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Abstract: Networked control systems are widely spread, which is composed of numerous sensor
and control nodes through communication channel. In this paper, an event-triggered H,, memory
output feedback control (EMOEFC) is investigated for networked control linear systems in discrete
form. The memory control employing memorized past information is exploited to enhance
the triggering intervals under event-triggered condition. Moreover, novel summation type
event-triggering condition is newly proposed by utilizing buffer memory element. Based upon
memory control and novel triggering conditions, the control design methodology is constructed for
transformed input-delay model in forms of linear matrix inequalities (LMIs) adopting generalized
free-weighting matrix summation inequality. As a result, the proposed scheme shows off the
reduction of average signal transmission frequency and reliability while covering standard condition.
Throughout numerical examples, the effectiveness is shown and the effect of memory element
is analyzed.

Keywords: networked control systems; memory elements; output feedback control; linear matrix
inequalities (LMlIs)

1. Introduction

Networked control system (NCS) is a control system where the closed control loop includes
communication network [1,2]. The developments in wired and wireless communication networks
have given rise to the NCS due to its advantages in cost, installation, and maintenance. Thus, a number
of researchers have paid much attention to the NCS [3-5]. However, the design of control in NCS
confronts several difficulties since networked channels are comparably unreliable, unlike the traditional
way of point to point direct connection. In network communication, network transmission delay [6],
packet disorder [7], and packet loss [8] are unavoidable as well as network resources are limited.
In these limited network sources, it is waste to send all measurement signals. Hence, it is of great
importance not only for academic theory but for practicality to improve the efficiency of the network
while maintaining the performance of the system.

Event-triggered control (ETC) scheme [9], which can be utilized in limited bandwidth network,
has been proposed in order to save the network resources. Event-trigger mechanism implies that only
some signals satisfying the predefined triggering condition are transmitted to the controller node,
so there is no need to transmit all measurement signals. Therefore, ETC scheme much reduces
inefficient utilization of limited network resources by using only some redundant measurement signals.
Since the first approach on event-triggering control for linear systems, it has been widely applied to
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various systems including nonlinear systems [10], multi-agent systems [11], Markov jump systems [12],
and complex dynamical networks [13]. As well as, it is worth noting that the aforementioned ETSs
performed in the continuous-time linear NCSs framework has widely extended to discrete-time
systems [14,15]. As is known, network-based communications are inherent of discrete nature since
packet-based protocols are regularly used to connect the components of the NCSs not composed of
a continuous flow of information in a classic way. Thus, it is more natural and effective way to handle
NCS in discrete form.

In the implementation of ETC [16], there have been two main issues: the first one is the
design of proper triggering condition. The other one is to deal with physical constraints of network
communication such as network-induced delay [17], input/state quantization [18,19], and packet
drop [20]. The first one is a study on the several causes for the instability of network control systems,
the second is about to save the resources of the network. Since the complexity increases as the number
of sensor/controllers connected to the network increases, the event triggering condition to save the
resources of the network is becoming more of importance. In accordance with the fact, a bunch of
studies are investigated on triggering conditions while covering network constraints. As follows,
the absolute ETC scheme has been investigated for discrete-time systems, ensuring input to state
stability [21]. The trigger using absolute event-triggering condition is active when the measured
state is over than a certain value but it is lack of flexibility. Thus, the relative event-triggering
mechanism is widely studied with various type of controllers: state feedback [22], output feedback [23],
and observer-based control [24]. Remarkably, it is found that relative triggering performance is
degraded when the system state approached to the equilibrium point. The mixed approach was
conducted to obtain superior performance [25]. As an alternative, integral type triggering condition [26]
has been proposed for improved triggering intervals, so occupied network resources have been saved.
However, the integral type is unnatural and may cause excessive triggering under disturbances.

Recently, memory event-triggering scheme [27] has been studied to address these properties.
Owing to previously generated information, this approach provides the additional flexibility for
application to real system. However, the existing research is limited drawbacks that it is noteworthy
that presented study on memory triggering condition only considers recently sampled signals with
state-dependent time-varying threshold parameter. There is still room for improvement for the
triggering condition. The triggering condition has a major impact on the reduction of average
signal transmission frequency. In another aspects, memory state feedback control requires all
information of the system state to implement under event-triggered mechanism in the continuous
form. Unfortunately, such requirement is difficult and even impossible to be satisfied in practical cases
based on the discrete form. Thus, output feedback control is mandatory to apply in most practical
applications. As such, practical memory ETC scheme must require a more natural and effective way.
Our research is motivated by the above discussions.

In this paper, event-triggered memory output feedback control (EMOEFC) for discrete-time NCS
with the network-induced delay is investigated. Employing additional buffer element in the network
loop, memory control is implemented, which contributes to improve reliability and compensate system
performances. In addition, novel summation type triggering condition is proposed to save network
resources using memorized information. Therefore, it helps to reduce the usage of average signals
in the network. The proposed approach provides a more general event-triggering framework, which
can contain existing relative triggering condition. The design criterion with proposed memory control
and novel summation type triggering condition is derived by utilizing Finsler’s Lemma and summation
type inequalities, which is advantageous on filling nonnegative diagonal matrix. The constructed
results are presented with guaranteeing stability and He performance in forms of linear matrix
inequalities. Finally, simulation results illustrate the effectiveness of the proposed method.
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2. Problem Statement and Preliminaries

Let us consider the following linear systems in discrete form.

x(k+1) = Ax(k) 4+ Bu(k) + Dyd(k),
y(k) = Cx(k), @
z(k) = Cyx(k) + Fu(k) + Dod(k),

where x(k) € R" is the state of the system; u(k) € R™ is the control input signal of the system;

y(k) € RP is the output signal of the system; z(k) € R7 is the estimated output of the system; k is the

time instance. A, B, C,C;, Dy, Dy, and F are known system matrices with appropriate dimensions.
The output feedback controller is presented as

u(k) = Ky(k), @

where K is the output feedback control gain matrix to be determined. In network description, a sensor
measurement is time-triggered with a constant sampling period #, while the measurement transmission
is event-triggered. The widespread event-triggering condition is as follows:

[y(k) —y(ke)]"Qly (k) — y(ke)] > py" (k)Qy (), &)

where y/(k.) is the latest triggered output signal, () is a positive definite weighting matrix, and p is a
positive scalar parameter. Taking into consideration the event-triggering scheme, the updated time of
data is described as follows

ket1 = ke + m]jn{kleT(k)QeT(k) > py" (K)Qy(k)}, @)

where k. and k.1 are the latest triggered instant and next triggered instant, respectively.
Considering network transmission delay, the holding interval of the zero-order hold (ZOH) at controller
d=k € [ke + 1, key1 + Tg,+1 — 1) can be represented as ® = U®D; where ®; = [k, + | + 1,41, ke +
I+1+7,4541),1=0,1,...,ket1 — ke — 1. 7, and 74, are the network-induced transmission delay
of the latest and next ZOH arrival data. Defining 7(k) = k — k. — 1,1 € (), then, 7(k) is bounded as
0< T(k) < T +1 = 1), where T, is the upper bound of the transmission delay Tk, respectively.
Then, the control gain can be rewritten as

u(k) = Ky(k — t(k)) — Ke(k), ke (5)
where e(k) = y(k) — y(ke).

3. The Memory Control and Novel Summation-Type Event-Triggered Condition

For the given system, the following serialized N — 1 memory control using previously memorized
output signals is proposed in this paper.

u(k) = Kyy(ke) + Kpy(ke —1) + ...+ Kyy(ke = N +1)
=YN KCx(ke—i+1) - YN, Kee(k—i+1), (6)
k€ [ke+ T, ket1 + Thy+1 ),

where k, is the latest triggered instant, N — 1 is the number of memorized signal, e(k) = y(k) — y(k.),
and Kj, ..., Ky are the feedback gain matrices. The whole description of NCS is detailed in Figure 1.
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Figure 1. The description of network control systems with memory buffer.

We propose a novel event-triggering condition to take into account the information of previous
states. Utilizing memorized output signals, the summation types of event-triggering scheme
are investigated.

[y(k) = y(ke)] " [y(k) = y(ke)] + [y(k — 1) = y(ke = DT N [y(k — 1) — y(ke —1)]
+oo+ [yk—=N+1) —yke — N+ D]TOn[y(k — N +1) — y(ke)] , @
< p1yT ()Oy(k) + poyT (k — 1) Qay(k — 1) + ... + pnyT (k= N+ 1)Qny(k — N+ 1)

where 0 < p; <1,Q0; fori =1,2,..., N are the scaling parameters and weighting matrices.

Remark 1. The proposed novel summation-type are composed of the previous output signals. It should be noted
that the devised one is inherited with distributed triggering parameters and distributed weighting matrices. As a
result, it provides more flexibility of the design and thus relaxes sufficient conditions. The distributed triggering
parameters widen the design flexibility, and further it has an effect on the relaxation of condition by presenting
additional selective matrices.

With the aid of the mentioned advantage in Remark 1, it could be applied to several networked
systems including distributed coupled large-scale systems, mobile sensor networks, aircraft systems,
and automated industrial factories. It is more effective in wireless networks that have limited
bandwidth.

Remark 2. Utilizing the memorized signals, the summation-type event triggering possibly send less
transmission signals in connected network. Especially, the summation terms in the left side make it more
difficult to violate triggering condition, which means that it result in less average signal transmission frequency
on network bandwidth.

Then, the transmission update time, k.1, which is determined by the event-triggering condition,
is presented as follows:

ket1 = ke +infy {k|E(ke)TEE(ke) > Y(k)TZ1Y(k)}, 8)
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where ¥ = diag{q, Ny, ..., Qn}, and X1 = diag{p1, 02, ..., pnQn}. Employing the memory
output feedback control considering transmission delay, the actual control input is represented
as follows:

N N
u(k) =Y KiCx(k—t(k)—i+1)— ) Ke(k—i+1), )
i=1 i=1
k€ [ke+ T, ket + Tipt1 )

Under the the given memory control, the whole networked control system can be rewritten as

{ x(k+1) = Ax(k)+ BKCX(k — t(k)) — BKE(k) + Dyd(k), 10)

2(k) = Cox(k)+ FKCX(k — (k) — FKE(K) + Dad(k),
for k € [ke + Tk, key1 + Tieo+1 ),

where

K=[Ky, Ky, ...,Kpnl,
X(k—1(k)) = [x(k —7(k)), x(k—7(k)—1), ..., x(k—7(k)—N+1)]T,
E(k) = [e(k), e(k—1), ..., e(k—N+1)]T.

The following are important lemmas that will be used in § Main Result.

Lemma 1. (Generalized free-weighting matrix based summation inequality; [28,29]) For a positive
definite symmetric matrix R € R"™ ", and any matrices U, V, W, L, and M with appropriate
dimensions satisfying

u Vv L
vl w M| >0, (11)
LT mMT R

then, the following summation inequality holds for vector sla, b] — R", g1, 2, x1, and xa:
5 T Rl T T T 1
= Y s (DRs(j) < sym{xoLxa + xo Mx2} + (b = a)xo (U + 3W)xo, (12)
1=a

where xo can be an any vector, and

b—1
A = ) - x@], o = [x0) +x@) -2 T x)|

With the fact that 3 - ;;—% < 3/, Lemma 1 can be easily confirmed.

Lemma 2. (Finsler’s Lemma; [30]) For given matrices P, B, S, and a vector w, the following conditions
are equivalent:

(i) w Pw < 0, forall w+#0,Hw = 0;
(i) B+'PBL <o
(iii) 3S € R™™ such that P+ Sym(SB) < 0;

such that BB+ = 0.
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4. Main Results

This section provides sufficient conditions of event-based He stability and Ho, EMOFC design
for linear discrete-time systems. The co-design methodology for EMOFC and the trigger parameters is
given to a memory event-triggered control. The following notations are defined to simply denote the
necessary variables according to the N — 1 number of memory.

e;=1[0,---,0,1,0, -+ ,0] € R™ONm+Npnta+r) g5 1 < i < 5N +1,
6N+3 Variables
ej=[0,-+,0,1,0, -+ ,0] € RP¥BNwENprtatn) for 5N 42 < i < 6N +3,

6N+3 Variables

eens2 = [0,--+,0,0,0,---,1,0] € qu(5NH+NP+n+q+r),
6N+3 Variables
een+3 = [0,---,0,0,0,---,0,1 € RYX(5N"+NP+"+‘1+V),

6N+3 Variables

where only ith or jth block column is filled with identity matrix, otherwise zero matrix with
proper dimensions.

k) =T (k+1), mK),nk),...,qnkK), el (k),eT(k—1),eT(k—2),...,eT (k= N+1), zT(k), d'(k)],

5N Variable N Variable
k) =[xT(k),xT(k=1), xT(k—2), ..., xT(k—=N+1),eT(k),ef (k—1), eT(k—-2),...,
el (k—N+1)],
q(k) =[x(k), x(k—1), x(k—2), x(k—N+1))],
k() k—7(k) x(i)

mk) =[x(k), x(k—7(k)), x(k— TM)’i:k—Zr(k) (k) + 1,1‘:1; y m}/

T

mk) =[x(k—14+1), x(k—t(k) —=1+1), x(k—t(g —14+1),

k—ty—1+1 x(l) k—T(k)—l+1 x(l)

)3

ik @ TR+ = e — T(k) £ 1

], forl=1,2,...,N,

Eo=[I, I, I, I, I,Ey=[-1, 1, 0, 0, 0,E,=1[I, I, —2I, 0, 0],
E3y=[0, =1, I, 0, 0,E, =10, I, I, —2I, 0].

Theorem 1. (Stability) For given scalars N, Ty, p; fori = 1,2,..., N, and v, if there exist positive symmetric

Py P -+ Py
, x  Pp -+ Py NixN ,
matrices P = ] e RV™A 091 € R™", Qp € R™*" R; € R™" fori=1,2,...,N,
b3
* * DY PNN

and any matrices G, H, U; 4, Uiy, Via, Vip, Wia, Wip, Lia, Lijp, Mig, Mip for i = 1,2,..., N, and diagonal
matrices (); fori = 1,2,..., N satisfying the following LMIs:
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T1(7(k))
r=| °
*
L *
_ui,a Vi,u
* Wi,u
* k
where

€2
ez
I';3=—| a2

€5N—3 |

€5i—3

€52

€5i—1
e5i

>
'
I
VMZ

I
—

€5i4+1 ]

I's Iy
T'¢ 0
1 Dy
DI —?I
Uip
>0
*
—TmRy

€1
e
ez

€5N-3

(t(k)Eo(U;, +

EE

N

+ T Y (esi—3 — esi2) Ry
i=2

1
3

o O O O O O

forl=1,2,...

o O O O O O

€5i-3
€5i—2

e
e
€3
€4
es

L6

Wia)Eo + (tm — T(k))Eo(U;p, +

+ sym{EoL; .E1 + EoM; ,E2 + EoL; yE3 + EoM; ,E4}) |esi—1 |,

5

5

>

6

e5i
€5i+1

Sym (elT(—G)el +elGAey + el (—HT)ey + el (HA)e, + EgN+2CZ€2) ,

Sym (Zf\il (elTGBKl-Ce5,;2)) + Sym (Zf\il (eZTHBKiCe&-,z)) ,

7 of 19

(13)

(k) € [0,T7m] (14)

€5N-8

N
T
esi—3 — esiy2) + ) s opiQdiesi o,

€5N-8
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_GBK; —GBK, —GBK3 --- —GBKy
~HBK; —HBK, —HBK3 --- —HBKy| N _
I, = . . . , . + ) esiopiQdiei 5N,
0 0 0 cee 0

N
T T T
I3 =e;Creonya + ) (esn+2FKiCesineivsnyit),
i=1

r, _[GDy, HDy 0,...,00,0 0l
4 = ————

6N
[(o1 — 1)y 0 0 0 0
0 (2 — 1) 0 0 0
0 0 (03— 1) 0 0
Is = 0 0 0 (04 —1)0y 0 :
: : I : - 0
0 0 0 0 (on—1)On]

(—eens2FKieitsn+1),

M=

Il
_

T =

then, the closed loop system in Equation (10) is asymptotically stable under proposed event triggered condition
in Equation (8) with the Heo performance index .

Proof of Theorem 1. Consider the following LK functional candidate

V() £y 0)Pyk) + TS, T (DQ1D) + L5y ¥ (DQa(D)

RN S (4 1) — x ()R (4 1) — (D). (1

The discrepancy of the V (k) in Equation (15) from k to k + 1 is computed as

AV (k) =57 (k+1)Py(k +1) = " (k) Py (k) + x" (k) Qux (k)
— x" (k= ) Qux(k — Tap) + x7 (k) Qax (k)

—xT(k—1(k))Qox(k — T(k)) 4+ Tm i(ST(k ~N+1)Rid(k—N+1)
N k+N—-2 .

=Y Y T(s)Rid(s),

i=1s=k—1p+N-1
where 6(s) = x(s) — x(s — 1). Applying Lemma 1 on the AV (k) summation terms leads to

—yil 8T(s)Ri6(s) < nf (8)(T(k)Eo(Usa + 3Wre)Eo + (tm — T(k))Eo(Uyp + Wy 4)Eg

™

+sym{EgL1 4E1 + EgM 4E2 + EoLy E3 + EgM; pE4 } )11 (1),
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Similarly, the upper bound of — YN, y**N- ;i/[ N_107(s)Ri6(s) can be obtained with

Equation (14). Then, the upper bound of the AV (k) in Equation (15) can be arranged as

AV (k) <n"(k+1)Py(k+1) — 5" (k) Py (k) + x" (k) Qi x(k) (16)
—xT(k - ™) Qix(k— ) + xT(k)sz(k)
— x"(k = (k) Qax(k — T(k))
N
+ Y] (k) (t(k)Eo(Usq + %Wi,ﬂ)EO + (tm — (k) Eo(U; , + %Wi,b)EO
i=1
+sym{EgL;,E1 + EoM; .E2 4 EoL; , E3 + EoM; yE4 } )17;

N N
+Y ek—i+1)TQe(k—i+1) =Y e(k—i+1)TQe(k—i+1).
i=1 i=1

Considering the proposed summation-type event-triggering condition in Equation (8) to the
bound of the AV (k) in Equation (16), the following He, performance index is taken into consideration.

J =Y AV(K) +z" (k)z(k) — +*d" (k)d (k). (17)
k=0
The upper bound of the | in Equation (17) can be redefined with the combined conditions as
J <} e (ATYAL (k) <0, (18)
k=0

where

Y=Y1+Y2+%¥+ ¥y
Y1 =n(k+1)"Py(k+1) —n(k)"Py(k),

™R —TMmRq 0 0 0
* Q1+ Q2 +t™mRy 0 0 0
Yo=| = * pCTOC—Q, 0 ;CTOy |,
* * * - 0
* * * * (Pl - 1)01
N 1 1
¥3 =Y 7/ (k) (t(k)Eo(Uj, + 3Wia)Eo + (tm — 7(k)) Eo (Ui + 3 Wip ) Eo

i—1
+ sym{EgL;,E1 + EoM; .E2 + EoL; ,E3 + EoM; yE4 })17i

‘1’4=i(y(k—f(k)—i+1)+e(k—i+1))TQi (y(k—r(k)—i+1)+e(k—i+1))
i=2

y e(k—N+1)Te(k —i+1) + 2T (k)z(k) — y*dT (k)d(k),
i=2
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T (k) = k), m2(k), ..., qn(k),eT (k), et (k—1),eT(k—2),...,eT (k= N), dT(k)],

5N Variable N Variable
k) =[xk +1), k), m2k),...,qnK), el (k), el (k—1),eT(k—2),...,eT (k—N), z'(k), d'(k)],
5N Variable N Variable
[ A I 00 0O0O0O0 C 0]
BK3C 0 I 0 0 0 0 0 FK4C 0
0 001 0O0O0OO0O O O
AT=|-BK; 0 000 000 FKy O
—BK, 0 0 000 OO FKy, O
—BKy 0 0 0 0 0 0 0 FKy

Dy 0 00 0O0O0O0 D I

Applying Lemma 2 in consideration of the system description in Equation (8), one can have

¥ + Sym(TA) <0 (19)
where
- T
GT HT 0000 0 0
T — 5Nn—n+Np
o 0o 0000 I of
N——
L 5Nn—n+Np
-71, A,BK;C,0,0,0 0,BK,C,0,0,0 --- 0,BKyC,0,0,0 —BKj,—BKp,...,—BKy 0 Dy
AL = 5 Variables 5 Variables 5 Variables Np
0, C,FKC,0,0,0 0 FKC,0,0,0 --- 0FKyC,0,0,0 —FKy,—FKa,...,—FKy —I D,
L 5 Variables 5 Variables 5 Variables Np

Finally, one can have Equation (19), which is equivalent to the condition in Equation (13) in
Theorem 1. For the signal holding time 7(#), the above inequality implies that V(¢) < 0. This complete
the proof. O

Remark 3. The proposed output feedback control and event-triggering condition are more general than existing
results. If N = 1is chosen, it can be regarded as the design of event-triggered output feedback control. If N =1
and K1 = K, C = I, then, the conditions are exactly equivalent to that of state-feedback control with the standard
relative event-triggering condition. Therefore, the proposed condition includes the method of existing ones.

From Theorem 1, the stability for given EMOFC considering robustness to outer disturbances Heo
can be proved. It verifies the feasibility of the given control gain. When C = I is chosen, it is easily
applicable to the case of state feedback. Based on the presented Theorem 1, the problem of stabilization
is handled by Lemma 2. The design method for EMOEFC is presented in the Theorem 2.

Remark 4. The utilization of generalized free-weighting matrix based summation inequality brings out not
only the relaxation of the stability condition but also provides additional free matrices that can be used for filling
matrices by selecting appropriate free variables.
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Theorem 2. [Stabilization] For given scalars N, Ty, p; fori = 1,2,..., N, and 7 = 2, if there exist positive

Pyp Pp -+ PN
, , * Pp -+ Py Nix N ,
symmetric matrices P = ] € RV 01 e R, Qp € RV Ry € RV fori =
*

1,2,...,N, and any matrices G, H, Z, Ui,a/ ui,b/ ‘/i,ll/ ‘/i,b/ Wi,ll/ Wi,b/ Li,a/ Li,b/ Mi,al Mi,b/ ijOT i=12,...,N,
and diagonal matrices Q); for i = 1,2,..., N satisfying the following LMIs:

I(t(k)) T I3 Ly 1
* F5 F6 0 3 @2
0= * % —1 D, | F—bsFY <0, (20)
* 0 DI —71 ! 0
o« x (F=bF)T 0 | —bY —byYT
Ua Vie Lia Up Vie Lip
¥ Wi, M| >0, Wy, My,| >0 forl=12...,Nt(k) €0, ((21)
* * R; * * R;

N
I3 =e]Clesnyio + ) (egnsob3FZiCesis),
i=1
N T
Y (—esn2b3FZieisni),
i=1
01 = [(GB - BY)T, (HB—b,BY)T,0,7,C,0,0,0,0,b,7,C,0,0,0---,0,b4Z5C,0,0,0]7,
5n 5n 5n

@, = [(—baZy), (~bsZp),...,(—bsZN)]",

T

then, the system is asymptotically stable with gquaranteed Hoo performance vy (4 = ~2). Moreover, the control
gain is given by K; = Y~1Z,.

Proof of Theorem 2. From the proof of Theorem 1, Lemma 2 is reutilized with additional parameters
b1, b2, b3, and by to separate G, H from K; in Equation (18).

I'+ Sym(SA;) <0, (22)
where
S = [(BY —GB)T, (bBY —HB)T,0,---,0,(bsFY — F)T0, (b4Y)T]7,
A, = [0, 0,0 K5C0 0 0 0 K0 0,0 ,...,...,....,00 KyC 0, 0, 0,
5n 5n 5(N—3)n 5n
_Kll _KZI"'/_KN/ O/ 0, _I] ERnx(SNn-l—Np-i—n-&-q-&-r-&-m)'

Np

Then, Equation (22) is identical to Equation (24). This completes the proof. [
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5. Numerical Examples

Three numerical examples are selected to validate the effectiveness of the proposed method.
Example (1) The 2nd-order discrete networked control system is described as follows:

[05 0.2 0 0

x(k+1) = 04 0'11 x(k) + 01 u(k) + 1 d(k),

y(k) =11 1|x(k), (23)
1 0 0.2 0.1

z(k) = o 1 x(k) + 01 u(k) + [0 d(k).

The sampling time of the given system is chosen as 0.1 s. The maximum network delay T,
is given as 0.4 s. By using Theorem 2, the solutions are calculated as follows with the parameters
bl = 1,b2 = 1,b3 = 1,b4 = 1,p1 = 0.1,...,pN = 0.1,N = 3,’)/ = 1.5965,

Ky = —0.0449, for N =1,
K; = —0.0308, K, = —0.0022, K3 = —0.0012, for N = 3.

Under the initial condition x(0) = [4, —3]7, the system response with the given control gains is
displayed in Figure 2. The outer disturbances are inserted as d(k) = 0.5sin(0.1257ti) — cos(0.317i)
for 30 < k < 50 (otherwise, d(k) = 0). The state trajectories with and without memory buffer are
presented at the same time for the purpose of comparison in Figure 1. The 2 memory elements are
used in the example.

A The State Trajectories with/without Memory
T

- = Without Memory x,
- = -Without Memory x,
With Memory x,

b With Memory x, ||

Figure 2. The state trajectories of the system with/without memory.

In Figure 3, the intervals between consecutive signals for each cases are denoted. The average
transmission rate (ATR) is defined as the summation of the total consecutive signals divided by the
total number of transmitted signals, which means the average interval between transmitted signals.
Thus, ATR can be used as a direct indicator for the reduction of average signal transmission frequency
in network. When the memory control is employed, ATR is given as 0.1750 while the value 0.1035 of
ATR is for pure output feedback without memory elements. As shown in Figure 4, the memory control
with 2 buffers provides remarkable improvement in the reduction of network resources. It means that
the proposed scheme stabilizes the systems with much reduces signals. Approximately, 69% larger
sampling intervals are exhibited using memory control in the result.
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s The intervals betweeen signal
T

0.1750

Time Interval
°
&
T
i

Time (s)
Figure 3. The intervals between consecutive signals.

The comparisons of average transmission rate (ATR)

T

0.18

0.16

0.14

0.12

0.1

ATR

0.08

0.06

0.04

0.02

With Memory Without Memory

Figure 4. The comparisons of the average transmission rate (ATR) with/without memory.

Example (2) Another 2nd-order discrete networked control system is considered as follows:

wkr1) =50 O xm+ [ uw + | e,
yk) =08 01]x(k), (24)
) = ﬂ w0+ | )+ |02 aw).

The sampling period / is 0.25, and an artificial delay is chosen as 7, = 0.6. Taking parameters
b =1bp=1b3=1,by =1,00 =0.1,pp =0.1,03 = 0.1,p4 = 0.1, and y = 2.3884, the solutions are
given for N = 1,2, 3, and 4 solving Theorem 2. The results are summarized in Table 1. The curves of
state response and intervals between signals for different memory element N are shown in Figures 5-8.
From the Figures, it is shown that the proposed EMOFC is feasible under the various memory number.
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Table 1. The controller gain matrices for each memory number.
Memory Controller Gain K;  Controller Gain K,  Controller Gain K3  Controller Gain Ky
0 Ky = —1.5853 - - -
1 Ky = —1.5606 K, = —0.0050 - -
2 Ky = —1.5696 K, = —0.0033 K3 = 0.0651 -
3 Ky = —-1.5786 K, = —0.0032 K3 =0.031 K4 =0.0318
4 The State Trajectory (Memory = 0)
| X1
2 2] ]
<
oh n
2 | | | |
0 5 10 15 20 25
Time (s)
0.8 The intervals betweeen transmitted signal
N O T O T T O O T
0.6 4
0]
: %W%m |
s ks el At e i S I A S —Ll_
0.2 m m W A
0]
0 5 10 15 20 25
Time (s)
Figure 5. The state trajectories of the system for N = 1.
4 The State Trajectory (Memory = 1)
L X
2 2] ]
=
3
O H
2 1 1 1 1
0 5 10 15 20 25
Time (s)
0.8 The intervals betweeen transmitted signal
' 0 o 0 ‘ 3 0 'O
0.6 J
0]
0.4 1
bt g ek oy et b el el ey gt e
0-2 W W W W W A
0
0 5 10 15 20 25

Figure 6. The state trajectories of the system for N = 2.

Time (s)
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-2

0.8

0.6

0.4

0.2

-2

0.8

0.6

0.4

0.2

The State Trajectory (Memory = 2)
T T

T T
L X
| 2| |
1 1 1 1
0 5 10 15 20 25
Time (s)
The intervals betweeen transmitted signal
O T T O T T
0 5 10 15 20 25
Time (s)
Figure 7. The state trajectories of the system for N = 3.
The State Trajectory (Memory = 3)
T T T T
L X4
| Xl |
1 1 1 1
0 5 10 15 20 25
Time (s)
The intervals betweeen transmitted signal
O T T O T T
0 5 10 15 20 25
Time (s)

Figure 8. The state trajectories of the system for N = 4.

15 0f 19

Thus, for the above given controller gains, d(k) = sin(2mkh) for 20 < kh < 25 s (otherwise
d(k) = 0), and initial condition x(0) = [3, —2], the simulations conducted for N = 1,2,3, and 4
are drawn. From the results, the average transmission rate is calculated using the information of
accumulated total transmitted signals. The results are shown in Table 2. From Table 2 it can be noticed
that the larger number of the memory is utilized, the better average transmission intervals will be.
Figure 9 shows the compared average transmission rate for different memory N. It apparently displays
the effect of memory elements. As memory increases, less transmitted information is transmitted,
which means consuming less cost or energy.
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Table 2. The average transmission rate and total transmitted signals for each memory number.

Memory Average Transmission Rate Total Transmitted Signal

0 0.3103 79
1 0.3182 77
2 0.3300 75
3 0.3345 74

The average transmission rate (ATR) for various N
T T

0.335

0.33 - 4

0.325 - =

ATR

0.315 - -

The number of memory N

Figure 9. The average transmission rate for memory.

Example (3) Decoupling of the nonlinear dynamics and linear approximation, the longitudinal
motion of F-18 aircraft is represented as the following dynamic equation.

[a(t) 4. (1) ] 25)

i) B o (1)

where

A= —8.458 —0.8776 —-1929 -3.803

~1.175 0.9871] B [—0.194 —0.03593]

From the discretized model, the following discrete model is constructed with
corresponding matrices.

—-1.175 0.9871 —0.194 —0.03593 —-19.29
k41 = —8.458 —0.8776} x(k) + {—19.29 —3.803 } u(k) {—3.803} ak),
yk) = [-1 1]x(), (26)
z(k) = (1) ﬂ x(k) + E) 8] u(k)

The sampling time of the F-18 aircraft is 0.05, and the Ty is chosen as 1. Applying Theorem 2
with appropriate parameters by = by = b3 =1,by =7.7,p = 0.1, and v = 4.9866, the control gains are
gained as follows.

0.3604

(i) Without Memory : K = 0.0771

] , Q) =5.706,

0.3335
0.0728

0.0167

ii ith Ky =
(if) With Memory 1 0.0049

1 ,Q) =5.2537,Ky =

] Q) = 0.27665.
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For the considered system, the initial condition is taken as x(0) = [—5, 5], and the simulations
are shown in Figure 10. The blue line and the red line display the average transmission intervals.
From Figure 11, one can see that the effectiveness of this proposed EMOFC method for the described
aircraft system. The average intervals with and without EMOFC is 0.1827, and 0.1672, respectively.
In average, 3 samples are unused for the stabilization of the given systems, which imply that the
proposed EMOEFC effectively regulates the networked control systems.

(a) The State Trajectories w/o Memory (b) The State Trajectories with Memory

. . . . . . . . . . . . . . . . .
0 0.5 1 15 2 25 3 35 4 45 5 0 0.5 1 15 2 25 3 35 4 4.5 5
Time (s) Time (s)

(c) The intervals w/o Memory (d) The intervals with Memory

——© Without Memory —— With Memory
05 —— Without Memory | | 05t With Memory | |

Time Interval
o o
PEEES

Time Interval
o
@

e
N

°

1] o] Il ]

0 0.5 1 15 2 25 3 35 4 45 5 0 0.5 1 15 2 25 3 35 4 4.5 5
Time (s) Time (s)

Figure 10. The state trajectories and intervals for with and without memory control. (a) The state
response of the systems without memory control; (b) the state response of the systems with memory;
(c) the intervals between transmitted signals without memory control; (d) the intervals between
transmitted signals without memory control.

02 The comparisons of average transmission rate (ATR)

0.195 1 ]

X With Memory
0.185 Y 0.1827 1

0.18

an
k0175 4
X Without Memory
017 Y 0.1672
0.165
0.16

0.155

0.15

With Memory Without Memory

Figure 11. The comparisons of the ATR with/without memory.
6. Conclusions

This paper proposed an summation-type event-triggering condition with event-triggered memory
output feedback control (EMOEFC) in the consideration of He performance. The memory output
feedback control employing memorized past information of output signals is exploited to enhance
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the triggering intervals under novel event-triggered condition. The summation type event-triggering
condition is more generalized type of condition including existing relative triggering type. The stability
and control design methodology are presented under the memory control and novel triggering
condition. The proposed ones are more general type of control and triggering condition covering
existing methods. Throughout the numerical examples, it is shown that the proposed scheme shows off
the reduction of average signal transmission frequency. Therefore, the effectiveness and improvement
using memory buffer is verified. Further research could be conducted for the memory control with
the network illness including missing data losses and data disorder in network. Selective-based
event-triggering and adaptive-type event-trigger condition with memory are also possible as the future
direction of research.
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