Cx(t)

with )A((t) e R" and y(t) € R" are state vector of observer and output vector of observer,

(6)

respectively, and L is observer gain matrix.
The model of controller gives

{)’(c (t)=Ax (t)+Bu(t)
Y (t)=Cx,(t)

We assume that state feedback controller is
u(t)=Kx(t) (8)

where K is state feedback control gain. e(t)=x(t)—X(t) is used to define the observation

(7

error of system, so there is the equation of observation error
é(t)=(A-LC)X(t)+AAX(t) ©9)
The output error of system is defined as & (t)=y(t)-y,(t). In the similar way, the
event-triggered condition is given by
[5, () <s]y(t).6>0.ter* (10)

When event-triggered condition (10) is violated, event generator is triggered, and control signal
is transmitted.

Based on the description above, the error between the state variable X(t) of plant and the input
variable X, (t) of controller is X(t)=x(t)—x.(t), it equals to X(t)=x(t)—X(t)+X(t)—x(t),
then there is

X(t)=(A-LC)X(t)+AAX(t)+E, (t) (11)

Therefore, the close-loop system (1) can be expressed as follows

{)’((t) =(A+AA+BK)x(t)-BKx(t)

y(t)=Cx(t)

(12)

Main Results

We first introduce the following three lemmas, which are important for developing the main
result.
Lemma 1: Consider matrices X and Y with appropriate dimensions, the following
inequality is established:
XTY + XYT < XTX +YYT
Lemma 2: (Schur complement lemma) Consider a symmetric matrix

S — |:Sll S12:|
S21 SIZ
the following three conditions are equivalent:

()S<0;
(i)S,, <0, S, -S,'S,, 'S, <0;
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(ii1) Szz <0, Su - Slzszz_lslzT <0.

Lemma 3: Assume that Q, D and Y are real matrices of appropriate dimensions, where Q
is a symmetric matrix, then

Q+DF(t)E+E"F(t) D" <0

holds for all F(t) satisfying F(t)T F(t)S I, if and only if there exist a constant &£>0,
Q+&sDD" +¢'ETE <0.

Theorem 1: Analysis the closed-loop system (5), for given output feedback gain K, if there
exist a symmetric matrix P eR™", scalar 0 >0 and &>0 that meets following linear matrix

inequality :
'PA+ATP+PBKC+C'K'B'P PBK C' PD E']
* -1 0 0 0
%* * —o’! 0 0 [<0 (13)
* * * —ev 0
* * * * —-&

with known matrices of appropriate dimensions A, B, C, D and E, therefore we can
prove asymptotic stability of system (5).
Proof: Construct the following Lyapunov function as

V(x)=x(t) Px(t) (14)

with P is a symmetric matrix. Taking the time derivative of V (X) along the trajectory of
system (5) yields

V(x)=x(t)" Px(t)+x(t)" Px(t)
=x(t)' (A+DF (t)E+BKC) Px(t)+e,(t)" (BK) Px(t)+x(t)" P(A+DF (t)E+BKC)x(t)

+x(t)" PBKe, (t)

Then based on the lemma 1 and event-triggered condition (4), the following equation can be
obtained.

V(x)<x(1)'| P(A+DF (t)E + BKC)+(A+DF () E+BKC)' P |x(t)+x(t)" PBKK'BTPx()

+e, (1) e, (1)

<x(t)' | P(A+DF (t)E+BKC)+(A+DF (1) E+BKC)' P+PBKKB'P|x(t)+oy(1) ¥(1)
=x(t)' [P(A+ DF (t) E+BKC)+( A+ DF (t)E+BKC)' P+PBKKTBTP+JCTC}X('[)

=x(t )T ¥x(t)
Obviously, system (5) is asymptotic stability when Y < 0. According to lemma 3
[PA+ AP +PBKC+C"K'B"P+sPDD"P+¢'E'E+PBKK'B'P C' }<o
* —o!
Finally, we can reach linear matrix inequality (13) via lemma 2.
Theorem 2: Analysis the closed-loop system (12), for given feedback gain K and observer gain
L, if there exist a symmetric matrix Q€ R™ and ReR™", scalar >0 and &>0 that meets

following linear matrix inequality :
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[(A+BK)" Q+Q(A+BK) _QBK 0 C° QD E" AA]
* R(A-LC)+(A-LC)R R 0 0 0 0
* * =21 0 0 0 0
* * x =5t 0 0 0 |<0(5)
% * * * -0 0
* * * * * —& 0
* * * * * * =1

with A, B, C, D and E are known matrices with appropriate dimensions, hence the
asymptotic stability of system (12) can be tested.
Proof: Construct the following Lyapunov function as

Vx(8),%(t)]=x(t)" Qx(t)+X(t)" RX(t) (16)

with P and Q are symmetric matrices. The time derivative of V[X(t),f((t)] along the state

trajectory of system (12) and error equation (13) are
VX()-%(t)]=X(t) Qx(t) +x(t)" Qx(t)+X(t) RR(t) +X(t)" RX(t)
=x(t)" (A+AA+BK) Qx(t)-%(t) KTB"Qx(t)+x(t) Q(A+AA+BK)x(t)-x(t) QBKX(t)
+X(t)' (A-LC) RR(1)+x(t) ATRR(t) +8, (t)" RX(1)+X(t)’ R(A-LC)X(1)
+%(t)" RAAX(t)+X(t)' RE, (1)

Then lemma 1 and the event-triggered condition given in (10) will be applied in the following
equation.

V[x(1),%(1)] < x(1) [ (A+AA+BK) Q+Q(A+AA+BK)+AATAAX(t)
+X(1)' | R(A-LC)+(A-LC) R+2RR | X(t)-X(t)" KTBTQx(t) - x(t)" QBKX(t)+8, (1) &, (1)
<X(t)' | (A+8A+BK)' Q+Q(A+AA+BK)+ AN AAx(t)+X(t)' | R(A-LC)+(A-LC) R+2RR [x(1)

—%(t)" KTBTQx(t)-x(t)" QBKX(t)+5y(t) y(t)
[x(®)T | (A+AA+BK) Q+Q(A+AA+BK)+AATAA+SCTC ~QBK x(t)
_L?(t) x R(A-LC)+(A-LC) R+2RR L?(t)}

i) <L

It is obvious that when ® <0 the close-loop system (12) is asymptotic stability. According to
lemma 3

(A+BK) Q+Q(A+BK)+sQDD'Q+&'ETE +AATAA+SCTC ~QBK .
<
x R(A-LC)+(A-LC) R+2RR

At last, linear matrix inequality (15) is obtained through using lemma 2.

Simulation Examples

In order to illustrate the effectiveness of the proposed method, Let us consider the
continuous-time linear system with uncertain, whose matrices in (1) are given by

el el 2oelt et
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By verifying that system is controllable and observable, the matrix of feedback gain K and the
matrix of observer gain L are calculated by the method of pole assignment.

0.5 225
6 -1
According to the theorem 1, we invoke the feasibility problem solver feasp function from LMI

Toolbox and obtain tmin=-0.0606<0. The result can prove that this close-loop system exists a
group of feasible solutions:

K=[4 2.5],L:{

0.7338 —0.1242
-0.1242  -0.2009

In the same way, we consider the theorem 2, and then obtain tmin=-0.9687<0, so a group of
feasible solutions is

{1.5977 —2.5190} R_{—3.4040 -0.2726

} ,0=49.2192,£=40.7729

-2.5190 -0.0232 —0.2726 -1.3509
We suppose the initial state of close-loop system is X, = [2 0]T , then test the proposal through

} ,0=35.5070, & =40.0280

Matlab simulation. The state responses of system are shown in Figure 3. The availability of
event-triggered output feedback control method and observer-based state feedback control method
show in Figure 3 (a) and (b).
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(a) output-feedback control (b) observer-based state feedback control
Fig.3. State responses
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Conclusions

This paper has addressed the event-triggered output feedback control for uncertain networked
control systems. Output feedback control method and observer-based state feedback control method
have been presented. According to the event-triggered mechanism, two models of closed-loop
systems have been setted up. By using Lyapunov function and linear matrix inequality approach,
some new sufficient conditions that can guarantee the asymptotic stability of the closed-loop system
have been established. At last, two numerical examples have been given to illustrate the feasibility
and efficiency.
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