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ABSTRACT Nonlinearity is ubiquitous in practical industrial production, so this paper investigates the
problems of modeling, Hy, control and stabilization for a class of nonlinear networked cascade control
systems (NCCSs) under an event-triggered scheme, which makes the system have more practical application
value. Firstly, aiming at a kind of typical nonlinear system in industrial production, a new mathematical model
is established by adding networked cascade control system and event-triggered scheme. The collaborative
design method of primary and secondary controller parameters and event-triggered parameters is completed
utilizing linear matrix inequality (LMI). Secondly, based on ensuring its stability, combined with Hs,
control, the system’s disturbance is suppressed, making the system more universal. Finally, the feasibility
and effectiveness of the proposed method in the nonlinear networked cascade control system has verified by

a marine boiler liquid level cascade control system.

INDEX TERMS Networked cascade control systems, nonlinearity, event-triggered scheme, stability.

I. INTRODUCTION

Due to the sustained development and maturity of networked
control systems (NCSs) [1] in recent decades, it has received
widespread attention from scholars. It uses the network signal
to realize the control. Modularization, real-time control, and
the low cost of the system are its advantages. Therefore,
networked control systems have been applied widely in actual
industrial production. However, many papers ignore some
nonlinear terms when modeling based on the actual system,
such as: [1], [2]. The linear system constructed in this way
cannot be applied to most practical systems, and has a nar-
row application field. Therefore, when designing the control
system, it will be more practical to add the possible nonlinear
system in production.

Nonlinear factors are inevitable in industrial process con-
trol. Therefore, the research on nonlinear networked Control
systems has important practical significance. Many out-
standing scholars have made many achievements in theory.
On the one hand, the system model and stability are stud-
ied for the delay of network control. For example, in [2],
the network delay is defined as nonlinear to establish the
model. In contrast, in [3], the network delay is described
by the probability density function. In addition, some schol-
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ars have studied the generalized systems [4]. On the other
hand, in order to deal with different control objects, different
control methods are added, such as PID control [5], [6],
sliding mode control [7], [8], adaptive control [9], [10],
robust control [11], [12] and predictive control [13]. Accord-
ing to the other maintenance, or performance requirements,
observers [14] and filters [15] are designed. However, the
above papers are all aimed at the single closed-loop nonlinear
networked control system. However, the cascade structure is
rarely mentioned, so the cascade structure is added to the
nonlinear system in this paper.

Cascade control System (CCS) [16] is a kind of control
structure with unique advantages. When the primary loop
has a strong disturbance, the secondary loop can quickly
suppress the disturbance. With the primary loop, the system
can achieve the desired output. Networked cascade control
systems [17] combines most of the advantages of CCSs and
NCSs, which can eliminate the interference in the system
in time and quickly, and at the same time, improve the
efficiency of the system. However, the single closed-loop
structure of the networked control system is easier to study,
and the addition of the cascade structure further complicates
the model. That makes theoretical research very difficult.
However, the addition of the cascade structure makes the
model more complicated, making theoretical research very
difficult.
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Regarding the nonlinear term in the system, scholars have
studied a lot. Among them, the Lurie system is a widely exist-
ing nonlinear system. In Lurie system, the nonlinear system
is divided into two parts, one part is a linear time-invariant
system, and the other part is a nonlinear system that satisfies
the sector constraint, and its sector boundary can be selected
freely. In actual industrial production, the controlled index
changes nonlinearly due to the actual influence of various
factors. As long as the appropriate fan-shaped boundary is
selected, the Lurie system can be used for simulation. Since
1944, Lurie has proposed the system. Its research has been
in progress. For example, in [18], the state of the chaotic
Lurie system is estimated, and a new communication channel
is established and verified by Chua’s circuit. In [19], the
absolute stability of Lurie nonlinear systems with both sector
and slope constraints is studied. The paper [20] combines
Lurie system with networked control system, and gives the
stability condition. Furthermore, the paper [21] adds robust
control, and its stability is verified by simulation. However,
most scholars focus on the stability of the Lurie system
structure itself. Few people combine it with the networked
cascade control system.

On the other hand, over-saturated signals are more likely to
cause packet loss and disorder, which can lead to instability
of the control system. In order to reduce the transmission
frequency of the signal in the network, the event-triggered
control method [22]-[24] is proposed. When the signal is
filtered by the event-triggered controller, the signal that
is meaningful to the system control will be sent, which
reduces the transmission pressure of the network. How-
ever, under the conditions of some trigger controls, when
the time interval for detecting the system state is minimal,
it is easy to happen the unreasonable situation of trigger-
ing an infinite number of times in a limited time, that is,
the Zeno phenomenon [25], [26]. To this end, many schol-
ars have proposed a discrete state event-triggered condition
for defining sampling time [27], [28], thereby avoiding this
phenomenon. In addition, some scholars have proposed dif-
ferent event-triggered scheme to deal with some special sit-
uations [29]-[32]. In order to allow the control system to
operate stably, and avoid failures caused by network pres-
sure, the event-triggered scheme is also added. The selected
event-triggered conditions in this paper can avoid the Zeno
phenomenon.

In the process of industrial production, there will be control
links for specific indicators. Let this index stabilize at the
expected value, and the control system should have the advan-
tages of anti-disturbance, optimized resource utilization, and
easy maintenance as much as possible. For unavoidable non-
linear factors, idealized considerations sometimes cannot be
applied to actual production. This paper is based on a class
of nonlinear NCCSs, add an event-triggered scheme and
H control, completing the collaborative design of the pri-
mary state feedback controller and secondary one, and obtain
event-triggered parameters. The main contributions of this
paper are summarized as follows:
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1) To the best of our knowledge, few scholars combine
nonlinear term and event-triggered scheme with networked
cascade control systems simultaneously. This paper is the first
time to combine Lurie nonlinear cascade control system and
event-triggered scheme with networked control.

2) A new model which takes nonlinear terms and event-
triggered control is constructed. This model can describe
the actual industrial production process more closely and
practically. And the system has all the advantages of
event-triggered control and cascade structure.

3) In the presence or absence of disturbances, the co-design
methods of the primary and secondary controller parameters
and event-triggered parameters are obtained simultaneously.
It can be applied to industrial process control systems with
the same structure.

4) The event-triggered scheme and H, control of the sys-
tem is considered. The obtained results can be further applied
to the industrial production of this kind of nonlinear NCCSs
model.

The rest of this paper mainly describes the following con-
tents: In section II, the model of nonlinear NCCS is estab-
lished. In section III, the sufficient conditions of the system
without disturbance are obtained, and the co-design method
of controller parameters and event-triggered parameters is
given. In section IV, based on the previous section, we com-
plete the H, control with disturbance. In section V, a simula-
tion example of marine level boiler with nonlinear condition
is selected to verify the effectiveness of the proposed method.
Section VI is the conclusion.

Il. MODELING OF NONLINEAR NCCS

A control system configuration diagram is shown in Figure 1.
The event-triggered scheme is introduced into nonlinear
NCCSs. In the networked cascade system, the response speed
of the inner loop is fast and the communication channel
is short, so the network delay can be ignored. Therefore,
we construct a model in which the network is in the outer
loop. The secondary plant in the outer loop is regarded as
nonlinear. An event generator is added between the primary
sensor and the primary controller to decide whether to trans-
mit the new sampling signal to the primary controller.

u(f) C | () ) p, »2(0) P, ] »(

xa(f) x1(f)

2
Event @
Wl B9

generator

FIGURE 1. Configuration diagram of event-triggered controller of
nonlinear network cascade control system.

Py and P; are two plants. C; and C, are the primary
controller and secondary controller. Sy is the primary sensor
and §7 is the secondary one. A is actuator. It can be seen from
the figure that the output of P; is the input of Py, the output
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of Cj is the set value of C;, and the states of Py and P, are
respectively transmitted to C1 and C; through S and S».
First, consider the primary controlled object, as follows

Pl - {xl(t) = A1x1(t) + B1ya2(t)

(D
y1(1) = Cix1(t) + C3A@@).

x1(¢) is the state vector of the primary plant, y;(¢) is its output,
A(?) is a finite disturbance that satisfies the L, [0, 00). A1, B1,
C1 and C3 are known matrices.

Considering the following secondary plant, which is non-
linearity and can be described as

py . | 20 =f1®), x02(0) + B4AD) )
»2(t) = Coxa(t) + C4A(2).

xo(t) is the state vector of the secondary plant, and y,(¢) is

its output, f(x1(¢), x2(t)) satisfies Lurie system and can be

expressed as a linear system part and a nonlinear part, so the

secondary plant can be described as

. [ B5(1) = Ap(0) + Bun(t) + Baw(0) + By AW

y2(t) = Coaxa(t) + CaA().

In this formula, u;(¢) is the output of the secondary con-
troller, A,, By, B3, B4, Cp and C4 are constant matrices with
appropriate dimensions, and the nonlinear term w(¢) can be
expressed as —¢(¢, y1(1)). ¢(¢, y1(¢)) is piecewise continuous
on t and satisfies local Lipschitz condition on y;(¢), and
¢(t,0) = 0, then the following conditions are satisfied for
t > 0andy(?)

[p(1, y1(1)) = Niyi (D] [p(t, y1(1)) = Nayi (D] <0 (4)

where N, — N; > 0, that is, the nonlinear function satisfies
the sector area [Ny, N3], and N = N, — Nj, a special
constraint condition of the sector of the nonlinear function
can be obtained as

o7 (t, y1(1) [Ny1(2) — ¢(t, y1(£))] < 0. Q)

Considering that in practical application, the network gen-
erally exists in the primary loop. It is assumed that there is
no time delay in the secondary loop, and the time delay only
exists in the primary loop. The delay is time-varying and may
be larger than one sampling period.

In this paper, primary controller u(¢) and secondary con-
troller uy(¢) are state feedback controllers. Considering the
network transmission delay of the primary loop, it can be
expressed as

ui(t) = Kix1(txh)
up(t) = u1(t) + Koxo(t) (6)
t € [tkh+ i, tirrh + Tyt

where 7 is the time-varying delay and bounded in the net-
work communication.
Define a function 7(¢) which is

t— () € [tch, tr1h)
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where t € [txh 4+ Tk, tk+1h + Tr+1), then according to the
above formula, we can choose 7(¢) as

O<u =<t(®) < @)

where 1), denotes the upper delay bounds. It means for any
t € [txh + Tk, trs1h + Tk41), there exists the corresponding
() € [0, tar] to make ¢t — ©(¢) € [txh, tx+1h) hold.

Combine the event-triggered scheme with cascade net-
worked cascade control system, which will select the signal
according to the following conditions and send it to the
controller.

[x1 Gixh) — x1 (em)]T Q2 [x1 Gigh) — x1(teh)]
< ox{ (ikh)Qx{ (ixh) ~ (8)

where Q@ > 0,0 € [0, 1), x1(ixh) is the current sampling
signal at the moment of ixh, where ixh = th + jh, j =
1,2,---, and x1(#th) is the last signal sent at the time of
triggering # h.

Remark 1: Only when the transmitted signal x;(ixh) sat-
isfies inequality (8), the data will be sent to the controller.
Therefore, this can reduce the times of signal transmission
in the network. And the trigger condition (8) can effectively
avoid unlimited triggers in a short time, which means the
Zeno phenomenon can be avoided.

Remark 2: Tt is assumed that the system is completely
observable, and there is no data packet loss and mis-sequence.

Define ey (?) as the difference between the current sampled
signal and the last successfully sent signal, that is, e;(t) =
x1(ixh) — x1(txh). Therefore, the event-triggered scheme in
this paper can be obtained

et ()Qer(t) < ox{ (1 — T(1)Q1(t — T(1)) ©

where Q > 0,0 € [0, 1).

When the event-triggered scheme controller is applied to
the primary loop of the cascade control system connected
through the network, the closed-loop system corresponding
to system (1) and (2) can be expressed
x1(t) = Axi (1) + B1Coxa(t) + B1 C4 A(t)

X2(t) = (A2 + B2Ko)xao (1) + BoKyxy (1 — T(1))
+B2Kiei(t) + B3w(r) + B4A(1)

yi(1) = Cix1(t) + C3A(1) (10)

y2(1) = Coxa(t) + C4 A1)

ur(t) = Kixi(t — (1)) + Kiex(t)

ur(t) = u1(t) + Kaxo(1).

In order to design the corresponding controller, the follow-
ing lemma is needed.

Lemma 1 ([33]): For constant matrix X3 and symmetric
matrix X1, X with appropriate dimensions, then the inequal-

T
ity X1 X < 0, if one of the following two conditions is
X3 Xo

true
DX <0, Xi—X3X,'XJ <0,
)X <0, Xo—XIX;'X;<0.
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1Il. DESIGN OF NONLINEAR NCCS EVENT-TRIGGED
CONTROLLER WITHOUT DISTURBANCE

This paper analyzes the stability of the networked cascade
control system and designs the corresponding primary con-
troller and secondary one based on event-triggered control.
It is assumed that there is no disturbance, and we will give
the sufficient condition of stability for nonlinear NCCS (10)
in this section.

Theorem 1: For the known parameters o and 1y, and
the corresponding parameter Kj, K; of the primary and
secondary controller, if there exists matrices Y, W with
proper dimension and symmetric positive definite matrices
Z, P, Q,R, 2, such that inequality (11) holds

P11 P12 @13 Q14 P15 P16 P17
*  ¢on ¢3 0 0 ¢ @z
* * @3 @ O 0 0
* * * Qa4 0 0 0 [ <0 11
* * * * ©55 0 0
* * * * * Y66 0
L k k *k k % *k 077
where

@11 = PAy + AL P + PByK, + K] B3 P,
oo=CIBZ+Y, ¢n=7A1+A]Z+0,
¢13=PBKi —Y, o¢n=W",

03 =—-0-WI —W4+0oQ" +0Q, ¢uu=—-1m47,

034 = —tyW, @u=—1tyR, p15=PBK],
gss = —Q — QT
916 = PB3, ¢ =—CINT, ge5 = —2I,

¢17 = t()CIBIR, 927 = AR, 977 = —uR.

Proof: The Lyapunov function V(¢) is defined as fol-
lows, where P, Z, R, Q are symmetric and positive definite
matrices.

V() = Vi) + Va(t) + V3(1) + Va(0) (12)

where

t
Vi(t) = x] (1)Zx1 (1), Va(t) = / ()x{(s)Qxl(s)ds,
t—1(t

0 t
Vi(t) = / / il MRx (V)dvds,  Va(t)=x3 (H)Pxa(t).
—1(t) Jt+s

Taking the derivative of V(¢), we can obtain:

V(1) = Vi(t) + Va(t) + V3(t) + Va(t) (13)
where
Vi(r)
= 2x{ (1NZ(A1x1(1) + B1Caxa(1))
_ L ! T T T npT
= [2x] () ZA1x1(2) + 2x, (1)Cy By Zx1(1)]dv,
() Ji—z)

Va(t)
= x] (1)Qx1(t) — x] (t — T(1))Qx1(t — (1))
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t

1
=— [ (1)Qx1 (1) —x] (t— T (1) Qx1 (t — T (1))]dv,
() Ji—z(n)

V3(t)
= ()] (1)Rx1 (1) — /

t—1(t)

t
i (VR% (v)dv

t

= (%7 (OR[A1x1(1) + B1 Caxa(1)] — il (V)R (v)dv

t—1(t)
t

= % o [r(O)x{ (AT RA1x1 (1)

+22(t)x] (1)CT BY RA1x1 ()

+ t(txf (1) CT BT RB| Coxa (1) — t(1)i] (V)R (v)]dv,
Va(t)
= 2x; (P[(A2 + BaK2)xa(t) + BaKyxy(t — T(1))

+B2Ker(t) + Baw()]
= 2x] (1)(PA2 + PB2K2)xy(t) + 2x3 (1)PB2 K x1 (1)

—2xJ (1)PByK, / t

t—1(1)

4 2x (1)PByK ek () + 2x3 (1)PB3w(t)

= 2x1(1)(PAy + PB2K2)xa(t) + 2x1 (t)PB2K 1 x1 (1)
t

x1(v)dv

+2x3(1)(Y — PB2K) x1(v)dv
t—t(t)
t
+2x] (t — T ()W K1 (dv — [2xF (1)Y

t—1(t)
t
X / x1(v)dv
t—t(t)

+2x! (1 — T ()W x1(v)dv)
t—t(t)

+2xT (1)PBaKex (1) + 2x1 (t)PB3w(r)

= 2x3(1)(PA2 + PB2K2)xa(t) + 2x3 (1) Y1 (t)
+2x 1 (1)(PB2K) — Y)xi(t — T(2))
+2x{ (OW x1 (2 — (1))

t

t
—2xT(t — T(e)Wx1(r — T(1)) — [2x] ()Y / X1 (V)dv
t—t(t)
t
+2xT (1 — T ()W x1(vV)dv]
t—1(t)
+2x1 (t)PBaK ek (1) + 2x1 (t)PB3w(r)
t
_ ! [2x] (1)(PA2 + PB2K2)xa(t) + 2x1 (1) Y1 (1)

% t—1(1)

+2x] ()(PB2Ky — Y)x{ (t — (1))

+2x T OWTx1(t — ©(2)) — 2x] (t — T(2)) W1 (t — (1))
—2t()xd (1) Y (v) — 2t (0)x] (¢ — T(2)) W1 (v)

+2xT (1)PBaKex (1) + 2x1 (1)PB3w(1)]dv.

From the formulas (6), we can define

11(t) = ox] (t — T1(1))Qx1(t — (1)) — el (1)Qex(t) > 0.
(14)
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From the formulas (5), we can define
L(t) = —x] ()CTNTw(t) — wl ()Iw(t) > 0. (15)
Using (13), (14), (15), we can obtain
V(t) < Vi(t) + Va(t) + Va(t) + Vat) + 211(t) + 21 (2).
(16)
Define a matrix
craevy=1xl@) xF@) xIe— @) iT ) el () wlo)].

Separate this matrix in formula (16), and define ¥ as a
symmetric matrix, then we can obtain

t
Vi = —— [ 1@ mvew viav,
() Ji—1
e11 @12 913 —T(@®)Y PBK, PB;
* on WT 0 0 —CITNT
- *  x @33 —T(OW 0 0
* k% % —T(f)R 0 0
* ok % * —-Q-Qf 0
* ok %k * * =21
(17)
where

o1 = t(t)CI BYRB|Cy + PAy + AL P+ PByK> + K] BY P,
g1 = CIBIZ + v()CIBIRA, + 7,
o0 =ZA +ATZ + 0 + t()ATRA,,
o3 =—0-W' +W+0Q" +0Q.

913 = PBK| - Y,

According to Lemma 1, ¥ < 0 in Equation (17) is
equivalent to the following inequality (18).

Y11 P12 Y13 P14 @15 P16 P17
*  ¢n g3 0 0 @6 ¢
* * ¢33 ¢ O 0 0
* * * Qa4 0 0 0 [<0 (18)
* * * * ©55 0 0
* * * * * @66 0
| * * * * * * 077
where

@11 = PAy + ASP + PByK, + K] BA P,

Y12 = CZTBITZ +Y, @n=7ZA +A1TZ + 0,

@13 = PBaKy — Y, 003 = W7,
¢33:—Q—WT—W+UQT+O’Q, Q14 = —11Y,
@34 = —ty W, paa = —TyR, ¢15 = PByK],

pss = —Q—QT
¢17 = T()C3 B{ R,

916=PB3, p26=—C[ N, ge6=—2I,
¢7 = AR, 977 = —TuR.
Thus, if the inequality (18) holds, then the system (10)
is asymptotically stable in a given sector interval, and the
theorem is proved.

According to Theorem 1, we give the design method of
primary controller and secondary one of the system (10).
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Theorem 2: For the given parameters ¢ and 1)y > O,
if there are matrices of appropriate dimensions, W, Y and
symmetric positive definite matrices P, Z, R, Q, €2, such that
the following inequality (19) holds, then the system (10) is
asymptotically stable, and the expected gain matrix of the
primary controller can be obtained:

K| = 5(12‘1,
and the gain matrix of the secondary controller is
K>, = 5(2]371.
P11 P12 @13 P4 @15 Qe @17
¢ @3 0 0 ¢ @
¢33 ¢z 0 0 0

*

* *

* * * @ 0 0 0 | <0
* * * * @55 0 0

* * * * * @66 0

* * * * * * g7 |

(19)
where

g1 = AP+ PA] + ByXo + X) B}, @12 =PC]B{ + 71,

(pzz_A]Z—{—ZAl +Q ¢13—32X1 Y1, 623 = Wi,
G = —tuWa, Gas=—1tuR, ¢15=B2Xls

P55 = —Q — QT
(516 = B3’ ¢26 = _ZCITNT, @66 = —21’
@17 = twPCIBY,  §r = mZA], g7 = —uR.

Proof: Define a matrix I1 = diag{P_l,Z_l,Z_l,R_l,
Z=', I,R7'}. According to Theorem 1, pre- and post-
multiplying (11) by I1, so we can obtain

P11 P12 P13 P14 P15 P16 P17
*  ¢n ¢z 0 0 ¢ @27
* * @33 ¢ O 0 0
* * * Qa0 0 0 | <o,
* * * * @55 0 0
* * * * * P66 0

| * % * * * * 077 ]
(20
where

= AP+ ATP 4+ Boko P! + PTIKBT
@12 =P CTBT +pPlyz
g =AMz 4+ z271AT 42710z 7,
G13 =BKiZ' =P\ Z7' G
G3=—-2"'0z7' —z7'wyz7t -z~
+oz 'z ' oz TQz T,
Gru = —tZ 'WR™,

=7 'wyz71,
TWITZ_T

G4 = —tyP'YR7Y,
—1

@44 = _TMR )
Pis = BoKiZ7', ¢ss=—z"'Qz ' —z71QTz7!,
@16 = Bs,
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—77'CINT, ges = =21,  G17 = P~ ' CI BT,

@26 =

~ —1 4T ~ —1

@1 =MZ Ay, @1 =-—TMR.

_ Define P =~P_1,I~€ = ~R—I,Z =z
0 = z70770% = KiZhX = KPLQ =
z7 'z 'y, = pPlvyz7Ly, = Plyrlw =

z7'Wz=, Wy =z7'WTR!,

If there are matrices P, Z, R, Q, 2, W, Y with appropriate
dimensions, so that the inequality (19) holds, then the system
(10) is asymptotically stable, and the expected gain matrices
of the primary controller and secondary controller are K| =
X1Z~V and K» = X,P~!, respectively. This completes the
proof.

Remark 3: Scholars have completed the work of only con-
sidering event-triggered control or only considering nonlinear
systems, but these two problems are considered in networked
cascade control system in this paper. The above part considers
the stability of the system without disturbance. But zero
disturbance is a special case of disturbance. Therefore, when
the disturbance is not constant zero, the specific influence of
the disturbance on the system should be considered.

IV. DESIGN OF NONLINEAR NCCS EVENT-TRIGGED
CONTROLLER WITH DISTURBANCE

In the previous section, we studied the sufficient condition
of stability for nonlinear NCCS (10) without disturbance.
We presented sufficient conditions for system stability and
the controller design method through Theorem 1 and Theo-
rem 2. This section will study the stability problem and H,
control of NCCS (10) with disturbances.

Under the zero-initial condition, if the constant y > O,
the output of the primary controller y|(¢) and the disturbance
A(t) satisfy the Hy, norm bounded constraint ||y;(¢)|l, <
y||A(t)]]2, and A(t) boundary satisfies the L, norm bounded,
that is, A(t) € L»[0, 00). It ensures that the system (10) is
stable under the H, performance index y.

Using calculation methods such as Theorem 1 and The-
orem 2, we can obtain sufficient conditions and controller
design methods for system stability in the presence of distur-
bances. The corresponding theorem proposed is as follows.

Theorem 3: For the known parameters o, 7y and y >
0, and the corresponding parameter K, K>, of the primary
and secondary controller, if there exists matrices Y, W with
proper dimension and symmetric positive definite matrices
Z,P, Q,R, , such that inequality (21) holds

(011 912 913 @14 @15 @16 917 @13 0
* o0 93 0 0 @6 @27 @28 @29
* ¢33 934 0 0 0 0 O

* o4 0 0 0 0 O
oss 0 0 0 0 |<0, (D

* K K X K ¥ *
* K K X X K

* ok
* % *x @e 97 0 0
* ok ok ok Q77 Q78 @79
¥ ok x % % ¢@gg O
ko k k% ok ok Qg9 |
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where

@11 = PAy + AJP + PByK, + K] B} P,

oo =CIBlZ+Y, ¢n=7A1+A1Z+0,
913 = PByK; - Y,

=W, ou=-0-W -W+oQ" +oQ,
14 = —tY, @3 =—wW, g = —tyR,
¢15 = PBK;,

pss = —Q2— Qg6 = PB3, 926 = —C{ N,
we6 = —21,

17 = PBs, ¢y =ZB\Ca, 76 = —NC3, 77 = —y°l,
¢i18 = i Cy B{ R, @ =TmA[R, ¢738 = C]BR,
ogg = —mR, 9 =C[, p19=C1, poo = —1.

Proof: Due to the addition of disturbance, the equal-
ity (14) can be rewritten as

L(t) = —x] ()CTNTw(r)
—wl(ONC3A®) — wl (OIw() > 0. (22)

Select the same Lyapunov function as in Theorem 1 and
derive it, where P, Z, R, Q are symmetric matrices and are
positive definite matrices.

V() < Vi(t) + Vat) + Vat) + Va(t) + 21,(t) + 20(7).
(23)

For the system (10) with disturbance, define a function
o
J = / ECO RSN ONGY
0
Assuming y] ()y1(1) — Y2 AT (AW + V() = &l Y&,
then for all nonzero matrices &, if y > 0, then we can obtain

J < é}kT Y &. Define U as a symmetric matrix, according to
formula (22), it can be rewritten in the following form

J = /0 [T om© =y aTOaw + V) |
- /Oo V(t)dt
0
= / T (1, v)WE(r, v)dt — V(oco) + V(0).  (24)
0

The inequality ¥ < 0, and can be described as

Y11 P12 P13 Q14 P15 Ple P17
*  ¢n 93 0 0 o6 o
_ * * ¢33 ¢ 0 0 0
U= x * * V44 0 0 0 |<0,
* * * * ©s5 0 0
* * * * * Y66 P67
| * * * * * * ®77 |
(25)
where

@11 = t(t)CI BYRB|Cy + PAy + AS P+ PByK> + K BI P
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g2 = CIB]Z + t1()CI BT RA| + Y,
00 = ZA1 +A]Z + Q + t(HA] RA, + CT ¢y,
¢13 = PB2Ky — Y,

§023:WT’ ¢33:—Q—WT+W+UQT+GQ,
o1 = —wvY, @ =-—-wmW, p1a = —yR,
¢15 = PBKq,

pss = —Q — QT ¢16 = PB3, 26 = —CI N7, gg6 = —2I,
17 = ©(t)C; B] RB1C4 + PBu,

@27 = ZB1Cy + t()ATBTRC, + CT G5,
@77 = 1(1)CIBTRB Cy + CT C5 — y2I.

According to Lemma 1, the inequality ¥ < 0 can be
transformed into the following inequality

[ 11 912 913 014 @15 P16 P17 P18 0 ]
* o0 w3 0 0 @6 w27 928 029
* % @33 0 0 0 O O

* o4 0 0 O O O

* % @55 00 0 0 | <0, (26

* %
* %

¥ k% k% e e 0 0
¥ ook ko ok % Q77 Q78 979
* %k % x sk % *x @gg O
* % ok ok ok %k % % @99

where

@11 = PAy + AS P+ PByK> + K) BA P,
e =CIBIZ+Y, ¢n=7A+ATZ+0,
13 = PB2K1 -7,

p3=—-0- W' -
o4 = —tmY, w34 = —tyW, @aa = —tmR, 915 = PB2K],
pss = —Q—QT, @16 =PB3, 26 =—C[NT,

g = W7, W+oQl +0Q,

Yoo = —21,

@17 = PBs, ¢y = ZB\Cy, 961 = —NC3, @77 = —y°I

¢18 = Ca BIR, 25 = tMA] R, 973 = tuC{ BI R,

pss = —uR, 90 =Cl, 19 =CI, o9 = —I.

Since U < 0 and V(0) = 0 under zero initial condi-
tion, and lim;—o V(#) > 0,J < 0 is verified by LML
This means that the system (9) has an Hy, performance
index y. As a result, if the inequality (25) is true, then
the system (9) is asymptotically stable in the known sector
interval.

According to Theorem 3, we give the design method of the
primary controller and secondary one of the system (9) with
disturbance.
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Theorem 4: For the given parameters o, Tyy > Oandy > 0,
if there are matrices of appropriate dimensions, W, Y and
symmetric positive definite matrices P, Z, R, Q, €2, such that
the following inequality (26) holds, then the system (10) is
asymptotically stable, and the expected gain matrix of the
primary controller can be obtained

K| = f(lZ‘l ,
and the gain matrix of the secondary controller is

Ky, = 5(2?_1.
P11 P12 P13 P14 P15 P16 P17 P15 O

* @0 ¢33 0 0 @ P27 P28 P29

x % ¢339 0 0 0 0 O

x x *x ¢ 0 0 0 0 O

x x x x @5 0 0 0 0 | <0,
k& % x k@ g7 0 0

koox ok x ok x 077 @18 @79

* ok ok x % *k x @gg O

¥ ok ok k% x k k% Qo9 |

(27

where

$11 = AP + PAY + B X, + XTBY,

P12 = PCZTBIT + ?1, %3 =A1Z +ZA1T + Q,

g13 = BoXy — 11,

@23 = W1,¢33 = —Q— Wl — WIT +O’§2+O’§2T,
@34 = —tuWa, Gas = —TuR,
G15s = BoXy, @55 =—-2—Q", §16 = B3,
Gr6 = —ZCI N, Go6 = —2I,
17 = Ba, @27 =B1C4, @67 =
G138 = tuPCY BT, Go3 = tuZAT, G713 = ty C{ B] |
Pss = —tuR, G0 =Cl, G10=C1, Gog = —1.

Proof: Define a matrix I1 = diag{P~, 2=,z R,
Zz='1,1,R™", I}. According to Theorem 1, pre- and post—
multlplymg (25) by II, and define: P = P~', R = R7!,
Z =21 Q_zlgzlxl —K121X2=K2P1
G =zlQz ¥ = Plyz T, = PIYR W =
zZlwz-1, Wg = Z1WTR™! Then, if there are matrices
P,Z,R, Q, 2, W, Y with appropriate dimensions, so that the
inequality (26) holds, then the system (10) is asymptotically
stable, and the expected gain matrices of the primary con-
troller and secondary one are K; = X 1Z and K, = X2P 1
respectively. This completes the proof.

Remark 4: The consideration of nonlinear terms will make
the system more universal. The addition of event-triggered
scheme will significantly reduce the burden of the network.
The cascade structure of the system can quickly restrain the
disturbance in the loop. Finally, adding H, control to make
the system more suitable for practical production. Next, the
effectiveness of the above design method will be verified by
a simulation example of a marine boiler liquid level cascade
control system.

P14 = —Ty Y2,

—~NCs, §77 = —y*1,
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V. SIMULATION EXAMPLE

Nonlinear systems are ubiquitous in industrial production
with cascade structure, which is of practical significance.
And nowadays, many cascade systems are connected through
the network. In this paper, we choose a marine boiler liquid
level cascade control system model, use the linear matrix
inequality method to design the primary and secondary con-
trollers, and verify the feasibility of the design method.

Reference
[ ) [ |water level

v

FIGURE 2. Marine boiler liquid level cascade control system.

As shown in fig. 2, C; and C; are primary and secondary
controllers, and S1 and Sy are corresponding sensors. The
primary loop adjusts the steam valve’s water supply pressure
difference control loop according to the pressure difference
before and after the water supply valve. According to the
water level deviation, the secondary loop adjusts the water
level regulation loop of the water supply valve. The given
value of the water level is input. In order to facilitate the
calculation, the given value is set to 0. The steam regulating
valve is used as the primary plant Py, and the water pump unit
is the secondary plant P;.

In this paper, the nonlinear function is selected as: w(t) =
y1(t) 4 sin(y;(¢)). Assume that 7y = 0.25s, 0 = 0.2, The
initial conditions of the system are

a0 =[1-1]", no=[1-1]".

The known matrices parameters in the model can be
described as follows

[ —0.3667 —0.3 -12
A= 1 0 } Azz[lo]
1 1 —0.5
B = 0}, Bz=[0], 33=[_021|,
0.02
Ba = _0.05]’
Ci=[0011], C=[001], C3=-03,C4=02.

A. FOR NONLINEAR NCCS WITHOUT DISTURBANCE
When there is no disturbance, the matrices B4, C3 and Cy4
are all zero matrices. According to Theorem 2, the feasible
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solution is obtained by using MATLAB/LMI toolbox

5 [145.8903 —4.1333 5 [ 0.8926 —0.6837
| -4.1333 —0.1545 |° 7| —0.6837 22769 |’
& _ [ 02508 —0.2579
~ 1 -02579  0.7091 |’
X; =[04183 —0.2769],
X, =[—384.8342  12.0015].

The gain matrix of the primary controller and secondary
one can be obtained according to the K; = X;Z and K> =
XoP

K, = [0.4183
Ky = [—2.7527

—0.2769],
—4.0456 ] .

In addition, the event-triggered parameter can be obtained
as follows

0.0729

03384
@= [ 0.1500

0.0729:|

The sampling period is iz = 0.2s. According to Theorem 2,
the trigger matrix €2 is obtained. Out of 200 sampled signals,
only 54 sampled signals are sent to the primary controller.
In addition, the average signal sending interval after adding
event-triggered can be calculated to be 0.7370s. It can be seen
that the addition of event-triggered controller can filter the
signals and save the network resources. Figure 3 show the
state response of the system’s primary and secondary loop,
and Figure 4 shows the signal transmission interval.

State response

0 5 10 15 20 25 30 35 40
Times(s)

FIGURE 3. The state response of system without disturbance.

It can be seen that the system reaches a stable state at 40s.
It indicates that the primary loop reaches the steady-state at
40s, and the secondary loop reaches the steady-state at 25s.
Therefore, it can be proved that the design method proposed
in this paper is feasible.

The above-described controller design methods in such
cascade control systems can be obtained the feasible solutions
directly, thereby avoiding the traditional methods of experi-
mentation. For example, literature [34], in order to find the
optimal gain of the controller, it is tested repeatedly in a range.
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o
o

The release instants and release interval

0 5 10 15 20 25 30 35 40
Release instants(s)

FIGURE 4. The release instants and interval without disturbance.

If using the design method in this paper, the result can be
obtained directly, and the controller gain can be accurate to
4 decimal places.

B. FOR NONLINEAR NCCS WITH DISTURBANCE

The disturbance of the system mainly comes from the external
disturbance caused by the sudden change of the controlled
value and the change of the working environment during the
operation of the system.

Irregular changes in the controlled value of the system
itself can be included in the nonlinear term. So we assumed an
external disturbance to impact the system to verify the stabil-
ity and the constraints of Hy, control on system disturbance
is proved.

Alr) = sin(t), 3 <t 5 10
0, otherwise.

Setting tyy = 0.25s,0 = 0.2,y = 3. According to
Theorem 4, the following matrix can be obtained

B[ 195422 —8.9235]
T | -8.9235  9.0744 |
5 _ [ 12459 —0.9594]
~ | -0.9594  3.6266 |
o _ [ 02504 —0.2574]
~ | -02574 07292 |
X; =[-0.6709 —0.5821],
X, = [—22.9306 —13.3143].

The gain matrix of the primary controller and secondary

one can be obtained according to the K| = }~(1Z and
K> = X, P as follows

K| = [—0.8315 —0.3805],

Ky =[-3.3457 —4.7573].

In addition, the event-triggered parameter can be obtained
as follows

0.0265

0.1679
@= [ 0.0577

0.0265 :|
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The sampling period is # = 0.2s. According to Theo-
rem 2, the trigger matrix €2 is obtained. Out of 200 sampled
signals, only 40 sampled signals are sent to the primary
controller. In addition, the average signal sending interval
after adding event-triggered scheme can be calculated to be
0.9950s. Figure 5 show the state response of the system, and
Figure 6 shows the signal transmission interval.

x11(t)
x12(t) | 1
x21(t)
x22(t) | 4

-0.2

State response

0.4 H

-0.6

-0.8

0 5 10 15 20 25 30 35 40
Times(s)

FIGURE 5. The state response of system with disturbance.

N
3

IN)
T

The release instants and release interval
(5]

o
o (9]
==

0 5 10 15 20 25 30 35 40
Release instants(s)

FIGURE 6. The release instants and interval with disturbance.

The nonlinear system model with disturbance is more
suitable for practical industrial production. If it is a simple
nonlinear system, the system will be fragile when applied
to practice. For example, the [35] does not consider the
influence of disturbance, so it has certain limitations.

Remark 5: We can see that the system can obtain sufficient
conditions for stability after considering nonlinearity. More-
over, the simultaneous addition of event-triggered mechanism
and Hy, control can make the system resist disturbance to a
certain extent while saving network resources.

VI. CONCLUSION

Considering the needs of practical industrial production,
based on a class of nonlinear systems and event-triggered
scheme, the primary and secondary controllers of NCCSs
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have designed in this paper. The method is applied to a
liquid level of marine boiler control system, which is con-
nected through the network. This is the first time that
the event-triggered scheme is added to the Lurie nonlinear
networked cascade control system, and the event-triggered
scheme can avoid Zeno phenomenon based on reducing the
burden of network bandwidth. A new model of the net-
worked cascade control system is established, and the collab-
orative design method of primary controller and secondary
one parameters and event-triggered parameters is completed
through Lyapunov theorem and linear matrix inequality. Then
add H, control to effectively suppress the extra disturbance
in the nonlinear system. Finally, an example of a marine
boiler liquid level cascade control system is used to verify the
stability of the system and the optimization of the utilization
rate of network resources. Explains the feasibility of this
method.
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