H, PID control for discrete-time network control
systems with redundant channels under dynamic

event-triggered scheme ™
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Abstract

This paper is concerned with the H, proportional-integral-derivative (PID)
control problem for a class of discrete-time networked control systems (NC-
Ss). First, a dynamic event-triggered control (DETC) scheme has been in-
troduced to save the constrained network bandwidth of networked control
systems. In addition, in order to reduce the probability of data packet loss
and further improve the reliability of network communication, a redundan-
t channels transmission mechanism has been constructed during the sensor
transmission process. Considering that the system state may not be ob-
tained directly, an observer has been added when designing a closed-loop
system to observe the system state. Then, according to the closed-loop sys-

tem construction, with the help of Lyapunov function and through a series
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of derivations, some sufficient conditions are established to guarantee the ex-
ponentially stability and the prescribed H,, performance for the controlled
system. Meanwhile, under the condition that the system satisfies the H.,
performance, the gains of the observer and PID controller can be derived by
solving linear matrix inequalities (LMIs). Finally, a simulation example is
presented to demonstrate the validity of the proposed method.

Keywords: Proportional-integral-derivative (PID) control; Redundant
channels; Discrete-time networked control systems (NCSs); Heo

performance; Dynamic event-triggered control (DETC).

1. Introduction

In the development and application of automatic control, with the com-
plexity of the practical systems, various control methods have been pro-
posed. Among these control methods, the proportional-integral-derivative
(PID) control is considered to be one of the most effective control methods.
The success of the PID control method is mainly due to its simple structure,
strong flexibility and easy adjustment [I]. Hence, the PID control problem
has aroused widespread attention, and certain research results have been ob-
tained, see [2]-[6]. Specifically, in [2], a new type PID-like neural network
controller has been constructed by using a mix locally recurrent neural net-
work for multi-variable single-input /multi-output system. A novel fuzzy PID
control method combining the PID control and the optimal fuzzy reasoning
model has been proposed in [5] to enhance the robustness of the control
system. Most of the existing study on PID control issues is based on the

assumption that the states of the system is fully available. However, in the



actual industrial process, the system states is often not directly available.
Therefore, it has become one of the most popular methods to obtain the
measurement system state through the observer. In recent decades, a lot of
results about complex dynamic network state measurement have been pro-
posed [7]-[10]. Therefore, it is very meaningful to study the observer-based
PID control in most network systems where the system states is unavailable.

For several decades, networked control systems (NCSs) have been widely
used in many fields for their advantages in reducing costs, saving energy, and
improving flexibility and reliability. The signals between the various com-
ponents of the NCSs are exchanged through some communication network
medium [IT]. However, the communication resources of these communica-
tion networks are usually limited. Specifically, the limited network band-
width will inevitably cause network-induced phenomenon(e.g. data packet
dropouts, data congestion and communication delays) and these behaviors
have attracted considerable research attention, see [12]-[I4]. Therefore, how
to effectively save limited bandwidth resources and improve the utilization
efficiency of network bandwidth has significant research value and attracted
widespread attention in the field of control and signal processing [15]-[18].
In the past few years, event-triggered schemes have been extensively stud-
ied to reduce the communication burden [19]-[21]. Under the event-triggered
schemes, data will be released only when the trigger conditions are met. It
is worth noting that the above studies are based on static event-triggered
schemes. However, in actual research, due to the existence of network-
induced phenomenon and network delays, the data transmission rate may

be time-varying, so the real-time states of bandwidth utilization should be



considered. Therefore, a dynamic event-triggered control (DETC) scheme is
proposed, which can dynamically adjust the threshold parameters according
to the external environment. Recently, control issues based on the dynamic
event-triggered schemes have begun to receive attention, see [22]-[26]. For
example, in [22], under the framework of observer-based PID control system,
a DETC scheme has been presented to improve resource utilization efficien-
cy. The DETC scheme and the complex dynamic network synchronization
controller has been integrated in [23], and the usefulness of the dynamic
event-triggered synchronization control law has been confirmed by a simula-
tion example. However, to the best of the authors knowledge, PID control
based on dynamic event-triggered schemes has not been fully studied, which
is one of our research motivations.

In addition to the aforementioned event-triggered schemes, introducing
the transmission protocol in the data transmission process is another way
to improve the reliability of network transmission. And the frequently-used
communication protocols include stochastic communication (SC) protocol
[27],[28], round-robin (RR) protocol [29],[30], try-once-discard (TOD) pro-
tocol [31]-[32] and redundant channel transmission (RCT) protocol [33]-[34].
In most existing networks, data is transmitted via a single channel. When
a severe communication environment occurs on the network, the data trans-
mitted in the channel may occur packet dropouts. In practical, however, two
or more channels can be used at the same time to improve the reliability
of communication services. Therefore, inserting redundant channels in net-
work transmission can reduce the probability of packet dropouts. The key

idea of the redundant channels transmission mechanism is that if the main



channel suffers certain communication failure, other channels will be intro-
duced for signal transmission to protect data transmission, thereby greatly
improving the reliability of network communication. As an effective way to
deal with data packet dropouts, redundant channels transmission has been
widely adopted in networked evaluation/control systems. The redundan-
t channels transmission mechanism has received special attention, and has
achieved fruitful results in [35]-[39]. Specifically, in order to improve the
reliability of data transmission, the redundant channels transmission mech-
anism has been employed for the singularly perturbed systems in [35]. By
taking time-varying random delays into account, a novel state estimator has
been designed in [36] for neural networks via redundant channels. However,
a thorough literature search showed that the related research work has not
been extended to the observer-based PID control problem under the DETC
schemes, which constitutes another research motivation of ours.

To summarize the discussions above, this paper focuses on the H,, PID
control problem for discrete-time network control systems with redundant
channels under DETC scheme. The main contributions of this article are
stressed as follows: (1)A new H., PID control problem is addressed for the
discrete-time NCSs where both the redundant channels transmission mecha-
nism and the dynamical event-triggered scheme are considered; (2)Sufficient
conditions are proposed to guarantee the exponential stability as well as
the prescribed Ho, performance of the controlled systems; (3)Based on the
Lyapunov stability theory and the matrix inequality approach, an easy-to-
implement PID controller parameter design method is derived.

The organization of the rest of this paper is given as follows. Section



presents the main problem considered in this paper. The observer-based H,
PID control issue for discrete-time NCSs subject to redundant channels and
the DETC scheme has been addressed in Section [3] Section [4] provides an
example to examine the presented method. Finally, conclusions are drawn
in Section [Bl

Notations: R"*"™ denotes the set of all n x m real matrices. F{-} stands
for the expectation and diag{-} refers to a block diagonal matrix. Apn(+)
and Aq..(+) denote, respectively, the minimal and maximal eigenvalues of
a matrix. [ and 0 represent identity matrix and zero matrix respectively.
sym(Z) = Z + ZT. 1If there are no special instructions, the matrices are

considered to have appropriate dimensions.

2. Preliminaries

Fig[TJshows the PID control structure of the controlled object is a discrete-
time multi-sensor system under the redundant channel transmission protocol
and event trigger mechanism. Consider the following discrete-time network

control systems (NCSs)

z(k+1) = Az(k) + Bu(k) + Dw(k) )
z(k) = Fx(k)
where z(k) € R" is the state vector and u(k) € R™ denotes the control
input; w(k) € (I2[0,00),R™) and z(k) € R™ represents, respectively, the
system noise and the control output. A, B, D, F are known constant matrices
with suitable dimensions and assume the matrix B is of full column rank.

In networked systems, the single channel of data transmission is often

unreliable due to the existence of packet loss. Therefore, in order to reduce
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Figure 1: Discrete-time PID control system under redundant channels and DETC scheme.

the probability of data packet loss, this article considers introducing the
following redundant channels transmission mechanism as shown in Fig[l]

and its mathematical model is as follows:
N (i-1

y(k) = 61(k)Cra(k) + ) {H(l - 5j(k‘))5i(1€)0ix(k)} (2)
i=2 Uj=1

where y(k) € R™ is the measurement output and C; with ¢ € [1, N] are
know real matrices. The random variables 6;(k)(: = 1,--- , N) which denotes
the randomly occurring packet dropout phenomenon for the ith channel, are

mutually independent Bernoulli distributions with the following probabilities:
Prob{6;(k) =1} =6;, Prob{6(k) =0} =1—0,.
where §; € [0, 1] are known constants.

Remark 2.1. In order to reduce the probability of packet loss, the redun-
dant channels transmission protocol is introduced in this paper. Under this

protocol, when §1(k) = 1 implies that there is no packet loss occurred in
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the first channel, and the other channels will not be activated. Moreover,
when 6;(k) = 0(¢ = 1,2,--- ,q — 1) and §,(k) = 1, which implies that the
packet loss happen from channel 1 to channel ¢ — 1 at time k, then the in-
formation will be transmaitted through the qth channel. In particular, when
di(k) =0(: = 1,2,--- | N), which means that all channels are not available.
As such, compared with the traditional one-channel transmission system, the
probability of data packet loss is reduced from 1 — &; to Hij\il(l — &) af-
ter employing the redundant channels transmission protocol. Based on the
above discussions, although the introduction of redundant channels in the
data transmission process will increase the cost of equipment, the reliability
of the data transmission is guaranteed. Therefore, in engineering practice,
the number of redundant channels should be determined after weighing data

reliability and cost.

Now, considering the effect of redundant channels transmission mecha-

nism, we introduce the following mathematical notations:

O(k) £ 61 (k)Cr+ ) {H (1—6;(k)) 52-(/-@)01} (3)

i=2 (j=1

i—1

E{5(k)} = 6,Cy + i {H (1-96) 52-02-} 25 (4)

Then, (2) can be represented by the following form:

In this paper, the DETC scheme is introduced to reduce the burden of the

communication network. We employ the event-generator function f(.,.,.) as



follows:
PR, G(k),6) =7 (R0 (R) — ~o(k) 0" (W)y(K)  (6)
where (k) = y(ki) — y(k)(k € [k, kiv1)). k and k; denote, respectively, the

sampling instant and the latest triggered time; ¢ > 0 and 6 > 0 are given

scalars. ¢(k) is an internal dynamical variable satisfying

¢k + 1) = Ap(k) + Oy (k)y(k) — T (k)v (k)
¢(0) =0
where A € (0,1) is a given scalar.
It is obvious that once the triggering condition f(i(k),¢(k),8) > 0 is
satisfied, the measurement output y(k) is sent to the observer. Let us define

the triggering time as 0 < ko < k; < --- < k < ---. Then the next

transmitted instant k;,; can be described as
ki1 =min{k € Nk > ki, f(¢(k), ¢(k),0) > 0} (8)

Remark 2.2. It can be observed from (@ that the triggering threshold s
time-varying, which depends on the time-varying ¢(k). Compared with the
traditional static event-triggered scheme proposed in [19], the dynamic event-
triggered scheme whose threshold parameters can be dynamically adjusted can
better meet the engineering needs. In particularly, when o approaching to in-
finity, the dynamic event-triggered scheme can be regarded as the traditional
static event-triggered scheme proposed in [19]. Therefore, the proposed dy-

namic event-triggered method includes the static one as a special case.

In practice, it is difficult to directly obtain the states information of the

system. Thus, the observer is designed to estimate the system states. The
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specific design is that
T(k+1) = Az (k) + Bu(k) + L(y(k:) — 9(k)) (9)

where (k) € R™ is the estimate of x(k) and y(k) € R™ is the estimate of
y(k), L is the observer gain.

Then, the considered observer-based PID controller is described as fol-
lows: -

u(k) = Kpa(k) + K; Y d(s) + Kp(&(k) — 2(k — 1)) (10)

where Kp, K;, Kp are the controller gains and d > 1 is a give scalar repre-

senting the length of time window.

Remark 2.3. Considering the fact that the state of system is often obtained
directly unavailable, this paper introduces an observer to measure the state
of system. Moreover, due to the strong practicability of the PID controller
in engineering practice, the observer-based PID controller has been designed.
The PID controller consists of three parts: the proportional part (reflecting
the present), the integral part (reflecting the past), and the derivative part
(reflecting the future). In particular, a time window of finite length is applied

in the integral part, which greatly reduces the computational burden.

Defining e(k) = x(k) — 2(k) as the estimation error. Then, according to

and @, the estimation error system can be obtained as follows:
e(k+1)=(A—Lék))e(k) + Dw(k) — Lip(k) (11)

Now, based on the system ((11)) and the observer-based PID control law
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(10)), we derive the following closed-loop system:

X(k+1) = (A+ A)X (k) + Bn(k) + Dw(k) + L(k) 12)

X(k)=[a"(k) " (R)]", nk)=[X"(k—1) XT(k—2)- X" (k—d),

G |ArBEe v Ep) Bl Ep)| 00
0 A-Ls | 0 —Lé(k)|
_ BK _ D _ 0 _
b= . D= L= , F:[F 0},
0 D iy

K: KI_K2 [_(1 I_(l"'Kl ) Klz[KI _KI]7
———
d—1

K,=[Kp —Kp], ok)=06k)—20.

Definition 2.1. The closed-loop system with w(k) = 0 is exponentially

stable if there exist two scalars a(a > 0) and 5(0 < B < 1), satisfying
2\ < gk 2
B {IX(K)I) < af mar E{19(0)|) (13

Definition 2.2. The considered system under the DETC scheme and
the redundant channels transmission mechanism is exponentially stable and

satisfy a prescribed Ho, performance index vy, if the following requirements

are satisfied simultaneously

(1)The considered system is exponentially stable in the sense of Definition

:
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(2)Under zero initial condition, for all nonzero w(k) € [3]0,00), there
exist a scalar vy > 0, such that the controlled output z(k) satisfies
E {Z zT(k)z(k:)} <~’E {Z wT(k)w(k)} (14)
k=0 k=0
Lemma 2.1. [35] For stochastic varying matriz §(k) = 6(k) — 0, a positive-

definite matriz P and a real matriz M, it has:
E{MJ(k)} = 0; (15)
E{(Md(k))" P(M6(k))}
= —6"MTPMS + 5;CTMTPMC,

+ Z; {H N6:CT MTPMC; } (16)

Lemma 2.2. [/0] For given positive matriz Y, any matriz X and any scalar

0, the following inequality holds:
- X'YX <0’y ' -0X —ox" (17)

Lemma 2.3. [/1] For positive definite matric R € R™*™  and vectors

z(z >0), y(y > 0), it has:
227y < a2"Rx+y"Ry (18)

Lemma 2.4. [}7] Suppose that the matriz QQ with appropriate dimension,
the following two items are equivalent:
1. There exist two symmetric and positive-definitive matrices X, Y such

that
-X *
<0

Q -y
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2. There exist two symmetric and positive-definitive matrices X, Y, and

constant matrixz Z satisfying

-X *
ZQ sym(=Z)+Y

<0

Lemma 2.5. [{3] For the DETC scheme consists of (6]) and (7) with the
initial value ¢(0) > 0, the internal dynamic variable satisfies ¢(k) > 0 for

all k > 0 if the parameters o(o > 0) and \(0 < X < 1) satisfy Ao > 1.

3. Main Results

In this section, sufficient conditions are given to guarantee the H., per-
formance requirement for designed systems under DETC scheme and

redundant channels transmission mechanism.

Theorem 3.1. Consider the matrices Kp, Ky, Kp and L are given. Assume
that the parameters (o > 0) and A\(0 < X < 1) satisfy Ao > 1. If there exist
positive scalar 0, T, positive definite matrices P, Q;(i = 1,2,--- ,d) satisfying

the following matrix inequalities:

_ 1:[]_1 *
=1 |<0 (19)
Iy Ilap
where
Q-+ 7C—P+Y « * *
_ 0 —Q * *
1_[11 = )
0 0 —GE+71)L, =
0 0 0 ML)
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PA PB PL 0
PA; 0 0O O
Iy = PAy O 0o 0},

PAy O 0 0

d
1:[22:diag _Pa_Pf"a_PJ 7Q:ZQ1'7 Z221_22_237
N1 =1
0 = 0 * 0 =
21: ~ 722: _ ~ ’23: A
0 P 0 éT'LTP 0 PLé

P:dzag{p, p}, Q:dzag{Qb Q27"' 7Qd}7
N B R C{EES il {0 -spacrc}

Y

0 0
T 9(1+) A 0 ’
T = - T), 1= _ y
o 0 V& LC,

0 *
A, = R  n=23-- N
0 \/szlu—aj)(snwn

then the closed-loop system (@) s exponentially stable and satisfies the pre-

scribed Ho, performance index.

Proof. First, we choose the following Lyapunov functional:

where



Then, according to the state evolution of the system , calculating the

difference of V'(k), and taking the mathematical expectation, we have

E{AVi(k)} =E{X"(k+1)PX(k+1) — X" (k)PX(k)}
=E{((A+ A)X(k) + Bn(k) + Dw(k) + L(k)) " P((A + A)X (k)
+ Bn(k) + Dw(k) + Lp(k)) — XT(k)PX (k)}
—E{XT(k)(ATPA+2ATPA + ATPA — P)X (k)
+ 0" (k)BT PBn(k) + @’ (k)D* PDw(k) + " (k) L* PLy (k)
+2X(A+ ATPBy(k) + 2X7(k)(A+ A" PDw(k)
+2XT (k) (A + AT PL(k) + 20" (k)BT PDw (k)

+2n" (k)BT PLy(k) + 2w’ (k) D" PLa(k)} (21)
E{Va(k {Z Z A (QQuX ZZ{XT(Q)QiX(Q)}

—E {Z XT(RQX (k) = 30 X7 (k= Qi (k - i)} (22)




where

According to the dynamical event-triggered condition @, we can obtain

(07 (R (R) + (k) + 05" (R)y(k)) > 0 (24

where 7 > 0 is a given scalar.

Letting w = 0, by combining —, it follows from Lemma({2.1]) that

E{AV(k)} =E {Z Al/;(k)}

<E{XT(k)(ATPA + ATPA — P)X(k) + 1" (k)BT PBn(k)
+ T (k) LT PL(k) + 2X7 (k) A" PBn(k)
4+ 2XT (k) AT PLap(k) + 2nT(k)BTPE¢( )
+ZXT )QiX ZXT —i)QiX (k — )
n %wm(m + 9%T(k>cTcx< )~ 0T (R
+ (=" (k)(k) + cb (k)o(k) + 0y" (k)y(k))}

7 (k) (I}, + 67 P10, (k) (25)
where

Oy (k) = |XT(k) n"(k) @T(k) oT(k)|
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Q+7C—P+3% « * *
_ 0 —Q * *
Iy, = L )
0 0 —(z+7)y, *
0 0 0 ML)

©,=|PA PB PL 0.

in which
C =E{CTC}
=075+ 6,07 Cy + X {TI (1 - 6)0,C1Ci +
0 0|
. - ~ 0 *
¥ =E{ATPA} = | +A,
0 —6TLTPLS
0 *
A pr—

0 6T LT PLCy + S, {T1 20 - 8)8CT LT PLC: )
For matrix f], it follows from Lemma that
—6TLTPLé <P —6"L"P - PLS (26)
which implies that
<N HA (27)

Then, by further utilizing the Schur complement lemma, it is clear that

E{AV(k)} < 0 can be ensured by (19).
From (27)), we know that there exists a sufficient small scalar ¢ > 0 such

that the following inequality holds:
Iy, + © P10, + diag{l,0,0,1} <0 (28)
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which implies that
E{AV(k)} < —eE{H\pT(k)W} (29)

where
T
(k) = (27 () 3 ()]
In the following, we shall proceed to deal with the exponential stability

analysis of the closed-loop system . According to the definition of V' (k),

we have

E{V(k)} <E {a 1w (k)| +d i H‘II(Q)HZ} (30)

q=k—d

where

0 = maz{ A (P), %}, d = ().

Then, for any r > 0, it follows from and that

E{r*"'V(k+1)} —E{r*V(k)}

= "ELAV(k)} + 78 (r — DE{V(k)}

< bu(r)r B UR)P +ba(r) D rFE {1V (a)]*} (31)

q=k—d
where
bi(r) = —br+(r —1a, by(r)=(r—1)d.
Futhermore, for any m > d + 1, summing up both sides of from 0 to

m — 1 with respect to k, we obtain

E{r™V(m)} = E{V(0)} <bi(r ZT’“Eﬂ [ (k))%}

mlkl

+ by(r > rE{Iv@IT  (32)

k()q —d
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The last term in can be computed as

—_

k—1

3

T E{12(0)]°}

-1 gq+d m—d-1 q+d

<O+ D> >+ Z Z r*E {12 (q)]I°}

q=—d k=0 q=0 k=q+1 qgq=m—dk=q+1

=
Il

0 g=k—d

<d'S rHE {[8(g)

q=—d

m—d—1

P} +d Yo rME{lle()]}

£d Y e {8(0)])

qg=m—d

<dr? maz E {||®(q

m—1

WY+ drt SR { o k))7)

k=0

Substituting the into (32) results in

where

E{r"V(m)} — E{V(0

)} <mi(r Zr"“E{II‘P )II°}

+ma(r) maz B {0(0)]’)

mi(r) = bi(r) + drdbg( ), ma(r)= drdbg(r).

It is clear that

where

E{V(m)} > g {| ¥ (m)|]*},
E{V(0)} < g2 maz E{||2(q)|"}.

) 1
g1 = min{ \pin(P), ;},

g2 = maz{ Amaz(P), dXpna(Q)}-

19
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Duing to the fact that m (1) = —¢ < 0 and lim = 400, there exists a

r—00

scalar 79 > 1 such that m(r9) = 0. Then, considering —, we have

E {[|X(m)|"} <E {][¥(m)|}

< Lerdihn) L g fe@P). @)

gt g1 —d<q<0

Denoting k = m, a = (go + dridby(ro))/g1, B = 1/ry and considering
#(q) = 0(—d < ¢ < 0), from Definition we can know that the system
is exponentially stable. The proof is complete.

Now, we are ready to deal with the H., performance analysis issue for

the closed-loop system ([12)).

Theorem 3.2. Assume that the parameters o(o > 0) and A(0 < A < 1)
satisfy Ao > 1. And the Ho performance index v > 0, the matrices Kp,
K;, Kp and L are given. Then, the closed-loop system (@ 15 exponentially
stable with the prescribed Ho, performance if there exist positive scalar 0, T,
and positive definite matrices P, Q;(i = 1,2,--- ,d) satisfying

~

Hll %

m=| " |<0 (38)
o Iloo
where

Q+7C —P+FTF+% « * * x

0 —Q * * *
I, = 0 0 —(2+71), * * ,

0 0 0 %]1 *
0 0 0 0 —~2I,
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H21 =

[ pA

PA,
PA,

PAy

PB PL 0 PD

0
0

0

0
0

0

0
0

0

0
0

0

Y

12[22 = 1:[22 .

and other parameters are defined in Theorem[3.1]

Proof. For any w(k) # 0, considering the (20)-(24)), we have

E{AV(k)} +E{Z" (k) Z(k)} — vE{w" (k)w(k)}
<E{XT(k)(ATPA+ ATPA — P)X(k) + 0" (k)B* PBn(k)
+ ' (k)D* PDw(k) + " (k)L PLa(k) + 2XT (k) AT PBn(k)
+2XT (k) AT PLy (k) + 2XT (k) AT PDw (k) + znT(k)BTPm( )

+ 20" (k)BT PDw(k) + 2" (k) D" PLy (k)

d
— Z XT(k—)Q;X(k

— TR R) + (0T (R (k) +
+ AT () (FTF)X(K) — 7" (R)eo (k)

:@g(k)(ﬂi + OF P10,y (k)

where

’72’ZET

+ZXT )QiX

A—1 0

—i) + T&T(k)&(k) + (k)T CX(K)

5T (R)O(R) + 0y (k) ()

T

Ca(k) = | XT(k) 0" (k) ¢T(k) o' (k) =" (k)
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_Q+fé—P+fo+f] * * * * ]
0 —Q * * *
I, = 0 0 (240, * x
0 0 0 Mrolp

I 0 0 0 0 —v21,,

@zz[PA PB PL 0 PD|.

Then, by using the Schur complement lemma, it follows from that
I, + ©7P~10, < 0, which means

E{AV(k)}+E{Z"(k)Z(k)} — vE{=" (k)w(k)} <0 (40)

Moreover, summing up both sides of frrom 0 to oo with respect to

k, we can obtain

E {Z ZT (k) Z (k) } —’E {Z wT(k)w(k)} <E{V(0)}-E{V(c0)} (41)

Noting that V(0) = 0 and V(c0) > 0, we have

E {Z ZT(k;)Z(k;)} <+’E {Z wT(kJ)w(k)} (42)
k=0 k=0

The proof is accomplished.
Finally, the designed PID controller and observer are proposed in the

following theorem.

Theorem 3.3. Let the parameters o(o > 0) and M0 < X < 1) satisfy
Ao > 1 and the Ho, performance index v > 0 be given. Assume that there

exist positive scalar 0, T and positive definite matrices P, Q;(i = 1,2,--- ,d),

22



X satisfying

I+ EYET * *
BTBKpE, sym—BTBX x | <0 (43)
0 PB—-BX -Y
where
A B L 0D
N A, 0 0 0 0
~ H11 * ~ A
I=1{_  _ |, HODun=|A, 0 0 0 0],
H21 H22
Ay 0 0 0 0
Q+7C —P+FTF4+% « * * *
0 —Q * * *
I, = 0 0 —(%—}—T)Iny * *
0 0 0 MLy *
0 0 0 0 —21,,
N _ 3 . 5 0 0 . 0 0
H22:H227 2221—22—23, 22: . ) 23: ~_ 1>
0 6TLT 0 Lo
i PA+ B(Kp+ Kp) —B(Kp+ Kp) A BK
0 PA—L5 | 0|
. PD . 0 X . X L .
D = R 5 L= I K = Kl—K2 K1 K1"'K1 5
PD L —

fg:p;[, —f(I], f(Qz[f(D _f(D}, N

0 VaLC|
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.
\/H” (1 - 5,)0,LC,,

T
E1 = [Inx Onz><(2(N+d+1)nz+nm+2ny+nw+1)} )

) n:2737”'7N7

E2 == [Onz X 2N Inz Onw><(2(N+d)nx+n3;+2ny+nw+l)] .

and other parameters are defined in Theorem and Theorem [3.4. More-
over, if the inequality 1s available, the desired PID control gains and

observer gain are given by:
Kp=X"'Kp, K/ =X'K;, Kp=X'Kp, L=P'L  (44)
Proof. The inequality is equivalent to
I + sym{E,(PB — BX)(X'Kp)E,} <0 (45)

From Lemma [2.3] it is clear that there exist a positive definite matrix

Y € R " gatisfying

I+ EYEN + EIN(X'Kp)T(PB — BX)TY Y (PB — BX)(X 'Kp)E, <0
(46)

According to the Schur complement, the above inequality is equivalent to

I+ FEYET «

! <0 (47)
(X'Kp)Ey —Q
where Q = (PB — BX)TY"Y(PB — BX).
Then, based on the Lemma [2.4, we have
I+ E\YE] x
s <0 (48)

BTBKpE, sym{—BTBX}—Q
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Finally, by further using the Schur complement lemma, it is obvious that

can be ensured by . Thus, the proof is now complete.

Remark 3.1. [t is worth noting that Theorem deriwes a LMI-based
solution to co-design the observer and the PID controller for the discrete-
time NCSs under the redundant channel transmission protocol and the DETC
scheme. As such, the conservative effect of the results has been reduced.
Moreover, compared with other linearization methods, the linearization method
used in Theorem can directly calculate the variable X matriz in the L-
MI, so as to quickly obtain the PID controller gain and greatly reduce the

computational complezity.

4. Examples

In this section, a numerical simulation example is presented to illustrate
the effectiveness of proposed observer-based PID controller design scheme.

Consider system with the following parameters:

—0.02 0.1 o |02 003
001 —0.02| 02 003|
—0.03

D= , F:[o.z —0.3].
0.1

In this example, the redundant channels’ number is N = 3. The proba-

bilities of successfully transmitting data packets on three different channels
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are taken as 6; = 0.8, 6o = 0.7 and d3 = 0.6. The measurement matrices are

0.1 0.02 0.2 0.01 0.3 0.03

0.03 —0.1 0.02 —-0.2 0.01 -0.3
Ci = , G= , COs=

0.1 0.01 0.2 0.03 0.3 0.02

0.04 —-0.1 0.01 —-0.2 0.01 —-0.3

The target for us is to design a state observer like @D and a PID controller
like such that the controller closed-loop systems exponetially stable and
achieve the desired performance index v = 1. The other relevant parameters
are given as 0 = 0.2, 0 =5, 7=0.3, A=0.6, d = 2.

By solving the linear matrix inequality in Theorem(3.3)), we have:

4.1659 0.0905 0 0

o [00005 45781 0 0
0 0 41659 0.0905]|
0 0 0.0905 4.5781
1.2424  0.0387  0.0001 —0.0002
0.0387 1.3410 —0.0005 0.0007
QIZQZZ s
0.0001 —0.0005 0.1236  0.0286
—0.0002  0.0007  0.0286  0.1260
49775 0.0363| 10221 0.0421
0.0363 5.5443]| 0.0421 1.1006
S |07288 —0.0651 07131 —0.0257| 0.0283 —0.0644
01928 —0.8480 0.1510 —0.8443 0.0344 —0.6450
i 0.0010 —0.0027 ~ 0.0020 —0.0053
KI: ) D —
0.0005 —0.0135 0.0010 —0.0269
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Then, by taking into consideration, the observer gain and the con-

troller gains can be expressed as follows:

0.1729 —-0.0116 0.1705 -0.0020 K 0.0047 —0.0121

- ) P — )
0.0387 —0.1850 0.0296 —0.1844 0.0062 —0.1163
0.0002 —0.0005 0.0004 —0.0010
1= ) D =
0.0001 —0.0024 0.0002 —0.0049

In this simulation, the initial value of the state is set to be z(0) = [-0.3 0.4],

04 :
—x1(k)
- a(h)
0.2 1
oM
-0.2
-04 ‘ ‘ ‘ ‘
0 20 40 60 80 100

Time (k)

Figure 2: State trajectories (k) of the system with PID control.

and z(—2) = z(—1) = [0 0]T. The system noise is assumed to be w(k) =
0.2sin(k)/k. The simulation results are shown in Fig2{3] Specifically, Fig[2]
reveals the trajector of the system state z(k). Fig plots the trajectories of
the system noise w(k) and the control output z(k), respectively. It is easy to
see that the fluctuation of z(k) is smaller than that of w(k). Furthermore,
by computation, the desired H,., performance is satisfied.

In order to examine the effectiveness of the redundant channel trans-

mission mechanism in reducing data packet loss, the random data packet
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Time (k)

Figure 3: The trajectory of controller output z(k) and system noise w(k).

dropouts of three transmission channels are shown in Fig{dl Therefore, we
can know that compared with a single channel, the possibility of data packet
loss in the transmission channel is greatly reduced by adopting the redundant

channels.

* Primary channel
% Redundant channel 1
Redundant channel 2

2**&*%&6 * Kk * ok Kk kK ok Kk KN Rk kK KMk K ek

l R HK XK X * MK ROK * SRR *K X X X L
O L L L L
0 20 40 60 80 100
Time (k)

Figure 4: Random packet dropouts in three channels.

Fig| and Figlf], respectively, describe the dynamic triggering instants

and the static triggering instants. Comparing the above two figures, we can
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Figure 5: Dynamic triggering instants.

15+

17A1AAA A A AAMM A DA A AN AN AL A AALAN NN

05¢

0 20 40 60 80 100
Time (k)

Figure 6: Static triggering instants.

conclude that compared to the static event-triggered control (SETC) scheme,

the DETC scheme can better save network bandwidth resources and increase

the reliability of data transmission.

Remark 4.1. Based on the above considerations, we can summarize as fol-
lows: the network system that combines the redundant channel transmission
mechanism and DETC scheme can effectively improve the reliability of net-

work transmission. At the same time, in our future work, we can consider
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applying the above framework to the more complex network system.

5. Conclusions

This paper has addressed the H., PID control issue for a class of discrete-
time NCSs network control under dynamic event-triggered control scheme.
The redundant channel transmission mechanism has been introduced to im-
prove the reliability of network communication during the transmission pro-
cess. Based on the Lyapunov theory, the sufficient conditions have been
proposed to guarantee the exponentially stability and the H,, performance
index for the designed system. Furthermore, by using linear matrix inequal-
ity technology, the PID controller gains have been obtained. Finally, an
illustrative example has been provided to show the validity of the proposed

method.

6. Future Works

In this paper, when analyzing the problem of limited communication re-
sources in the network, the controlled object considered is a linear system.
However, in practical network control systems, most of the systems are non-
linear. Therefore, in the future work, the nonlinear network control system
with limited communication resources can be further studied and a PID con-
troller to ensure the stability of the system can be designed. Furthermore,
we will consider extending the proposed method to the PID security control

for T-S fuzzy systems under cyber attacks.
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