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Highlights:

» Taking advantage of the bounded characteristic of fuzzy basis functions, the proposed scheme includes
merely one adaptive law in each step of the virtual control laws.

* The devised virtual control laws are not involved in the final control input but presented for the
analysis use. This train of thought can unite the event-triggered control (ETC) design in both channels
and solve the jumps of virtual control laws (JVCL) problem flexibly.

* The proposed separate transmission principle ensures the effective utilization of the unoccupied
channel in the inter-event time. In comparison to the conventional event-triggered mechanism, the

communication bandwidth is significantly decreased.

Abstract: This paper proposes an event-triggered tracking control scheme of the nonstrict-feedback
nonlinear systems working in both sensor-to-controller (SC) and controller-to-actuator (CA) channels.
Aiming at the problems of “algebraic loop” and “jumps of virtual control laws (JVCL)” arising in the
backstepping-based event-triggered control (ETC), this paper incorporates the bounded property of basis
functions of fuzzy logic systems (FLS) to direct adaptive control, and puts forward a novel method through
fabricating undetermined virtual control laws. To utilize the unoccupied communication channel produced
by ETC, this paper raises a novel ETC working mechanism called ‘““separate state transmission”. Not
like traditional ETC, the states herein are not transmitted in a cluster, which avoids the huge occupancy
of network at the triggering instant. The separation is achieved by constructing a cumulative triggering
condition. Under the assumption of the compact set of states, it proves all the tracking and estimation

errors are ultimately bounded. Simulation verifies the feasibility of the entire work.
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1. Introduction

Many industrial plants can be described by a mathematical model of nonstrict-feedback nonlinear systems,
such as the ball and beam system, the coupled turning and heeling model of vehicles, and the multiple
link manipulator. Moreover, the controller of a nonstrict-feedback nonlinear systems keeps it downward
compatibility to some other generic systems like strict-feedback systems and pure-feedback systems,
which are deemed as special cases. As a recursive design procedure based on elementary Lyapunov
analysis, backstepping has shown its talent for nonlinear control. Associated with artificial intelligence of
FLS and neural networks (NNs), adaptive fuzzy and neural backstepping control was commonly shown in
existing works to deal with uncertainties, see [1] for the command-filtered backstepping of large-scale
systems, [2] for the fault-tolerant control of switched systems, [3] for the optimized backstepping of
strict-feedback systems, and [4] for the dynamic surface control of strict-feedback systems. In view
of the nonstrict-feedback nonlinear system, the “algebraic loop” problem should be addressed in the
backstepping design, which implies the synchronous variation of virtual control laws along with the states.
In [5-7], the variable separation principle was proposed, which decomposed the nonlinearity into the
combination of tracking errors. In [8—10], the “algebraic loop” problem was offset by using the bounded
property of the fuzzy basis functions. In [11,12], two-level NNs were constructed to accomplish the state
recovery and control together. In [13], the “algebraic loop” problem was circumvented due to the stationary
property of states in the inter-event time of ETC. To list some recent advanced techniques to control
nonstrict-feedback nonlinear systems, [14] introduced the asymptotic tracking control to the stochastic
nonstrict-feedback nonlinear system; [15] dealt with the asymmetric time-varying constraint of the output
by using asymmetric Lyapunov function; [16] combined the C' finite-time control with the logarithm
barrier Lyapunov function; [17] proposed an event-triggered fixed-time control scheme. As we have
learnt, the disposal of the “algebraic loop” problem is no longer the main concern in recent researches.
Traditional continuous control may cause the jam of communication traffic, which facilitates the
technique of ETC [18-20]. The intermittent sampling of signals employed in this technique is capable
of effectively conserving communication resources. Event-triggered mechanism can function in two
channels, namely the SC channel and the CA channel. Generally, In an industrial plant, the quantity
of sensors exceeds that of actuators. Thus, ETC in the SC channel has significant merit than it in the
CA channel. In [21-25] and many existing works, ETC in the SC channel was designed for diverse
systems. Nevertheless, all of the concerned systems can be transformed to the affine nonlinear system or
the first-order linear model. For the high-order nonlinear systems including the nonstrict-feedback system
like [15,17,26-28], it is observed that most of researches only cover the ETC in the CA channel. Since
the backstepping method is commonly used to construct control laws, the updating of states at triggering
instants will inevitably cause the virtual control law to jump abruptly, a phenomenon termed the JCVL
problem in [29,30]. The JVCL problem was neglected in some ETC in the SC channel, such as [31,32].
However, this disposal could incur the instability and was not rigorous in mathematics. In [13,29,30],
the JCVL problem was addressed by constructing filters, which generated the continuous substitutes for
discontinuous virtual control laws. In [33], this problem was solved by using the controller in the form of

NN. Nevertheless, these works were presented with strict parameter selection and stability analysis.
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It is acknowledged that the advantage of ETC is to reduce communication traffic. The inter-event
time between two triggering instants supplied extra space for signal transmission. However, the existing
researches seldom considered the reuse of this space. For the above mentioned ETC, all the sampled
signals were transmitted in a cluster at the triggering instants, which required more bandwidth for
communication. For example, if the ETC is designed for the n-order system in the SC channel, there are
n states required to be transmitted at each triggering instant. In this light, we are conceiving of a novel
event-triggered mechanism in a limited bandwidth, in which the states are separately transmitted according
to the triggering condition. The saved channels in the inter-event time can be used for transmission of the
other states. Thus, n states can be transmitted through the bandwidth of 1 state.

Motivated by the above challenges, this paper investigates the ETC of nonstrict-feedback nonlinear
systems in both the SC and the CA channels, in which the states are separately transmitted by sharing a
mutual SC channel with the bandwidth of 1 state. The “algebraic loop” problem is solved by fabricating
the adaptive laws approximating the norms of fuzzy weights. The JVCL problem is released by proposing
a novel method called undetermined virtual control laws. The separation of state transmission is achieved
by constructing the cumulative triggering condition. Compared with the existing works, contributions of
this paper can be concluded as

(1) By using the bounded property of fuzzy basis functions, the proposed scheme only contains one
adaptive law in each step of virtual control laws, which is more succinct than [8,11,14].

(2) The devised virtual control laws are not involved in the final control input but presented for the
analysis use. This train of thought can unite the ETC design in both channels and solve the JCVL
problem flexibly. Compared with the single-channel ETC like [27,29], the proposed double-channel
ETC can save more communication resources. Compared with [13,33], the JVCL problem is solved
in an easier way.

(3) The proposed separate transmission principle ensures the effective utilization of the unoccupied
channel in the inter-event time. In comparison to the conventional event-triggered mechanism, the

communication bandwidth is largely reduced.

2. Preliminaries

Consider the following nonstrict-feedback nonlinear system
Xi =Xip1 + fi(x) +di, i=1,--- ,n—1

dn =+ fu(x) +d, (D
Yy =X
where x; is the state and x = [x{,---,x,]T, fi(x) is the unknown model dynamics and d; is the exogenous

disturbance in each subsystem, u is the control input, and y is the output. To ensure the controllability, the
following assumptions are preset

Assumption 1. All states are defined within a compact set, specifically denoted as Q, = {x|x"x < A} and
A > 0. fi(x) and f,(x) exhibit boundedness when x € Q..

unknown.

d;| is bounded, with its upper bound remaining

Assumption 2. [11] fi(x) must not include any linear component of x;11, that is, f;(x) = bix;+1 + gi(x)



Adv. Equip. Article

and b; is a constant.
Remark 1. It is evident that the control will malfunction when b; = —1 in Assumption 2. As will be
utilized in the subsequent analysis, the universal approximation theorem pertaining to the FLS is stated
as follows.
Lemma 1. [10] Any continuous function f(x) within a compact can be represented by a FLS, taking
the form f(x) = WY (x) + &(x). Here, &(x) stands for the approximation error, which is bounded such
that |e(x)| < & W = arg mianeU{E‘} refers to the vector of fuzzy weights where U is a compact set of
Wy, and @(x) denotes the vector of fuzzy basis functions. Based on the definition of ¢(x), an important
property is known that ¢ (x)To(x) < 1.

The control objective is to present the control law of u with the event-triggered sampling of x;
separately, so that y is able to track the reference signal y;. y, is required to have the first-order continuous

derivative of y,.

3. Control design

The control framework associated with the proposed scheme is depicted in Figure 1. By separately
acquiring the state of x; and &; at the triggering instant ¢ i where ji=1,2,---,+oo, the controller can
generate the command control law v. By acquiring v at the triggering instant %, u is finally obtained.
During the inter-event time # € (¢;i,¢;i ] and t € (tju,tjui1], &(#;i)xi(t;1) and v(¢;u) are held by zero-order
holders (ZOHs).

/ Vv SC channel
ZOH ¥ e Controller <
! a(t)u(t)
I
!
Triggering Triggering
condition for CA condition for SC
T
I
V[t;) v

CA channel Nonstrict-feedback | Xi S
g system R

ZOH

Figure 1. Control framework.

Before the ETC design, the continuous backstepping control is presented as the basis, which is
carried out according to following steps.

Step 1: The virtual control law in the subsystem of x; is designed as

A

= ka1 = 3 @)

where k; > 0 and b; > 0 are tuning parameters, and z; = y — y; denotes the tracking error. él is the
adaptive parameter to be designed later.

The tracking error is z; = x; — @;—1 fori = 2,--- ,n. According to Lemma 1, we can fabricate a FLS

as

fix) +di =Yg =Wl @i (s1) + & (s1) (3)
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where s; = [xT,d},y4]" and |&;(s1)| < &. By differentiating z; along with (1)—(3) and x, = z5 + ay,

it renders

A

0,
21 = —ki1zq —521+W1 @1(S1)+81(S1)+Zz @

According to the Young’s inequality and @[ (s1)@i(s1) < 1, it is known that

T
Wi b
Wi oi(s1)z1 < 21b1 Z%+71
)
2 &
€1(s1)z1 SEIJr?l

Define 0, = WlT W, and 6, = 6, — él. Design the adaptive law of él as

}' 2

— 016 5
= 2p, 1790 (%)
where A; > 0 and o] > 0 are two tuning parameters.

Select the Lyapunov candidate as Vi = z3/2 4 62 /(24,). Differentiating V; along with (4) and (5),

9-

it renders
. él by Z2 8 1 A
Vi<—kiz — a4+ —+A4 L~ 6,6
1 < 1Z1+Z1Z2+2blzl+2+2+2 i 101 ©
(I N . R N
: ! 2 22 !
Step i (2 <i<n—1): The virtual control law within the subsystem of x; is designed as
b;
o = —kizi — 2. (N
where k; > 0 and b; > 0 are two tuning parameters.
According to Lemma 1, we can fabricate a FLS as
filx)+di— o1 = WiT(pi(si) + &(s;) 8)
where s; = [xT,dy, - .di,va,va, 01, ,éi_l]T and |€&(s;)| < &. Recursively, we can render
01 = d0y Ao 4
o1 = y X; —0;
i—1 E Yd jz,l( 8xj J 86j J)
By differentiating z; along with (1), (7) and (8), it renders
i}
4= —kizi— 2—1;_&' + W i(si) + &(si) +zir1 )
l
According to the Young’s inequality and @ (s;)@i(s;) < 1, it is known that
WT"Vi 2 bi
(Pz(sz)Zz ="y, Z; ‘f—z
2 52
&(si)zi S 5 + = >
Define 6; = Wl-TWl- and 6, = 6; — éi. Design the adaptive law of éi as
0 =2 —ab, (10)

2b;
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where A; > 0 and o; > 0 are two tuning parameters.
Select the Lyapunov candidate as V; = zl.z /2+ él.z /(24;). Differentiating V; along with (9) and (10),

it renders

b 7 & 1

. 0; <
Vi < —kiz? + zizi <66
i < lz,+zz,+1+2bz,+2+2+2 A an
2 g2
b; O;
< (ki —1)72 — 92 iyt | D —' g2
s- k== 2+2+2+2zl~’
Step n: The virtual control law in the subsystem of x,, is designed as
6
Oy = —knZy — T (12)
where k, > 0 and b,, > 0 are two tuning parameters.
According to Lemma 1, we can fabricate a FLS as
fn(x)+dn_an—l :wan(sn)+gn(sn) (13)
where s, = [xT,dy,- - ,dp,Ya,y4,01,- - ,0,]T and |€,(s,)| < &, and it has
. aO‘n—l ol aoCn—l aO‘n—l A
A1 = Ya+ —Xi+—5—0;
" dy4 j_Zf dxj ' 96 2
Differentiating z,, along with (1), (12) and (13), it renders
. O, T
In = —knzn — ﬁzn +u— 0+ Wn (Pn(sn) + 8n(sn) (14)
n
According to the Young’s inequality and ¢, (s,,)@,(s,) < 1, it is known that
wIw, by
2 —2
< Foh
gn(sn)zn =5 -+ 7
Define 6, = W,lT W, and 6, = 6, — én. Design the adaptive law of én as
A A n
6, = >z, — 0.6, (15)

2b
where 4, > 0 and o, > 0 are two tuning parameters.

Select the Lyapunov candidate as V,, = z2/2 + 6?2 /(2A,,). Differentiating V,, along with (14) and (15),

it renders

. 0, b, 72 & 1 x x
Vi < — knz2 + (t— 0 )zn + z§+—+z—"+—"——9n9n
2b, 22 A (16)
1 b

Remark 2. It is clear from (2), (5), (7), (1 0), (12) and (1 5 ) that the system follows from the traditional
continuous control if u = Q,. In this case, all the tracking and estimation errors are ultimately bounded
by adding up Vy,---,V,. To be combined with the ETC, the influence of u— oy, on the stability will
be analyzed.

Define k] = k; + 0; /(2b;) fori=1,--- ,n. According to (2) and (7), (12) can be finally transformed to
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= —[knxn + Kk xn_1 4+ k- ky(x1 —ya)] (17)

Define & = k), -+ -k!. (17) can be further written as
n
- Zgixi‘f‘gl)’d (18)
i=1

It is observed from (18) that the final control law can be divided by the components of x; and y,;.

Considering the SC channel, the command control law v is designed as

Z Ei(ti)xi(t )+ En(tp)yaltp) (19)

where ¢ is the triggering instant of y; and j* = 1,---,+co. Here, (19) holds for € (¢;i,¢;i,] and
re (tjy,tjy+1].

Define ¢; = |ix; — &(t;1)xi(¢;i)| and ey = |&1yq — &1 (¢j)ya(tj)|. The separate transmission of &x;
and &y, is achieved by constructing the triggering condition in the SC channel as

n
tig =1t >lji|Z€i+€y > Uy Aej=maxleq, - ey, ey}
=1 (20)

n
typr ={t > tp] Zei+ey > Uy Aey =maxley, -, ey, ey}
i=1

where 1, > 0 is the constant triggering threshold.

Remark 3. If there are more than one x; and y, satisfying (20) at the same time, we only need to select
one of them randomly and update the corresponding ti ;.

Remark 4. The proposed train of thought “undetermined virtual control laws” implies that the virtual
control laws (2), (7) and (12) are not involved in the control command (19) but only constructed for the
analytical use. Thus, there is no need to analyze the discontinuity of virtual control laws at the triggering
instants, such that the JVCL problem is solved.

Considering the CA channel, we can further design

u=v(tj), t € (tju,tjus] 21

Define e, = |u — v|. The triggering condition in the CA channel is designed as

tiupy = {t > tjuley > p} (22)
where [, > 2, is the constant triggering threshold.
Lemma 2. Under the Assumption 1, the proposed triggering conditions (20) and (22) can ensures the
minimum inter-event times in both SC and CA channels, namely no “Zeno” behavior.
Proof: Denote the minimum inter-event times as 7; = min{¢;i,; — ¢}, Ty = min{tj»+1 — ¢} and
T, = min{tju_H —t ju}. It is clear that e; = 0, ey =0 and ¢, =0 at 7 jis Ljy and 7« respectively. From the
definition of e; and ey, it is known that

X%

é; =| 5ixl' + &ixi| =

2_, 2 6y0)xi+ &y + filx) +d) (23)

and
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951 4

ey =|&1ya+E1yal = ) Z ~06;)ya+&iva (24)

According to Assumption 1, it is known from (23) and (24) that ¢; and é, are bounded. Define ¢; > ¢;
and ¢y, > é,. Invoking (20), it is easily inferred that

T Z L’ Ty Z L
ci(ln+1) cy(n+1)
T; and T, only concern the minimum inter-event times of the same x; and y;. The minimum inter-event

(25)

time between two adjacent triggering instants (either for the same variable or the different) is marked as
Tp. It 1s inferred from the implications of (20) that (26) holds at the triggering instant t;,“

(26)

Because we cannot make sure which x; and y,; will be updated at the next triggering instant, it is

reasonable that
My
T 2>
ERCES YRR
Because v is a discontinuous value in (19), we cannot get v. Denote the latest triggering instant in

27)

the SC channel after ¢ as f,,,, namely for all ji=1,--- ,+ooand ¥ =1,--- ,4oo.
tm = {t > tju|t —tju =min[t —tju,tp —tpu]} (28)

We can infer from (20) that |v(z,}) — u| <, and |[v(t,11) — v(5,))| < Wy, Where 11 denotes the
latest triggering instant of v in ¢ > t,,,. Thus, it can be further inferred from the definition of e, that

eu(tm+1) =v(tms1) —ul

+ + (29)
S[v(me1) = v(tg) |+ [v(5,) —ul < 2p,
Invoking w, > 2U,, tyy1 —ty > Ty and 1, — tju > 0, it 1s inferred from (22) that
Ty =min{tju g —tju} >ty —tju > byl —ty > T (30)

See (25), (27) and (30), the proof is completed.
4. Stability analysis

The proposed scheme is concluded in the following theorem.

Theorem 1. Under the Assumption 1 and Assumption 2, the proposed ETC scheme of (19) and (21) with
the triggering conditions (20) and (22) can guarantee that all z; and 6; in the nonstrict-feedback nonlinear
system of (1) are ultimately bounded by selecting appropriate tuning parameters.

Proof: 1t is inferred from the triggering conditions of (20) and (22) that

n
e — 0| < Ju—v]+|v—on| <eu+ ) eitey <+, (31)
i=1
By substituting (31) to (16) and using the Young’s inequality, it renders
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: 0, by 72 & 1 s
2b, 2 2 2 Ay
5 5 (32)

Select the Lyapunov candidate as V =Y "' | V;. The derivative of V can be rendered by adding up (6),
(11) and (32).

n—1 3
— (ki —1)zj — ;(k-—z)z?—(kn—2)z,%
i=2 ) (33)
N2 el »u_v My
Z 9 +Z i +M9 )+ 5

Select k; > 1, k; > 3/2 and k, > 2. Define 1 = min{2k; —2,2k; —3,2k,—4,0;} andp =Y" | (b;i/2+
7/2+ 0,67 /(22;)) + u2/2+ p2 /2. Then, (33) can be simplified as

V<-nV+p (34)

It is inferred from (34) that V(r) <V (0)exp(—nt)+p/n(1 —exp(—nt)). Because z; < +/2V and

0; < V2A,V, it is inferred that z; is ultimately bounded by 1/2p/n and 6; is ultimately bounded by

\/2A;p/n. The proof is completed.
Remark 5. From the definitions of N and p in (34), it is known that the ultimate bound of the tracking

error 7; will be tuned down by increasing ki, k;, k,, 0; and A; as well as decreasing b;, W, and L,.
However, this tuning will increase the control cost, lead to the bad tracking transient and decrease the
inter-event time. Thus, the tuning principle of all the parameters should follow from the satisfactory

control performance.
S. Simulation analysis

For the purpose of verifying the effectiveness of the proposed scheme, the following 3-order system is
presented for the test.
X1 =x2+2x3 —x sin(xl) COS(X3) —2+d;
Xy =x3+x1 +x3 COS(X2) +dy 35
%3 =u+In(2+x3 +x3 +x3) +ds
where d| = 0.1sin(27z/5), d, = 0.1sin(xt/5) and d3 = 0.1sin(47t). The reference signal is set as
ya = 2sin(2mt/5).
Three schemes are compared in the simulation. The first one is the proposed double ETC with

separate state transmission, which is marked as “DETC-ST”. The parameters are set with
ki = k3 =20,ky = 1,b1 = by = b3 = 10,
M =081 =2A3=0.01,00 =0, =03=0.5, (36)
w, =10, u,, =20

The second scheme is the ETC in the SC channel with clustered state transmission, which is marked

as “ETC-CT”. The control input in this scheme is devised as
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u—=—

Gi(tj)xi(t;) + &1 (t;)ya(t)) (37)

n
i=1
where ; denotes the triggering instant of signal transmission. The triggering condition is devised as

tiv1={t > tjllu—o| >} (38)
The tuning parameters of this scheme follow from (44). The third scheme is the ETC without

considering the “JVCL” problem, which stems from and is marked as “ETC-WJ”. The control laws in

this scheme are designed as

o =—kiz) — 612
0 =—kizj— 6z}, i=2,--- ,n—1 39
u—=— an;zl — enZ;l

where Z/I = xl(t_,-) — Yd, Z; = x,-(tj) — OCl'_l(l‘J_-‘_) and Z;z = xn(t_,-) — (Xn_l(tj—-i_). Define ¢; = x; —xi(tj) for

i=1,-,n,e=ler, e, and 7 = [z}, - ,2,]| . The triggering condition is designed as

tiv1 =t > 1jlllell = 2]} (40)
where K is set as 0.085. The update law of 6; in this scheme is set as
0i(1]) :0.19,-(z_,~)+%, t=1; )
0:=6,(1]), 1 € (1),1)41]

The other parameters follows from (44). Uniformly in the simulation, the initial values of states are
set as x1(0) =2, x2(0) = 2, x3(0) =2, 6,(0) = 6,(0) = 65(0) = 0. The minimum calculation period of
simulation is set as 0.01s. Simulation results are recorded for 10s.

The tracking performance of DETC-ST and ETC-CT is shown in Figure 2 and Figure 3. xj of
both schemes can finally track the reference signal y,;. As is compared in Figure 3, the tracking error z;
has little difference between two schemes. The tracking performance of ETC-W]J is shown in Figure 4.
Because the JVCL problem is not solved, it is difficult to keep the closed-loop system stable. We have to
select a very small x in (40). Figure 5 exhibits the adaptive laws of DETC-ST. Due to the direct adaptive
control, all these variables are ultimately bounded. Figure 6 shows the v in (19) and u in (21) of DETC-ST.
For the ETC in the CA channel, there are total 525 times signal transmission. The minimum inter-event
time equates to 0.01 s. Figure 7 shows the inter-event time of each state in the separate state transmission
of DETC-ST. The maximum inter-event occurs in x; and equates to 1.56 s. It is observed in the local
enlarged view that the transmission of the other states occurs during the inter-event time of each state. The
proposed mechanism of separate state transmission works well. Figure 8 shows the inter-event time of
ETC-CT. The number of total triggering times is 385 and the maximum inter-event time is 0.18 s. Table 1
presents the quantified performance metrics. Although the occupancy rate of the SC channel in Figure 7
is more than that in Figure 8, only the bandwidth of 1 state is required for DETC-ST, whereas at least the
bandwidth of 4 states is required for ETC-CT. This is advantage of the proposed scheme.

10
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Table 1. Performance Metrics.
Indexes DETC-ST ETC-CT ETC-W]
MTE - z; 0.1014 0.1177
MCI-v 18.6012 20.45540 Difficult to ensure
MCI - u 13.3154 15.5457 closed-loop system stability
MAX -t 1.56 s 0.18 s

= = = Reference
DETC-ST | 7

3 T T T T T T T T T

DETC-ST
2 = = =ETC-CT

Figure 3. z; in DETC-ST and ETC-CT.

11
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20 T T T T T T T T T
= = = Reference
101 ETC-WJ
X 0
10 F 1

0 1 2 3 4 5 6 7 8 9 10
t(s)
200 ; . . . . . . . .
100 F ‘
X" 0y ‘
-100 -
200 . . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
t(s)

Figure 4. x{, x, and x3 in ETC-W].

800
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-200

-400 |-
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~1000 L L L L L L ! L L
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Figure 6. v and u in DETC-ST.
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Figure 8. Inter-event time in ETC-CT.

To further analyze the engineering practicability of the algorithm, a brush dc motor driving a one-link
robot manipulator system shown in Figure 9 is selected for simulation analysis. The mathematical model
of this system is (42).

@G +Ng+osin(q) +N(Gl)?> =1

. ) (42)
LI =V —RI—Tgg+ Rs*sin(1)

13
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1

Figure 9. A brush dc motor driving a one-link robot manipulator.

The physical meanings and specific values of each parameter are described in [34], and will not be

repeated here. Furthermore, (42) can be rewritten as (43).

X] = xp +sin(z)

N 1 N
X = —% sin(xi) — gx2+ g% - 6(xzx3)2 +sin(0.57) (43)
. 1 R I'p R, . .
X3 = pU— T3 X + Zx% sin(x3) +sin(0.4¢)

The parameters are set with
k1 =15,k =0.6,ky =0.9,b; = by = b3 = 10,
A =0.8,1, =10,43 =0.6,01 =0.6,0, = 11, (44)
03 =10,u,=0.2,u, =0.4,ts =0.1s

The reference signal is selected as y; = 0.3(sin(z) + sin(2¢)). The initial conditions are
x1(0) = 0.2, x2(0) = 0.2, x3(0) = 0.2, 6;(0) = 0,6,(0) = 0,65(0) = 0. Figure 10 to Figure 15 show
the simulation results. Figure 10 and Figure 11 show the state and error variation curves under the
DETC-ST control strategy. It can be seen that the error is bounded. Figure 12 shows the variation curve
of the adaptive law, and Figure 13 shows the variation of control input under event-triggered conditions.
Figure 14 and Figure 15 show the interval-times of the SA channel and CA channel. From the above
simulation results, it can be seen that the control strategy proposed in this paper is feasible for the

engineering practical model.

---- Reference —— DETC-ST

Figure 10. x{, x and x3 in DETC-ST.
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Figure 11. Tracking errror z; in DETC-ST.
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Figure 12. ;, 6 and 6; in DETC-ST.
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Figure 13. v and # in DETC-ST.
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Figure 14. Inter-event time of x, x», x3 and y; in DETC-ST.
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Figure 15. Inter-event time in CA channel.

6. Conclusion

This paper develops a novel method to deal with the JVCL problem in ETC, namely to construct the
undetermined virtual control laws which are not involved in the controller. The analysis and design are
much easier than the existing researches. A novel event-triggered mechanism is developed by fabricating
a cumulative triggering condition, where the state are separately transmitted. This mechanism can save
more bandwidth of transmission than the traditional ETC with clustered signal transmission. Furthermore,
we conduct a rigorous mathematical proof of the minimum inter-event time of state transmission and
the ultimate boundedness of all the tracking errors. Simulation verifies the advantages of the proposed
scheme. Nevertheless, the proposed scheme leaves an unsolved problem. As is shown in (19), &;(¢ ji) must
be transmitted along with x;(¢ ji). That means 6; must be calculated in the level of sensors, which increases
the computational burden. To solve this problem, we will investigate the adaptive laws co-located with

the controller in the future work.
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