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Adaptive Decentralized Event-triggered Tracking Control for Large-scale
Strongly Interconnected Nonlinear System with Global Performance

Wenjing Yang, Jianwei Xia*

, Xiaoxiao Guo, Miao Yu, and Na Zhang

Abstract: In this paper, an adaptive decentralized event-triggered global performance control of a class of large-
scale strongly interconnected nonlinear systems with external disturbances is investigated. Firstly, the original per-
formance constrained large-scale nonlinear system is transformed into an equivalent unconstrained nonlinear large-
scale system by barrier function transformation. Secondly, the additional assumptions of interconnect terms such as
upper bound function and matching conditions are eliminated by using the inherent properties of Gaussian function.
In addition, an event-triggered mechanism is designed to reduce unnecessary transfers between the controller and
the actuator for better resource efficiency. It is shown that the proposed control schemes guarantee that all signals
of the closed-loop system are bounded, and the output tracking error is always kept within the given boundary.
Finally, a numerical system and a mass-spring damping system are taken as examples to verify the effectiveness of

the proposed control method.
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1. INTRODUCTION

In the past few decades, the decentralized control of
large-scale nonlinear systems has attracted handsome at-
tention. Compared with centralized control, decentralized
control is a control mechanism that only needs local sig-
nals to construct controller, which can simplify the con-
trol process and reduce the amount of calculation. Many
important results have been achieved in the decentralized
control of large-scale nonlinear systems, such as [1-5].
However, the above control methods have certain limita-
tions in that the uncertain nonlinearities in the system are
either certain linear functions with unknown parameters or
scoped by known nonlinear functions. To remove the con-
straint, adaptive decentralized control methods using neu-
ral networks [6-8] or fuzzy logic systems [9-11] to identify
unknown nonlinear functions have been widely studied.
In [6], the decentralized output feedback control mecha-
nism of adaptive neural network was proposed for uncer-
tain large-scale interconnected nonlinear system with non-
constant control gain. In [10], an improved fault-tolerant
controller was constructed by using fuzzy control for a
class of nonstrict-feedback nonlinear systems with actua-
tor faults, which ensured that all signals in the closed-loop
system are semi-globally finite-time stable.

On the other hand, adaptive event-triggered control

for nonlinear system has attracted extensive attention.
Different from traditional time-triggered control, event-
triggered control is a control mechanism that applies the
controller output to the system only when the system
needs it. It can effectively save communication resources
and reduce communication burden. Lately, some adap-
tive event-triggered control schemes have been proposed
by combining fuzzy and neural network approximation
methods with backstepping techniques for nonlinear sys-
tems with different triggering mechanisms, see [12-19].
A fuzzy adaptive finite-time event-triggered control strat-
egy on the basis of variable threshold scheme was came
up with in [12] for a class of stochastic nonlinear systems
with unmodeled dynamics. In [16], a new adaptive event-
triggered mechanism was contrived for a class of uncer-
tain strict-feedback nonlinear systems such that the con-
troller and parameter estimators were triggered simultane-
ously. However, the above control scheme cannot be em-
ployed to control the transient behavior and steady-state
performance of the system. In many practical applications,
in addition to tracking stability, we often need the track-
ing performance of the system to meet our predetermined
constraints, and require the system to achieve the desired
steady-state tracking accuracy.

Recently, predefined performance control (PPC) tech-
nology has attracted wide attention once it was proposed
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in [20]. This method deals with predefined performance
constraint by drawing on prescribed performance func-
tions (PPF) and constructing error variations, see [21-28].
In [23], an adaptive predetermined performance control
manner was proposed for a sort of uncertain nonlinear
systems with unknown actuator faults and gap nonlinear-
ity simultaneously by using command filtering theory. In
[26], an adaptive prescribed performance controller was
designed by utilizing backstepping technique for a cat-
egory of strict-feedback nonlinear system with zero dy-
namics, which can ensure that the tracking error always
evolves within the performance constraints and converges
asymptotically to zero. However, the control methods de-
scribed above depend on initial conditions and are semi-
global results. To remove the constraints on the initial
condition, Zhao et al. [29] proposed an improved prede-
fined performance tracking control method, which make
the tracking error not only evolve in a predefined fun-
nel, but also achieve global asymptotic stability. However,
as far as the authors know, there are few research results
on event-triggered tracking control for nonlinear intercon-
nected systems with global performance constraints. This
is what drives our research.

Based on the above discussion, this paper will study
the problem of adaptive event-triggered control for a cate-
gory of large-scale nonlinear strongly interconnected sys-
tems with global performance and external disturbance.
The main contributions of this article are as follows:

1) Compared with the based-PPF predefined perfor-
mance control in [24-28], where the requirements on
initial conditions are relaxed in this paper such that
the initial value of the proposed prescribed function
is infinite instead of a bounded constant

2) Compared with existing control of large-scale in-
terconnected systems [6-11] in which the intercon-
nection term is constrained by a known or partially
known function, the proposed decentralized control
scheme in this paper removes such conditions, and
thus successfully handles the completely unknown
strongly interconnection term.

3) Compared with the results of [20-23], an event-
triggered controller is designed by using neural net-
work system, event-triggered mechanism and back-
stepping technique, and the proposed controller can
effectively reduce the transmission burden between
the controller and the actuator, and greatly save com-
munication resources.

The rest of the work is arranged as below: In Section
2, the preliminary knowledge and system statement are
shown. The dynamic event-triggered scheme is designed
in Sections 3-5. The effectiveness of the proposed method
is demonstrated by the simulation results in Section 6. Fi-
nally, concludes this study in Section 7.

2. PROBLEM FORMULATION

In this paper, we consider a class of large-scale nonlin-
ear systems with nonstrict-feedback structure, which con-
sists of N interconnected subsystems, the ith subsystem
(i=1,...,N) can be modeled as follows:

Xij =i+ fij () + i, oow) + i (1),
Xing = Ui+ fin, (Xi) 4 Gin, (X1, -+, Xn) +din (£), (1)

Yi = Xi1,

where j =1, -, m;— 1, x; = [xi1, ..., Xi,]T € R", u; €R,
Yi€R,i=1,..., N represent the system state vector, input
and output respectively. f;;(x;) : R" — R is an unknown
smooth function. gij(x17--~ ,Xy) is an unknown smooth
function representing the interconnection between the ith
subsystem and other subsystems. d;;(f) is an external dis-
turbance.

Below we will give some theorems and assumptions to
facilitate the subsequent research:

Assumption 1: The desired trajectory y, (i =1, ---,
N), and its n;-th derivatives are known, bounded, and
piecewise continuous.

Assumption 2: External disturbances d;;(r) satisfying
|dl(t)| SEU (2)

Assumption 3: There exist ideal constant weights 6%,
such that |6| <G with unknown constant G for all X € Ax.
Next, we introduce the basic work of NNs. Radial basis
NN is a linear parameterized neural networks, which can
be expressed as
fun(6,X) =0"W(X), S
where X = [X, ---, X,,] C R" is the input vector, n; is
the input dimension of the NNs; 8 = [0y, ---, 6] C R
is the weight vector of NNs, / > 1 is the number of
nodes of NNs; W (X) = [W;(X), -+, Wi(X)]T is the ra-
dial basis function vector, W;(X) is the basis function,
which usually selected as a Gaussian function W;(X) =

exp —%},whemi: Lo, 1, @ = [y, -,

®,,] is the center of the basis function and p; is the height
of the Gaussian function.

Lemma 1 [6]: f(X) be a uncertain continuous and
smooth function defined on a compact set Ay, for any
given constant o, there exists a neural network system
such that

FX)=60"W(X)+0o(X), )

where 0" = argmin { sup |f(X)—6"W(X)|} is the opti-
OCR! XCAy

mal weight. ¢ represent the minimum approximation er-
Tor.
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Lemma 2 [30]: For X, = [xq, -+, x |7, the basis func-
tion vector of a radial basis function neural network is de-
fined as W(x,) = [Wi(X,), ---, Wi(%,)]". When any posi-
tive integer k < g, the following inequality holds

WT (5, W (5,) < W7 ()W (5). ®)

Based on the above assumptions, the control objective in
this paper is to design a event-triggered controller u; for
system (1) such that

1) All signals of the closed-loop system are bounded.

2) The tracking error always evolves in a predetermined
performance region.

3. PRESCRIBED PERFORMANCE FUNCTION

To achieve the control objective, we construct the fol-
lowing performance function

V(1)

where A; is a designed constant, % (1) = ﬁ. (1) is
a monotonically increasing function, and its derivative
(pi(k> (t), k=0,1,---,n; is bounded and piecewise con-
tinue. The initial of ¢;(¢) is defined as ¢;(0) = 1 and
lim (1) = %{, 0 < @, < 1 is a constant. Thus, %(t) is a

Il(%(t)): ,lil,,N, (6)

strictly monotonically decreasing function, %(0) = 1 and
lim () = @,. According to (6), I;((¢)) is a monotoni-
—o0

cally decreasing function with respect to time, i.e.,

1(%(0)) = I(1) = oo, )
lim 1;(y(1)) = Ii(@;) = \/@

1-9?

l

Remark 1: Compared with PPF in [28], the initial
value of the prescribed performance function Z;(¥;(¢)) pro-
posed in this paper is infinite instead of a bounded con-
stant, which loosens the requirements on initial condi-
tions.

If 4; is chosen as A; = 1 — @7, then tliml,-(y,-(t)) =0,
—yo0

The prescribed region is defined as the set

Fy = {(t,e:) ER"XRY | i(=%(1)) < ei < Li(7(1))},
(M

where i =1, ---, N, ¢; = y; — yg, is the tracking error. The
trajectory of tracking errors under predetermined perfor-
mance boundary is shown in Fig. 1. From Fig. 1 we can
see that the performance function [;(¥;(¢)) converges from
infinity to a bounded constant. The second control objec-
tive can be achieved if we can design an controller so that
the tracking error evolves within the performance region,
ie., (t,e;) € Fy, V> 0.

Expecting tracking error
—1I(y(1))
-—-—1(v(#))

Fig. 1. A diagram of the prescribed tracking behavior.

To achieve the control objective, we define the follow-

ing error transformation

€
() = —F—- )
( ) A+ 61‘2

Remark 2: We know from (8) that @;(e;) is a strictly
monotonically increasing function, and @;(e;) € (—1,1),
for e; € R. Thus, if @;(e;) is bounded, then ¢; = avh_ g

\1-o?
bounded.

4. EVENT-TRIGGERED CONTROLLER

In this section, an event-triggered controller is designed
for system. Using the definitions of ¢;(¢) and @;(e;) given
in Section 3, we define the following function

Ui(1) = @:(1)@; (). ©)

To eliminate the effect of performance constraints, the
following barrier function is adopted

Y;
11—

1

zi (1) = (10)

From the expression of z;;(r), we can see that as long
as initial condition |%;(0)| < 1, the properties z;; () — +oo
< 0 — +1,71(t) > —0 & ¥; — —1 are obtained. Thus,
in the initial condition |9;(0)| < 1, z;; (¢) must be bounded
as long as 1; is bounded.

Remark 3: If there is a constant & such that |%(¢)| <
& < 1, according to (9) and the function @;(e;), it can be
inferred that
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Thus, from (8) and the properties of the function I(7;), we
have

I(=(t)) <I(@;) = e; <I(%(t))-

Based on the above analysis and Remark 3, we use the
barrier function to transform the system with performance
constraint into an equivalent unconstraint system. Hence,
as long as we can assure that ©;(¢) is bounded, the track-
ing error will evolve within a predetermined performance
range under the initial condition |9;(0)| < 1.

Now, we give the recursive design by the following
steps.

Step i, 1: Define error transformation as follows:

_ b
Zil = 1719’_27 (11)
Zij =Xij = Ojo1, J=2, o, ny,

where og;_; is the virtual controller. To develop a
backstepping-based design procedure, we define a con-
stant as follows:

& = max{|| 6; |*,-

’}. (12)

From (6), (9) and the definition of z;;, we obtain the deriva-
tive of z;;

= 0,

zin (1) = N (¢:@; + @;0;)

= N @;0; + YNt Nioé;
= Mir + M2 (i1 +2i2 — Vg, + fir (xi)
+din (1) + g (x1,-+,xn)), (13)
where
1+ 07

N = m,
T2 s (ited)
Hit = N1 @i 0;,
Uiz = @iNi1 Niz-

Select the following Lyapunov function candidates

Vii= 37+ —c?, (14)
where §; = ¢ — C, & is the estimate of §r,and r; is a

positive constant.
The derivative of V}; is

Vi = za (i + Mo (2o + 061 + fin + i (1)
1 ~x
+git(x1,x0,- - xn) —Va,)] — ;CiCi- (15)
1

Using Young’s inequality and Assumption 2, we have

1 1—
zitlipdi (1) < Eui221i21 + Edil' (16)

where d;; is a positive constant. Substituting (16) into (15)
yields

. 1
Vir < zi[Ma +I»li2(Zi2 + E.U«QZil + 01 +hin (Si))]

- *CzCHr a7)

2 lla

where ]’l,]( ) f, (X,)—Fg,]()ﬂ,)(z, 'xN)_yd,"Sil = [xlT,
x5, oo, xk, ya, ya]T. Since ki (Si) is an unknown func-
tion, we use a neural network to model the unknown func-
tion A;1 (Si1), and for o;; > 0, we can obtain the following

hia (Si) = 6, Wit (Si) + 01 (Sin), (18)

where |0;1| < Gy and G;; > 0 is positive constant. By uti-
lizing Lemma 2 and Young’s inequality, one can obtain
that

Zit iohin (Sin) = zi i [0 i Wir (St ) + 631 (Sit)]
[N P 1
< E“QZ[’I & Wi Wi + 2C
+ kg + 55 (19)
2 1 1 2 28]
where Wiy = Wi1(Zi1), Zin = [xi1, Ya, Ya,)" , and ¢;y is a pos-

itive constant. From (19), (17) can be rewritten

Vit < zit [ + M2 (zi2 + 01 + 5 S uzzmg Wi

G

i 2 2w T 2
2% (= MpzaWiWi — G
+“2“)]+r,-(2c21“2“ 1 Wi —G)
1, 1 S
+ 50i + 2611 + dil' (20)

Define the virtual controller ¢;; as follows:

o = — 7 2#;2&1@ 1Wu zllJiElZil
— Mipzin — M it 21

where [;; is designed positive constant.
Substituting (21) into (20), one has

. ri
Vit < —lnzj + Mpznzp + = & (2 z Wszh Wil Wiy

1
A+ d (22)

_Cl) 11+2 2

Step i, 2: Taking the derivative of z;,, we have

Zn =23+ O +dip (1) + fio(xi) — Gt

+gin(x1, X2, XN ), (23)
where
. eLorm : A0 (k+1) Aoy 3
01 = =%+ ), Ya, 5= Gi
axll —0 ay((;’() aCl
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805,
+Z 1 (k+1).
k= 08

The following Lyapunov function candidate Vj, is de-
fined

1
Vo=V + 52,22- (24)

Derivative of V;,, one has

Vio = Vit + 20 (0 + din (t) + gio (x1, %2, - - - xv)
+2i3 — O + fo(xi)). (25)

As the same of (16), we have

1 1—
Zdpp(t) < 5% n+ EdiZ' (26)

Substituting (26) into (25), it can be obtained

. . 1 1-
Vo <Vii+zn(Qip+ zzo+z3+hp(Sn)) + Edizz, 27

2
where hi(Si2) = fio (i) + 82 (x1,%2, - - Xn) — 61, Sip = ] ,
xb, oo, xh, va, ya]T. Since hip(Si) is an unknown func-

tion, we use a neural network to model the unknown func-
tion A, (S5 ), and for o;; > 0, we can obtain

hia(Si2) = 65" Wia(Si2) + 6:2(Sia), (28)

where |0j| < G and G, > 0 is positive constant. By uti-
lizing Lemma 2 and Young’s inequality, one can obtain
that

1_

1 1 1
2ihia(Si2) < 22 W, 12‘*‘2012"‘51122‘*‘501'227
(29)
where Wy = Wi (Zp), Zo = [xi1, Xi2, Ya;» a;)"» and ¢cp is a

positive constant. From (29), (27) can be rewritten

ri T
Vio < —lnzj; + Z *C + iz Wi Wa

m=1 2 " 2 2
+ - 2 2 12W Cl) +Zzz(l~l12Z11 +Z13
12
+ 02+ 5 e 52 é Wi +222)
Cio

2 1
+ Z Z 5in (30)

Define the virtual controller ¢, as follows:

O = — izt — lpzio — —5 70 &W, TWio—z,  (31)

2¢;
where /5 is designed positive constant.
Substituting (31) into (30), one has

2 g
12 <- Z ltmzlm + =

m=1

(

2¢ 2 .uIZZtIW

+57 12
2¢ ?z

12 Cl +Z
m= l
2

2
+) Ec Z:: (32)

im*

NM—‘

Stepi,j(j=3,...,
we have

n; — 1): Taking the derivative of z;,

Zij = zij1 + O+ dij (1) + fij (%) — 0
+8ij(x1, ), (33)

where

= da = day
. ij—1 . ij—1_ (k+1
Qij—1 = 2 — Xk + 2 yﬁz, )

;
=0 d (P-<k> &

1

We choose the following Lyapunov function candidate
as follows:

1,
Vij:Vij—1+§Zij- (34)
Derivative of V;;, one has
Vij = Vijo1 +zij(zijr1 + fij () + gij(xr, - xw)
+ 04 +dij(t) — &) (35)

As the same of (26), we have

1 12
Zijdlj( ) S 2Z1J+ 2d (36)

Substituting (36) into (35), we get

1 )

5 %ij )+ Edi i
(37)

Vij < Vijor +2ij(zij1 + 0+ hij(Si) +

where hu( j) = fu(xz) 0+ gij(x1, -+ xw), Sij = [,
Xy, oo, xk, Ya, Ya)'. Since hy;(S;;) is an unknown func-
tion, we use a neural network to model the unknown func-
tion £;;(S;;), and for o;; > 0, we can obtain

hij (Si;) = 67 Wii(Sij) + 61(Si)), (38)
where |0;;| < G;; and G;; > 0 is positive constant. By uti-
lizing Lemma 2 and Young’s inequality, one can obtain
that

1 1, 1, 1_
2ihij(Sij) < 5726 Wi Wi+ 3¢+ 525+ 5
1

29 27 2 U’
(39)
where W;; = Wi;(Zi)), Zi; = [xit, X2, -+, Xij» Ya;» Ya, )" » and

¢ij is a positive constant. From (39), (37) can be rewritten

th < - Z l’mztm + Z Gtm +Zij (le+1 + Qi

m=1
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U
Z”C, +Zij+Zij71)+ Z §C2
m=1

lm L 40
2C im im C ) ( )

m=2 im

Define the virtual controller ¢;; as follows:
1 Fw T
aij:_Zij—l_lijZij_PZijCiW/ijVVij_Ziﬁ 41)
ij

where [;; is designed positive constant.
Substituting (41) into (40), one has

J

Z lmZ’m+ Z 2 lm+z’]ZU+1 + Z Gtm

l

2 2 “12 ll ‘/Vil

I M\ i

sz VVern im Cl ) (42)

Z

Step i, n;: The event triggering controller is designed as

"’l am lVl l
;(t) = —(1 + k;) (04, tanh ———= + %; tanh —— )7
€;

€i
(43)
ui(t) = oi(te), V1t € [t tr1), (44)
which the event triggering mechanism is defined as
fiepy = inf{z > a | i > kifwil +gi}, (45)

where 1;(t) = ;(t) —u;(t), g > 0,0 < k; < 1 and &; > {2
are positive parameters that need to be designed. From
(45), we can obtain

a),»(t) = (1 +ki)~i1 (t))u,-(t) +242 (t)q,-, (46)

where ty <t <ty41, |4, (t)] < 1and |A;(r)| < 1. Thus, (46)

can be rewritten as

(1) Aiy (1)gi
i) = — . 47
“ ( ) 1 +ki2fi1 (t) 1 +kili1 (l) ( )
Taking the derivative of z;,,, we have
Zing = fin; (Xi) 4 i — Qlin,—1
+ Gin (X1,X2, -+ X ) i, (1), (48)

, L oA D0, 1 (e
it = Y, o+ Y 5 "(l'k) yff )
= =0 dyg

" 90, (k+1) dai é
= oo ¢

Choose the following Lyapunov function candidate:

1
~2, . (49)

Vini = Vin,-fl + )

The derivative of Vj,, is

. . (1) Ai, (1)gi
Vi = Vin— in; - r din, (t
= Yl '(1+k-7Li() ki, ) ()
+fln, (-xl) +gm, (X],)Cz, ) am,fl) (50)
Due to |4; ()| < 1, |A;, ()| < 1, one gets
;(1) ;(1)
ini T | 717 (. <im0 51
< ll—l—ki)y,‘l(l‘) Z”I—Fki D
Aiy ()i qi
T | S |2 . 52
|Z '1+ki)t,‘](l‘)| ‘Z ll—ki| (52)
According to [12], it yields
0 < |x;| — x;tanh (8 ) <0.2785¢;, (53)

where € and x; € R. Thus, according to the definition of
event triggering controller (43)-(44), and inequality (51)-
(52), (50) can be written

()
1+k
)+ ding (1)) + |

Vin,» < Vin,-—l +Zin,»( - aini—l +fin,»(xi)

Zlﬂ ql |

+gin;(xlaXZa o

< Vini—1 =+ Zing (fim (i) + Giny (X1, %2, -+ 'XN)

+ din; (t) - ain,'fl) + Zin; aini + ‘Zin, ain,
in. O K
— Zin, O, tanh Zimi Sy _ Zin, K; tanh =2 Zin B
€i €
— Zinqi
- |Zini aini|_zi11i ain;+|zinl Ki‘ |Zm, Ki |+| - kl |
i
S Vin,-fl +Zin,v (ain,- +fin,- (-xi) +gin,- (xl,XQ7 o 'xN)
+di (1) — Gin 1) +0.557;. (54)

Using Young’s inequality and Assumption 2, we have
1, 1=
Zin,din,( ) < Z + —d. (55)

Substituting (55) into (54), we have

. . 1
Vin,v S Vin[fl + Zin,-((xin1 + hin, (Sin;) + 5

+0.557¢; + ;dm , (56)
where  hin, (Sin,) = fin,(Xi) + &in,(X1,X2,- - XN) — Clin—1,
Sin, = &I, L, -, xk, ya, ¥4,|7. Since hy,(Si,) is an
unknown function, we use a neural network to model
the unknown function A, (Si, ), and for o;, > 0, we can
obtain

Zi”[)

hin; (Sin,) Q*TVV% (Sin,) + cTt'n; (Sin[); (57)
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where |0;,,| < G, By utilizing Lemma 2 and Young’s
inequality, one can obtain that

1 1
Zin; hm (Sm ) S 2 Zm g WT ‘/Vm + = Cm
i i 2 m1 i i 2
1, l
58
+ 2Zlil1 + 2 m, ( )

where vvin; = in;(Zin,)s Zin; = [xila ©o s Xings Yd;» yd;}T, and
Cin; 1s a positive constant. From (58), (56) can be rewritten

ni—1

. 1
) : 2
Vin; S - limzim +Zin;(ain, + 2% 2 5 5 <Zin; Cl m,

m=1 m,

+Zm, 1+Zm, + Z o-zm+ Z

C,

2lm

N
(2 2 :utZZII‘/Vi{VVil + Z 2C12 tzmvvﬂaw
m=

A i
—8)+0557¢+ Y ~dy. (59)
m=1
The virtual controller ¢, is designed as

Qlin; = —Zin;— lm,Zm, - 20 2 =5 <in; Cl m, — Zin» (60)
where [;,, is designed positive constant.

Substituting (60) into (59), we have

n;

Z imZam Z *?m +0.557¢;

m=1 ml

LG
7[(2 2 uIZZtl ll+ Z 2 2 Zlm tm

_Cl +Z 2 im Z 2 lm' (61)

The adaptive law is designed as

A ri ni Ti
&= ZTNiZZZ?lm{MI + Z 22 ZlmW;I im TICI (62)
Cit m=2 “Cim
Thus, (61) can be written as

Vm, <- Z lthlm + Z

m=

Zzlm

g,c, + Z zd,m +0.557¢;. (63)

m=1

5. STABILITY ANALYSIS

Theorem 1: Based on Assumptions 1-3, consider the
closed-loop system containing of the uncertain system
(1), the event-triggered based adaptive predefined perfor-
mance controller design in (43)-(44), (60), and adaptive
laws (62). Then, the following statements hold

1) All signals in closed-loop system are semi-globally
uniformly bounded (SGUB).

2) The trajectory of the tracking error is always within a
defined performance constraint.

Proof: We can get the result of the theorem by proving
it in the following steps:

The following Lyapunov function candidate is con-
structed for the whole system

V=Y V. (64)
Using Young’s inequality, one obtains

Ti P =2 1 *2

—Giki< - C +5- (65)

Substituting (65) into (64), one gets

n; N n;
Z’mzlllmz,m—k > mg 'z, er,
Z +Z} Z] im
N n;
+ZO 5576,—&-;”1212 2
< —agV +by, (66)
where ap = min{2l,,,, 7, m=1, -, n;, i =1, -,
N}, by =YY 12m12 lzm Y 12,§*2+211055761

Zl IZm 1(2 1m+2 lm)

From (66), and integrating it, we have

@)e-‘w 4o (67)

ao ao

V() <(V(0) -

This means that all signals of the closed loop system are
bounded, and the bounds can be expressed as t — oo

bo
l|ziml| < )
\/ ap

- bo
1G < 4/2—.
ap

Due to i:’i = — K:}, then the boundedness of Z:f,- is en-
sured. From the definition of z;; and discussion in Section
3, it can be seen that there exists a constant ¢; < 1, which
makes |9 = r;®@;| < € < 1 valid, and |@;| < ﬁ <1 can
be derived. Then, it follows from the previous discussion
that the tracking error e; is bounded and always evolves
within predefined performance functions. So y;; and U,
are bounded. Due to ¢; = Xj1 — Y4;, Yd; € Leo, € € Leo, SO Xj1
is bounded. Since o; is a function of x;1, y4., i1, Uiz, then
it insured that o;; is bounded. It is clear that x;, is bounded
from zjp = x;p — @;;. Similarly, it can be proved that x;; and
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o;; are bounded. From the definition in (44), u; is a func-
tion of Xi1, -+, Xin;» Yai» Vdj» ** > yd[(k>, i, and since x;1,
S+ Xinss Vi Vdi» +*+» Ya;*» G are bounded, the controller u;
is bounded. Therefore, all signals of a closed-loop system
are bounded and the tracking error is preserved within the
performance region.

Next, let us justify that the Zeno phenomenon does not
occur, i.e., There exists a t, such thatk € 77, f; 1 —t; > t,.
Therefore, from the 1;(¢t) = ;(¢) — u;(t), Vt € [tx, trt1),
we have

d . )
E\TM = sgn(n;)M; < |- (68)

By means of (43), we get that @; is differentiable. In-

equality |@;] < 1; holds where 1; is positive normal. Due

to n;(fx) = 0 and lim 1;(¢) = k;|u;| + i, therefore #, >
t—=tgq1

, the Zeno phenomenon was successfully elimi-
nated. ]

ki‘“:H‘]:
L

6. ILLUSTRATIVE EXAMPLE

In this section, we use two examples to prove the effec-
tiveness of the proposed control method.

Example 1: The effectiveness of the raised control
method is explained with an numerical example. We con-
sider the large nonlinear system as below

X1 = x2+ fur +gui (xn,x2) +din (t),
X1 = uy + fi2 +g12(x1,x2) +dia(t),
Y1 = X1,

X1 = X0+ far + 821 (x1,x2) +day (),
Xop =ty + for +g0(x1,X2) +da(t),

Y2 = X21,

(69)

where f11 = 0.2xnsin(x11) +X12, f12 = xlzsin(xm),
for = xa1¢08(x21), far = 0.2xpsin(xy1), g11(x1,x2) =
0.1x|1 sin(xz1) —|—.X22, glg(xl ,Xz) = O.5x|2x2[, 821 (xl ,.Xz) =
0.2x11x22, gzz(xl,)Q) = 05()6%1 +X%1) + x12, dll(l‘) =
dlz(l‘) = 0.00lsin(t), d21(t) = dzz([) = O.OOISin(Zt).
And select the reference signals as yy, = sin(2t), yg, =
sin(1.5¢).

In the simulation experiment, the virtual controller ¢ ;
is designed as

1 2 _
o = — 272#1'2Zi1§z'W,-1TWi1 - lilnu'izlzil — UnZit
Cit
— M s (70)
and the event-triggered controller u; is

2 O _
oi(t) = —(1+k)( o tanh 222 4 %, tanh

ZpK;
i €; )

(71)
ui(t) = 0;(t),Vt € [tr, tiy1), (72)

where
1 2T
O = — Uzt — lnzin — 272&@'“’,-2 Wo—zn, (73)
&)

and the adaptive laws é’,- is designed as

ri

e DWW — 7. (74)
B

A r;
Gi= ;’%uézﬁw,{% +
Initial values and other parameters that need to be de-
signed are selected as &;(0) = &(0) = 1, [x11(0), x12(0),
x21(0), x22(0)]7 =[0.2,0.3,0.3,0.5]7,[0.5,0.3,0.7,0.5]7,
[-0.5,0.3, —0.7,0.5]7, [y = liy = by =, = 10, ¢ =
Clp =Cp1 = Cpp = 10, r=rnr = 1, T =T = 8, bf] :0.09,
b, =0.08, 1 =2, =03,k =k =04, %, =%, = 60,
€1 = € = 20, the time-varying scaling function @, =
W, ¢ = W. The simula-
tion results of Example 1 are shown in Figs. 2-7. Fig. 2
shows that the outputs of the system are in good agreement
with the reference signals. As can be seen from Figs. 3 and
4, the transient property of tracking error always evolves
in a given region under different initial conditions, and the
proposed control mechanism loosens the requirements on
initial conditions. Fig. 5 shows the trajectories of the adap-
tive laws {; (i = 1, 2). Fig. 6 describes the trajectory of the
event triggering controller u; (i = 1, 2), and Fig. 7 shows
the triggering interval #;,| — ;. As you can see from Figs.
5 and 7, both computation and communication resources
are significantly reduced.
Example 2: We consider a mass-spring-damping
(MSD) system as shown in Fig. 8. The dynamic model
of the above system is

s y1withx;; (0) = 0.2
2r | mrm Ya,
1k J
. /\/\/\/
qF 4
ot d
3 | | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10
3 .

yawithxo; (0) = 0.3

2r T Y,
1+ i
0 /\/\/\
RS d
ot 4
3 | | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10

Time(sec)

Fig. 2. The trajectories of x;; and y4,(¢) (i = 1, 2), for Ex-
ample 1.
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= = =e; with x4;(0) = 0.5
~ = =y with x;(0) = —0.5
~ = —ey with x;1(0) = 0.2
JR—

JEp— A

Time(sec)

Fig. 3. The trajectories of e; under different initial condi-
tions for Example 1.

— —-ey with x9;(0) = 0.7
—-——ey with x9,(0) = —0.7
- - e with x2;(0) = 0.3
I,
R
0.5 b
s |
1.5 T
. . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

Fig. 4. The trajectories of e, under different initial condi-
tions for Example 1.

————— ¢ with x;;(0) = 0.

0.2
09F — — ¢, with x5,(0) = 0.3

08}

|,
|
07}
|
06 1
|
i
05
1

0.3 [

01\

Time(sec)

Fig. 5. The trajectories of 5,- (i=1,2), for Example 1.

My =ui — fo, — fo, + oo + foo — far + far,

g (75)
M2y2 = Uy _ﬁz _fgl _faz +fazv

where u;, y;, (i =1, 2) are the control inputs and out-

‘\ uy with x5, (0) = 0.2

500 ]

ol

100
ol
-500 | 100 ‘ ‘ ‘ ‘ 1
: : : 2 L4 8 8 . 10
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

Fig. 6. The trajectories of u; (i = 1, 2), for Example 1.

N

— o u, with x,(0)=0.2

5}

Inter-event times
T

o
(4,1
\
o
——o
O
o
o
o

wlh

25 -
u, with x21(0)=0A3
Z15F . b
2y o 1159 Tent?
® 1r 9 9.5 y\ﬂr
2
Zosr 1
NN . e 997 I@@p T Gasiee
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Fig. 7. The trigger time interval of u; (i = 1, 2), for Exam-

ple 1.
Y1 Yo
fi ty fi t,
- A
spring spring

Fig. 8. Mass spring damping system.

puts, f;, = y1 +0.1y} and f,, = 2(y2 —y1) +0.12(y, —
y1)* denote the force of the spring, f,, = 2y; + 0.2y
and f,, = 2.2(y2 —y1) +0.15(y» — y1)? stand for friction,
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fa, = 0.02sign(y;) and f,, = 0.02sign(y2 — y1) stand for
coulomb friction, M| = 1 kg, M, = 1 kg are mass of the
MSD. Therefore, the expression of the state space can be
written as

X11 = X12,
X2 = w1+ fio + gi2(x1,x) +dia (1),
)f1 = X1, (76)
Xo1 = X22,
X0 = s+ for + 820 (x1,x2) +dna (1),
Y2 = X21,
where f12 = 7()(11 + 01)(%1) - (2)(12 + O.ZX%Z),

glz(xl,)Q) = 2()621 — xll) + 0.12()621 — X11)3 + 2.2()622 —
x12) + 0.15(x0 — x12)2 — 0.2sign(x12) + 0.02sign(x2 —
X12), foo = —2x21, 822 = 2x11 — 0.12(x21 — x11)* — 2x12 —
0.2X%2 — 0.028ig1‘1(X21 — Xlg), di; = 0.001 sin(Zt), dy =
0.001 sin(z). Initial values and other parameters that need
to be designed are selected as 51 (0) = 52(0) =1, [x11(0),
X]z(O), .Xz](O), .XQQ(O)]T = [18,03, 1.5, 0.3]T, [08, 03,
0.5,0.3]7,[-0.8,0.3, —0.5, 03], lj1 =l = by = lpp =
13, Cl] =Cl1p=C] =Cp = 8, r=r= 0.1, T =T = 10,
bp =018, by, =016, Ay = A =1, ki = ky = 0.5,
K1 = K = 50, €1 = ¢, = 20, the time-varying function
P = 0, )exp}70A51)+bfl » P2 = (lfbfz)exp(170.65t)+bf2' The
simulation results of Example 2 are shown in Figs. 9-14.
Fig. 9 shows that the outputs of the system are in good
agreement with the reference signals. As can be seen from
Figs. 10 and 11, the transient property of tracking error
always evolves in a given region under different initial
conditions, and the proposed control mechanism loosens
the requirements on initial conditions. Fig. 12 shows the
trajectories of the adaptive laws §; (i = 1, 2). Fig. 13 de-
scribes the trajectory of the event triggering controller

8 1 with x13(0) = 1.8
20 ===y
1 e |
2
ok =
Ak
2k |
3 \ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10
3
oL
1 |
P
0 |
AP -
2k |
3 \ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

Fig. 9. The trajectories of x;; and y4,(¢) (i = 1, 2), for Ex-
ample 2.

————— e; with x11(0) = 1.8
| — — —ep with x1;(0) = 0.8
sy oL er with x;;(0) = —0.8
— 1
2 ——--h
i
1
1 *l N
oM T ]
P
i -
1 -7 b
7z
4
/
/
2+ / 4
/
I
31 i
1
I
1 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9
Time(sec)
Fig. 10. The trajectories of ¢; under different initial con-

ditions for Example 2.

— — —ey with x,(0) = 1.5
— — —ey with x21(0) = ~0.5
—-—-—ey with x,(0) = 0.5
—

i I I I I I I I I I

0 1 2 3 4 5 6 7 8 9 10
Time(sec)

Fig. 11. The trajectories of e, under different initial con-
ditions for Example 2.

————— ¢ with x13(0) = 1.8
09} — — = (s with x91(0) = 1.

o8} .
07F 1
0.6
05
0.4
0.3
02|

011

0 e i L i . - - . .

0 1 2 3 4 5 6 7 8 9 10
Time(sec)

Fig. 12. The trajectories of fi (i=1, 2), for Example 2.
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u; with x31(0) = 1.8
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1000 ]
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Fig. 13. The trajectories of u; (i = 1, 2), for Example 2.

2 ; ; ;
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05
g1st 1
= 0, o1 o2 o
[=
§ 11 1
4
8
Zosf 1
odm 197 T‘T?T‘ R 0, %!
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Time(s)
¢ T—o u,with x,,=1.5
u, with x,,=1..
251 0.04 T e
[72]
8 | 002
£l “loe T oo 02 To%0 |1
£ 0 005 0.1 015 oL Pl 19 i
215 75 8,4 85 9
?
s 17 1
£ ;
= sl Time(s) ] T
B TE%% o L. b lolem?
0 1 > 3 4 5 6 7 8 9 10
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Fig. 14. The trigger time interval of u; (i = 1, 2), for Ex-
ample 2.

u; (i =1, 2), and Fig. 14 shows the triggering interval
tre1 —tr. As you can see from Figs. 13 and 14, both com-
putation and communication resources are significantly
reduced.

7. CONCLUSIONS

In this paper, an adaptive event-triggered tracking con-
trol scheme is proposed for a class of strongly intercon-
nected large-scale nonlinear systems with global perfor-
mance and external disturbance. Predefined performance
problems are solved by introducing barrier functions. Be-
sides, all the extra assumptions about interconnect terms
are eliminated by using the inherent properties of Gaus-
sian function. The decentralized controller of each sub-

system is constructed by combining backstepping technol-
ogy, neural network system and event triggering mecha-
nism. The designed controller could make sure that all sig-
nals of the closed-loop system are bounded and the output
tracking error is kept within a given boundary. Finally, a
numerical system and a mass spring damping system are
taken as examples to verify the effectiveness of the pro-
posed control method. In addition, the other topics include
predefined performance time adaptive tracking control of
nonlinear large-scale systems will be further studied in our
future research.
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