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Abstract

This paper deals with the event-triggered control for networked cascade control systems. Unlike conventional
event-triggered schemes that predetermine a fixed threshold to reduce the data-releasing rate, this paper proposes
anovel event-triggered mechanism (ETM) in an adaptive way. Under this ETM, it has the following merits: 1) the
data-releasing rate remains at a lower level so as to save limited network bandwidth; 2) the reliability of control
systems can be improved since the threshold of ETM is increased gradually.with,the elapse of time till the next
event is generated. An integrated model of networked cascade control systems with consideration of stochastic
nonlinearity, actuator failures and ETM is established. Sufficient conditions are obtained to ensure the mean-
square stability and stabilization of networked cascade control systemsy, Finally, two examples are exploited to
show the effectiveness of the proposed method.

Key words: Event-triggered mechanism; Networked cascade control system; Stochastic nonlinearity; Reliable
control

1. Introduction

Cascade control (CC) is an.effective strategy to improve the control performance of the
system, especially in the presence of disturbance in the model [1]. CC systems are usually
composed of two sub-progeessesiin.series. The inner loop of CC systems is sufficiently faster
than the outer loop. Therefore, most of the disturbance is considered into the inner loop in
designing a CC systeém to achieve a better disturbance rejection. The outer control loop is
mainly responsiblé-forithe steady performance of the control system. The components of
feedback control'systems, such as sensors, controllers and actuators, are connected via a com-
munication networky which is called networked control systems (NCSs) [2]. Owing to the
fact that NCSs haye many advantages, such as low cost, ease of system diagnosis and main-
tenance! NCSs have many potential applications in modern large scale industry control area.
Examples include, but are not limited to, aircraft and space shuttle [3], power systems [4] and
high=performance automobiles [5]. Compared to the conventional point-to-point communi-
cation for the control system, the networked communication has induced many challenging
issues, such as time induced delay, packet dropout, limited communication resources [6-9].
Networked cascade control systems (NCCSs) possess the advantages of both CC systems and
NCSs [10, 11]. There are some reports on practical applications, for example, the authors in
[12, 13] investigated boiler-turbine control systems with networked cascade control architec-
tures.
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For NCCSs, a large amount of sampled data is released into the communication network,
which will inevitably overburden the limited network-bandwidth and lead to a poor networked
quality of service (QoS). It may degrade the control performance of the system with a poor QoS
by using the conventional time-triggered mechanism (TTM). Some “unnecessary” packets are
transmitted over the network due to the TTM with a constant data-releasing period although
there is few important information for the system in the transmission. Event-triggered mech-
anism (ETM) becomes an alternative scheme to guarantee a desired control performance with
a lower data-releasing rate, which has gained much attention [14, 15]. In [2], the authors pro-
posed a design method for the event-triggered NCSs by transferring the hybrid system with a
time-triggered sampling and event-triggered releasing into a time-delayed system. A co-design
of both reliable filtering and ETM for a class of NCSs with multiple sensor distortion has been
investigated in [16]. A switched communication scheme between the TTM‘and ETM was in-
vestigated in [17]. Under cyber-attacks, an ETM design method was developed in [18, 19]
to save the limited networked communication resource. The authors iny[20521] designed an
event-triggered output feedback controller for distributed networked systems. Using event-
triggered transmission strategies, the authors in [22] designed a reliable control for NCSs with
sensor/actuator failure in multiple channels.

In the aforementioned literature concerned with ETM, forexample in [2, 14], whether the
data packet needs to release into the network or not iS'dependent on the following event-
triggering condition

[y + 1) = (k)] QLx(ks + ) = x(ke)] > 6x" (k) Qx(k), (1

where the threshold ¢ is a predetermined peositive constant, and x(ky), k,, [ and Q are defined
in (4). From (1), one can see that the threshold plays a decisive role in data-releasing. For
example, if one chooses 6 — 0, the communication scheme tends to be the TTM. In fact,
the threshold should update its value,at any sampling instant to adapt different cases. The
disturbance is bigger, for instance, a lesser value of ¢ is needed. To address this problem,
some improved ETMs for NCSs have been put forward [23-27]. The threshold, in [23], was
designed to adapt with the.state¢ of both the nonlinear system and the reference model. An
adaptive threshold satisfying 8(1)*= dé(r) with d € {1,0,—1} was developed in [24]. To get
a variable threshold, the authors in [27] added an attenuation exponential function ya~/*s*/"
on the right-hand side of the event-triggered condition in (1). Under this scheme, the data
releasing rate at.the beginning of process is time-varying, however, this item fades away with
the time proceeding.

The ETM-based control input is held by the zero-order hold (ZOH) till the next event is
generated. "It'means that the controller has no updated information from the control process
during this period. If the releasing period (RP) is too large, the system becomes unreliable in
practice, although some results on stability and stabilization can be obtained theoretically. On
the other'hand, the system with a small RP can not improve the limited network bandwidth.
So far, there has been few discussion on this practical issue. Therefore, it is a big challenge to
balance these two contradictions, which is a main motivation of this study.

The main contributions can be highlighted as follows: 1) a novel ETM is proposed. Un-
der this proposed ETM, the reliability of NCCSs can be improved and the burden of limited
network-bandwidth can be alleviated as well; 2) the feature of stochastic nonlinearity and the
actuator failure are considered in NCCSs, which is not covered in the existing literature, how-
ever, these scenarios are commonly existed in CC control systems in practice. Under the ETM,

a unified model considering the stochastic nonlinearity and actuator failure is then established;
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and 3) a co-design method of computing the parameters of both the ETM and controllers was
developed for NCCSs.

Notation: Throughout this paper, P > 0 denotes P is a positive definite matrix. “7” represents
the transpose of the matrix. / is an unit matrix. sym{X} denotes the expression X + X”. || - ||
denotes the spectral norms of matrices or the Euclidean norm for vectors. In symmetric block
matrices, we use () as an ellipsis for terms that can be induced by symmetry.

2. System framework

Figure 1 shows the block diagram of NCCSs, where P; and P, are the primary plant and
secondary plant, respectively. S;, A and C; (i = 1,2) are the sensor, the actuator and the
controller, respectively. Controller C; in the outer loop is the primary controller that regulates
the primary controlled variable y; by setting the set-point of the inner loop. Ceontroller C, in
the inner loop is the secondary controller that rejects disturbance locally befere it propagates
to P;. For a cascade control system to function properly, the inner loop generally responds
much faster than the outer loop. The signal transmission of the outer loop is designed to be
transmitted over the network.

Consider a discrete-time NCCS:

xi(k + 1) = Arxi (k) + Biya(k) + fi(ksxi (k), xo(k))
yi(k) = Cix1(k) + Dyw(k)

Xo(k + 1) = Asxa(k) + Boup(k)t Biw(k) + fo(k, x1(k), x2(k))
y2(k) = Caxa(k) + Drw(k)

2)

where x;(k) € R", u;(k) € R” and y;(k) edR"™ are the state, control input and the output of each
subsystems; w(k) € £,[0, o) is the disturbance input; f;(k, x1(k), x»(k)) is a stochastic nonlinear
function; A;, B;, C; and D; for i =1, 2:are known real matrices with appropriate dimensions.
For convenience, fi(k, x;(k), xo(k))will be denoted by f;(k) in the subsequent description.
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Figure 1: The framework of the NCCS

2.1. An improved adaptive ETM

As shown in Figure 1, the outer control loop signal is transmitted over the network. Let k;
denote releasing instants for s = 0,1,2,---. Before designing the adaptive ETM, we firstly
introduce two variables, the one is e(x(k,), x(k; + [)) for [ = 0,1,---,ly, and the other is

0(01(e(ks, 1)), 02(D). e(x(ky), x(ks + 1)) denotes the error between the latest releasing data and
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the current sampling data, i.e. e(x;(ky), x1(ks + 1)) = x1(ks) — x1(ks + 1); 6(0;(e(ks, 1)), 02(1))
denotes the threshold of the adaptive ETM. For notational simplicity, e(ky, ) and 6(ky, [) are
used to represent e(x;(k;y), x1(ks; + 1)) and 6(0;(e(ks, 1)), 62(1)), respectively, in the subsequent
description.

Define

O(ks, 1) = 69 + 461 (e(ky, D) + (1 = Do2(D) 3)

where 6, (e(ky, ) = ajePlletsDle 5, (1) = —ar(I - B), @y, B1, @2, B2, 8o, A are known constants,
which satisfy 6p + @; > @83, and 1 € (0, 1).

Assume the first sampling data should be released into the network, i.e. the packet at
instant k; = 0 needs to be transmitted over the network. Then, the next releasing instant k. is
determined by the following event-triggering condition

ki = max {ks e 1‘e(ks, DT Qe(k,, 1) < S(ks, l)xlT(ks)Qxl(ks)} (4)

where Q > 0 is a weight matrix.

The flow chart of ETM implementation is shown in Figure 3, form.which one can see that
the event of data-releasing is generated when the event-triggering condition (4) is violated.
The sampling data at k = k; + [); + 1 is big enough to violate the condition (4), then this instant
(ks + Iy + 1) is chosen as the next releasing instant (k). Therefore, /), packets are discarded
from the latest releasing instant to the next releasing.instant. Figure 2 shows an example of a
data-releasing sequence, where ‘%’ and ‘@’ represent, the releasing instant and the instant of
packet-dropping, respectively.

k 1 2 3 4 5 6 7 8
Y E
: =1 lM:Oi Iy =3

Figure 2: An‘example of data-releasing sequence

Remark 1. From (4), one ¢an see that the smaller d(k;, [) is, the bigger the data releasing rate
will be. Furthermore,d(k, [) can be adjusted adaptively rather than a constant as in [2] or only
considering one factorias in [24].

Remark 2. In,(3),0,(e(k;, 1)) increases with the decreasing of e(k;, /). Specially, d;(e(ks, 1))
tends to be @; when the system tends to be stable. This means that the releasing rate mainly
depends on @y when the system is around the equilibrium point, while 3, affects the maximum
RP.

Remark 3.7Tt is unreliable to the control process if the controller does not access updated data
from the controlled plant for a long time in practice. This unreliability is potentially existed in
the conventional event-triggered schemes, especially when the system tends to be stable, few
data-releasing events can be generated to update control input. In this study, 6,(/) in (4) will
decrease with the step k going before the next event is triggered. Thus, the maximum RP can
be constrained. A in ( 3) is a weight to adjust the role of data-releasing rate in steady-state and
transient state.

From (3), one can obtain that

0 < 6(ks, ) < 8 + day + (1 = Vs = 6y )
4
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Figure 3: The flow chart of ETM implementation

2.2. Modeling of NCCS

Assume the packet at instant k, transmitted over network”arrives at the actuator side at
instant a;. Then a; = k, + 74, where 74, 1s a network-induced delay that satisfies 7 < 7, < 7.

Define £} £ [dl,al'"), where @l = k, + [ + Tf{ Set Tgs = 14, and Tit“l = 741, then one
can know that [ay, aj.1) = Uﬁfo.ljllc. Therefore; chs for /e {1,2,---,1)} is an artificial delay that
satisfies

T<T <7 (6)

Forke L} = [k + 1+ Tix,ks £h+1+ T;::l), we define

dk) =k—k;—1 (7)

Then it follows thatd; <'d(k) < d, withd, = rand d, = 1 + T due to (6).
Combining with Figure 1, we can get the following cascade control law for k € Lf{ as

{Ml(k) = Kix(ky) ®)
ur(k) = ui (k) + Krxa(k)
Consider the following stochastic actuator failure model
uj (k) = Eur(k) ©)
where & = diag{yr1, >, -+ , ¥y}, ¥ 1s a random variable which is unrelated with y; for i # j.

The mathematical expectation and variance of y; are ¢ and o7, respectively.
Define

oo [X1(K) _ | fitk) A B,C, _ 0
0= [xz(k)]’”(")‘ [fz(k)]’ﬂ_ [0 A2+BZEK2]’BI - [BZ(E—E)IQ]’

— 0 _ 0 _ BlD2 E‘ _ . - - . -
5, = |:BzEK1] ’83 B [Bz(E - E)K]l B4 = [ Bs, ]"" - d’ag{l/’l’llfz, ’lr//m}

5



Combining (2) and (9), we can get the closed-loop system with actuator failures as follows

ik + 1) = £(k) + E(k) (10)

where £(k) = Ax(k) + By(x,(k — d(k)) + e(ky, 1)) + Byw(k), E(k) = B x,(k) + Bs(x,(k — d(k)) +

e(ks, D) + n(k).
Borrowed from [28], the stochastic nonlinear functions in (2) are assumed to satisfy

E {n(0)|x(k)} =0 (11)
q

E {n(on" 0lx(0)} < " oio! # (k) H,x(k) (12)
i=1

E{ntom" Dlxk)} =0 1#k (13)

where o; = [i”] with o;; € R"*! and p,; € R™*!; and H; = diag{F;, G;} with F; > 0 and
2i
G,‘ > 0.

Remark 4. Real physical processes generally have featares of stochastic nonlinearity. How-
ever, few results on CC systems are concerned with this'feature [29]. The stochastic coupling
among different variables, in this study, is modeled by f;(k)'in (2).

3. H,, control for NCCS with stochastic nonlin€éarities and adaptive ETM

In this section, we will study the stability analysis and controller synthesis for NCCSs by
using the proposed ETM proposed in Section 2. Before stating the main results, a definition
and a lemma are introduced first.

Definition 1. [16] The NCCS/(10) is'mean square stable with H,, norm bound v if the follow-
ing conditions hold:

(1) When w(k) = 0, the NCCS (10) is mean square stable;

(2) Under zero initial.condition, for a scalar y > 0 and w(k) € £,[0, 00), y,(k) satisfies

E {520 In0lB} = B{Z2, o).

Lemma 1. [30}.For a given symmetric positive matrix R € R” scalar 0 < d, < d», and vector
function £ : [-d,, =d;] — R”, the following inequality holds

k—d—1 T
—(dy — dy) iZkZ_;l2 h' (ORA(D) < — Lpz(k)] [0 3R] Loz(k)]

wheren(i) = x;(i + 1) — x1(0), ¢1(k) = x1(k —dy) — x1(k — dy), p2(k) = x1(k — dy) + x1(k — d>) —
=7 2, X1



For presentation convenience, we define the following vectors:

(k)

h(k)
£1(k)

$(k)

Gk) = [xl(k —dk) + x1(k— dy) —

col {xl(k), x(k = dy), x,(k = d(k)), x,(k — dy),

k—d, k—d(k)
x1(s) x1(s)
s=hd(h) d(k) - dl + 1’ ara} dz - d(k) +1
xi(k +1) = xi(k) = fik), x(k) = &(k) = n(k),
x1(k) — x1(k — dy)
xi(k) + xi(k = dy) = 75 Sk xi(9)]”
[ xi(k — dy) — xi(k - d(k))
xi(k = dy) + xi(k = d(k) = 527 Zhmta

xy(k —d(k)) — xi(k — dy)

2 k=d(k)
dr—d(k)+1 Zs:k—dz

5.

s=k—d

Xl(S)]

X1

)

d

2

S
+1

> e(ks’ l)’ xl(k)7 w(k)} >

xl(S)]

Theorem 1. For given positive constants y, d;, d», 6y and positive-definite matrices F;, G;, if

there exist matrices P; > 0,Q; > O,R; > 0, S =

1,

where

Hll

S Sz
S3 S4

,q; j =1,2) such that

I, = * %
(T My % |
= My 0 Ty # [ o
Iy, O 0 Iy
& 0 -
[Qiafl —P_l] K [9119,_1 —Rl_l] =5 [Qlip[_l —REI]
R2 *
[s Rz] =
0, * * * * * * *
<I2Ry O, % * * * * *
0 ®; 0, =x * * * *
0 @5 ®6 @7 * * * k
6R1 6R1 0 0 —12R1 * * *
0 O6R, By Oy 0 —12R, * *
0 @10 @11 6R2 0 —4U4 —12R2 *
0 0 0 0 0 0 0 -Q
0 0 0 0 0 0 0 0
| O 0 0 0 0 0 0 0
C, O 0 O00O0O0O O 0
Ay 0 0 00O0O 0 B,C,
0 0 BbK; 0 0 0 0 BK; A+ B)K»
di(Ar-1) O 0 00O0O 0 d\B,C,
dy(Ai=1) O 0 00O0©O 0 d»1B,C,
7

|
EOE R R S GRS R CHEEE R

Ow%****%%%

(3]

|
<

D,
B\D,
By |,
d\B,D,
dy B\ D,

] and positive scalars g;,0;,0; (i =

(14)

(15)

(16)



My, = diag{—1,-P;',-P;',—-R;',—-R;"},
HM:F'OOO()OOO oﬂ’
0 000O0O0O0O¥O
Ms; = diag{—T1s, —I133), I3 = diagle;'1, -+ ,&,'1,d 167", ,d8,'I,doi0}' 1, -+, dnio,' I},
nﬂﬂ00®u00()0&2&3q,
Iy = diag{-P;',--- ,—P;'},
O, =01 -4R, - P,0, = -0 + 0, — 4R, — 4R,, P = diag{P, P»},
O;=-2R,—S;-S,-83—-S4,
Oy = —8Ry + sym{S| —S»+ S5 -S4} +6uQ,
Os=S,+S5S,-5S3-84,06=-2R,—S1+S,+S3—S4,
©;=-0r—4R,,03 = 6R, + 25, +2S],
Qg = 257 +257,@,0 =253 +254,0;, = 6R, — 253 - 25,
o2ByLi K, 2By LK,
O = : 013 = : ,
02 B,L, K, o2 B, L, K>

F=[VF - \F, dNF o diJF G NE - duF)

G =[NGT - Gy diNGT - diO, NG - dy G|
Ri = diag{—Rl-, —3Ri},d21 = dz - d]

Then the NCCS (10) under the adaptive ETM (4) is mean square stable with H,, perfor-
mance y.

Proor. Consider the following/Lyapunov-Krasovskii candidate for the NCCS (10)
Vitky'= Vi(k) + Va(k) + Va(k) 17
where

V, (k) =% (k)Px(k)

k=1 k—di-1

Vak) = > A (9Qixi(s)+ > ] ()0axi(s)
s=k—d s=k—d,
-1 k-1 —di-1 k-1

Vi) = > > dik (DR A(s)+ > > doh” (5)Rah(s)
9:—d1 s=k+6 9:—d2 s=k+60

Calculating the difference of the Lyapunov functional (17) along the dynamics (10), we have
E{AV;(k)} = BIEK) PE(K)} + BIET ()PE(K))
E{AV,(k)) = B {x] () Q1x1(k) + x{ (k = d\)(Q2 = Q)xi(k — dy) = x| (k — d) Qa1 (k = dy)
k-1 k—d1 -1
E{AV;(k) =E {hT<k)7eh<k> ~dy ) W RRMK) ~ds ) h%k)&h(k)}

s=k—d, s=k—d,
8



where R = d°R; + d*R;.
Note that
E{& (PE&(K)| = E {" Py (k)| + E{n" (k)Pn(k)} (19)
E (1" (k)Rh(k)} = E{R" ()RR(k)} + E{ £ (ORfi(k)| (20)
It is known that (2 — E) = 27 (y; — ¥;)L;, where L; = diag{u, 1, u} Then we

i-1 m—i

have
E{x" (kPy (k)| = E {Z oisi (k)st'i(k)} 1)
i=1

where g‘,-(k) = BQL,'Kl)C](k - d(k)) + BzLiKle(ks, l) + BzL,'Kz)CQ(k).
From (11) to (13) and (15), it follows that:

i=1

q q
E {n" (Pn(} < E {Z tr(oi0] P)xT<k>Hi5c<k)} <E {Z siﬂk)Hiaz(k)}

i=1

i=1

q
E{f] (ORfi(k)} <E {Z (dtr(oiioliR1) +'d3, tr(oriofRy)) ch(k)Hi)z(k)}

q
<E {Z(@idf + pid>, ))?T(k)Hi)”c(k)}

i=1

Applying Lemma 1 yields

k-1
~dy o WNROR(K) < ¢ (ORE1 () (22)
s=k—d
k—d,—1 k—d;—1 k—d(k)-1
—dy ). WEORM) = ~doy D W ORAK) —da > hT(ORA(K)
s=k—d, s=k—d(k) s=k—d>
_ d21 T _ d21 T 23
< el WReak) = T s ORG(K) (23)
CW[e®) [iRe ng(m]
$3(k) 0 ﬁRz &(k)
where0<,u:%<l.
It\is known that (15) is equivalent to
liRz k
[ oy K’TﬂRzl >0 (24)
Then we have
&Sl L@ Ry ][k
). hT(")th(")S‘[&k)] [sz Rz] [£<k>] @

s=k—d»
9



From (17) to (25) and using the triggering condition in (4), we obtain
E{AV() + y{ (k)yi(k) - Yo" (w(k)] <
E {gT(k) (Hu + 113, TIpp Iy + IT5, M35, + H£1H44H41) §(k)} (26)
Applying a Schur complement to (14) yields
E{AV(R) + y] (kyi(k) = ¥*o (Rw(k)] < 0 (27)

Then we have

E {Z ||y1<k)||§} <y’E {Z ||w(k>||§} (28)
k=0 k=0

under zero initial condition.
With the condition of w(k) = 0, we can conclude that E{AV(k)} < O from Eq. (27), and this
ends the proof.

Theorem 2. For given positive constants y, d;, d», 0y, o and positive-definite matrices I::,-, G,

if there exist matrices P >0, Q i >0, R >0 =1,2), S'= [%l g-z] and positive constants
3 04

8i9 9i7pi (l = 1, tet ,q) SllCh that

>ﬁ11 * * %
ﬁZl ﬁzz * k
— <0 29
I 0 Il % 29)
[y 0 0 Tl
(-8 x —91' * —pi *
- SO, Vel SO’ ~ SO 30
|0i€;i —P] [le@i _Rl] [Qlipi —ﬂz] (30)
ﬁz %
= >0 31
(S Rz] 31)
where
[ 61 * * % *k k k k k k
—2E1 @2 * * * * * * * *
0 @3 @4 * * * * * * *
0 ®; 6 O * * * * * %
ﬁ — 6R1 6R1 0 0 —12R1 * * * * *
"7l o 6R, @ © 0 -I2R, o« & o« x|
0 0O 0O 6R 0 -4U,; -12R, = * *
0 0 0 0 0 0 0 -Q  x *
0 0 0 0 0 0 0 0 -P, =
0 0 0 0 0 0 0 0 0

10



C,\ P, 0 0 0000 O 0 D,
AP, 0 0 000O0 O B\CyP, B\D,
I, = 0 0 BKi 0 0 00 BKy APy+BK, By |,
diA,-DP, 0 0 0000 O d,B,C,P,  d\B,D,
dyyAy=DP, 0 0 00 0 0 O  dyBCPy, dyBiDs]

My, = diag{~1,—Py,—P2,Ri, Ro},
[Fooooo0o0000
0 0000000O0G O

I33 = diag{—Tls3, —1ls3}, T3 = diagl& I, -- Bl dhO 1, di0,1,dn@1 1), day @1,
Mi=[0 0 8, 0000 O, 65 0,
ﬁ44 = diag{—FQ, e, —752},731' = —2/0}51 +P2§i’§ = diag{Fl,FZ},

——— ——

m

© =01 —4R — P1,®; = =0\ + 0, — 4R, — 4Ry,
©=—2R,-S,-S,-S5-S4,

Oy = —8Ry + sym{S| —S2+ 83— Sa} + Q2
@5=S5,+S5,-53-54,0; = -0, — 4R,
@6:—2R2—S1+SZ+S3—S4,

Og = 6R, + 287 + 257,09 = 287 + 287,

O = 283 +254,0; = 6R, — 255 — 254,

O'%BzL]E] O'%BzLIEZ
O = : 013 = : :
U;BszKl O‘iBszKz
~ = — — — — — T
F:[Pl\/F_l o PyyJGy d\PAF, - d\P\\JF, dyPNF, - dZIPl\/Fq] ;
— — — T
G=[PNG, - PiJG,YdPNG, - d\P\\[G, duP\NG: -+ duP G,

Then the NCCS (10)cunder the adaptive ETM (4) is mean square stable with H,, performance
v. Furthermore, the feedback controller gain K; in (8) and the parameter Q in (4) can be
obtained by

K[:E[Fi_l,gzﬁlﬁﬁl (l

1,2) (32)

Proor. Define Fi = Pi_l,éi = FTQ,‘F],E,’ = FTR,’Fl,E,’ = Kl'Fl' (l = 1,2),5 = F{QF],:STJ‘ =
P{SjPl (_] = 1, ,4),5,‘ :pi_l,éi = 91-_1,5‘,‘ = 8[»_1.

It\ds true that

—R7' < —2pP, + p*R; = R; (33)

due to —P;R;'P| < =2pP) + p*R; holding for p > 0.

Define J, = diag{P;, - -, Py, Py, 1}, J» = diag{l,1,1,1,1}, J3 = diag{l,---,1}, J4 =

S——— ——
3q

8
diag{l,--- ,I}. Pre- and post-multiplying I1; in (14) with diag{J;, J», J3, J4}, and combining
~—

11



with (33), one can know that (29)-(31) are sufficient conditions to guarantee (14)-(15) hold.
This completes the proof.

Assume the system in Section 2 does not have the inner-loop and nonlinear item (k) and
actuator failures , then the system (2) can be reduced to a single-loop feedback control system
as follows

{x(k + 1) = Ax(k) + BKx(k — d(k)) + BKe(ky, 1) + Byw(k) (34)

y(k) = Cx(k) + Dw(k) k € [k + dy , ks + dy,,,)
Corollary 1. For givgn p(3§itive constants 7y, d;, d,, if there exist matrices P> 0, Q- > 0, E >

0G=1,2)and S = [gf %2] such that the following LMIs hold

3 4
[E“ iy ]<o, (35)
1_121 H22
ﬁz %
~ Z1>0 36
[S Rz] (36)
where
61 ES k % ) %k £ £ k
—2§] ®, = * * * * % *
0 63 (7)4 * ¥ * * * *
. 0 @5 ®6 @7 * * * * *
Iy ={6R, 6R, O 0 —12R, * * * % |,
0 QRZ 98 @9 0 —12R2 * * %
0 O OW6R,” 0 -4U, -12R, =« *
0 0..% 0 0 0 0 -Q =«
0 0 »0" 0 0 0 0 0 —
C,P 0 0 00O0O0 O D,
G- AP 0O BK 0 00O BK B
27 14A-DP 0 4BK 0 0 0 0 d,BK d\B, |
bdoy(A, —DP 0 dyBK 0 0 0 O dyBK dy B

ﬁzz = diag{—l, —F,Rhﬂz},@l = él —4§1 -P
Then the NCS*(34) under the adaptive ETM (4) is mean square stable with H,, performance
¥, and the controller gainis K = KP~!.

4. EXAMPLES

Two examples will be given in this section. A networked single-loop feedback control
system is used in Example 1 to demonstrate the system under the proposed adaptive ETM
has a good control performance. The data-releasing rate maintains a desired level under a
constrained RP, by which the reliability of the control system is enhanced. In Example 2,
a cascade control system with stochastic nonlinearities and actuator failures are considered.
The simulation results show the effectiveness of the proposed method by using the designed

reliable controller and the ETM.
12



Example 1: Consider a practical ball and beam system [31] with the following format

x(k + 1) = Ax(k) + Bu(k) + Biw(k)
{ y(k) = Cx + Dw(k)

where
10 002 —00014 0 0
L o 1o o014 00014 | o
=lo o 10 0.02 |"B=10.0002|"
0 0 0 1.0 0.02
0.0202 0.5
looss| . |01 .
Bi=10.0202]"€ =|os|-P=01
0.0200 0.3

The initial state x(k) = [-0.4 — 0.4 -0.4 - 0.4]7 and the-external disturbance is given
by w(k) = 2¢~%%5in(0.5k). Obviously, the controlled plant is marginally stable if u(f) = 0. By
using the ETM in [2] with p = 0.5,d, = 1,d, = 4,y = 50, we.can.get the feedback controller
gain and the weight matrix of the conventional ETM by selecting 6 = 0.07 as

K:[1.8417 3.3887 —16.8578 —6.3581],

0.9659 1.4934 "=7.0907 -2.5614
1.4934  2.6447, —12.7443 -4.7048
=7.0907 —-12.7443,62.4152 23.1883
-2.5614 —-4.7048. "23.1883  8.7102

Q=

Under this conventional ETM and the controller with the above parameters, we can get the
state responses of the system and packet-releasing instants, as shown in Figure 4, from which
one can get the data-releasing’rate(n) and the maximum number of continuous packet loss (/)
are 0.19 and 19, respectiyely. Thetotal releasing number (TRN),  and [, are listed in Table
1 for 7 different thresholds, from which one can see that, under the traditional ETM, a lower
data-releasing rate leads fo a larger maximum number of continuous packet loss. For example,
n 1s 0.095, and the’corresponding [, is 45 for 6 = 0.2.

Table 1: The results under the conventional ETM in [2]
0 0.01 0.02 0.05 007 0.18 0.20 0.26
TRN 165 121 89 76 45 38 35

n 0419 0303 0.223 0.19 0.113 0.095 0.088
In 6 9 15 19 39 45 51

The controller receives a small amount of data for a long period for a large RP, which may
destabilize the real NCSs. It is noted that, from the above analysis, the conventional ETM may
lead to a large RP, especially when the system approaches to stability. Next we will verify
the effect of the system under the proposed adaptive ETM. The results of TRN, r and /), are
listed in Table 2 by Corollary 1 with 6y = 0.205,a; = 0.05,8; = 1,@, = —=0.02, 2 = 0.5 and

13



State response of x(k)
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Figure 4: State responses of x(k) and the releasing instants under the ETM in [2] with § = 0.07

oy = 0.26. Selecting 5, = 1, one can obtain

K:[O.8398 2.16307=14.5458 —6.5126]

1.9994 4880 -31.2594 —13.6332
488014 122181 —79.8854 -35.0313 (37)

Q= —31.2594 "=79.8854 531.5943 234.8889
—13.6332 1-35.0313 234.8889 104.7517
Table 2: The results under the proposed adaptive ETM
B2 1 2 3 4
o(ks, 1) [0.01,0.23] [0.01,0.24] [0.01,0.25] [0.01,0.26]
TRN 49 45 46 43
n 0.123 0.113 0.115 0.108
In 20 21 22 22

Under the proposed ETM with the parameters in (37), one can get the responses shown in
Figure 5. The threshold is not a predetermined constant any more. It varies from 0.01 to 0.23
with 8, = 1. The mean data releasing rate is 12.3%. From Figure 5, one can see that the data
releasing rate during the disturbance period is obviously higher than that without disturbance.
Recalling to Table 1, /), is up to 39 when the data-releasing rate is close to 11% under the ETM
in [2]. Table 2 lists the results of 6(k), TRN, n and /), for 8 = 1,2, 3 and 4. The data-releasing
rate remains around 11% when the threshold 6(k) varies from 0.01 to 0.26. The TRNs are also
kept a relatively constant, while the TRNs vary from 35 to 165 under the conventional ETM.

From the results listed in Table 1 and Table 2, one can conclude that the data releasing rate
14
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Figure 5: State responses, the release instants and the threshold of the system with the parameters in (37)

can be significantly reduced by using these two ETMs.  However, compared to the conventional
ETM, the maximum releasing period can be constrained to a certain level by using the proposed

ETM. The reliability is consequently guaranteed.
Example 2: Consider a boiler-turbine systetr with the format of (2) , and the state matrices of

the inertial section and leading section are given as [13]

_ [0-6887 ‘0-0093] By = [0'8356],01 ~[o oo111],p, = [0.1],

4= 0.8356.°0.995) 04437
—0,03428-0.4364  ~0.0342 03425 ~0.0104
Ay =| 03425 06849 -0.0254|,B, =|02542|, By =| 0.0483 |,
[0.0542  0.8762 09899 0.1008 0.0851

¢;=10,0 0.1],D, =[02]
The stochastichonlinear functions are given as

S0 = |3 10,131 G (6) + 0. Lia(yvah)]
0.2]
(k) =[0.2]1[0.1x1(k)v (k) + 0.1x,(k)v,(k)]
[0.2]

where v; represents the mutually uncorrelated Gaussian white noise sequences with E{v;(k)} =

0,E{(v*(k)} = 1 for (i =1,2).
The actuator failures are considered in this case, and the corresponding parameters are
Y; = 0.5, o7 = 0.5 for i = 1,2,3. The networked cascade control strategy is used in this

15



example. From Theorem 2 with a; = 0.05,8; = 1,a;, = -0.02, 8, = 1,4 = 0.2, o = 0.288,
p =05,d =1,d, =3 and y = 1, we can get the reliable controllers and the corresponding
parameter of ETM as

Ky =107 x[0.1281 —0.1594],
Ky =[-1.1068 -2.4944 -1.5626],
0.3993 0.0288]

(38)

_ -3
@=10 X[o.ozss 0.0123

The controller of the system without actuator failures is called the standard-€ontroller. By
Theorem 2, the standard controllers and the corresponding parameter of ETM can be obtained
as follows

K, =107 x [0.2366 —0.5679],
Kzz[—1.5872 —4.4631 —3.9180],

0.3205 0.0327
0.0327 0.0125

(39)
Q=10"3x [

-

5 5 T T

(0]

g KL
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8
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o Time (s)

o

"’6 1 T T
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Figure 6: The boiler-turbine system subject to actuator failures using the reliable controller in (38)

Assume the initial states are x;(k) = [0.2 0.3]" and x,(k) = [0.2 — 0.1 —0.3]7, and the
external disturbance w(k) = 2e"'%5in(0.5k). Figure 6 depicts the state responses of the CC
system with the reliable controller in (38). Obviously the state response of the inner loop is
much more sensitive to the disturbance than the one of the outer loop. Therefore, it is more
reasonable for this case to use the CC strategy to reject disturbance. From Figure 6, one

can see that a large amount of sampling data (about 81.3%) are discarded under the proposed
16



adaptive ETM, while the maximum number of continuous packet loss is 16. Figure 7 shows the
responses of the case for the system with actuator failures while using the standard controller
in (39). Clearly, the system is unstable under this scenario. It manifests that the proposed
method is effective for the system against the stochastic actuator failures.

1000 T T

1

500 r b

State response of P

-500 . .
0 50 100 150
Time (s)

10000 T T

State response of P2

0 —_— Jf‘v"k\,‘w"v&-}, .J'%, -»\VVAV

-5000 .
0 50 100 150
Time (s)

Figure 7: The boiler-turbine system subjectito actuator failures using the standard controller in (39)

5. Conclusion

In this paper, an event<triggered control problem has been investigated for a class of NCCSs
subject to stochastic disturbanees and actuator failures. A novel adaptive ETM has been devel-
oped. Under this propoesed adaptive ETM, a low the data-releasing rate can be got to save com-
munication and computation resources. Meanwhile, a large RP can be avoided, thereby making
the system mere reliable than the one under the conventional ETM. Furthermore, stochastic
disturbances and actuator failures are taken into account in modeling cascade control systems.
Finally, two examples are given to illustrate the effectiveness of the proposed method. The
state variables of CC systems are assumed to be measurable in this paper. Similar to [32] and
[33],.the method of output feedback control and predictor-based extended-state-observer for
nonlinear NCCSs will be investigated in future research work.
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