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Abstract

The fixed time event-triggered control for high-order nonlinear uncertain systems with time-varying state constraints is in-
vestigated in this paper. First, the event-triggered control (ETC) mechanism is introduced to reduce data transmission in
the communication channel. In consideration of the physical constraints and engineering requirements, time-varying barrier
Lyapunov function (BLF) is deployed to make the system states confined in the given time-varying constraints. Then, the
radial basis function neural networks (RBF NNs) is used to approximate the unknown nonlinear terms. Further, the fixed time
stability strategy is deployed to make the system achieve semiglobal practical fixed time stability (SPFTS) and the convergence

time is independent of the initial conditions. Finally, the proposed control scheme is verified by two simulation examples.
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1 | INTRODUCTION

In the last few decades, the control of high-order nonlinear systems has attracted considerable attention for its ever increasing
applications in practical engineering, such as sliding mode control for aerial devices, robust following control for autonomous
underwater vehicles, structured robust synthesis control for flexible aircraft flutter suppression, and etc. [1H3] Generally, high-
order nonlinear systems are composed of multiple subsystems with complex cross-couplings, [4] and they are also suffering from
nonlinear characteristics, uncertainties and external disturbances, [5] which enhances the difficulty in the control of high-order
nonlinear systems.

For high-order nonlinear systems, the output feedback control was presented based on various Lyapunov equations in [6]. In
[[7], Nikiforov et al. proposed a modular backstepping design for new high-order tuner to improve the transient performance. In
[8], Zhang et al. considered the cooperative tracking control problem of networked higher-order nonlinear systems with distinct
unknown dynamics and bounded external disturbances. In addition, for the nonlinear and uncertain terms in high-order nonlinear
system, Yang et al. utilized the radial basis function neural networks (RBF NNs) to design the state observer and approximate the
unknown nonlinear function in [9]]. In [10], the neural networks were employed to approximate unknown interconnected terms
and nonlinear functions. In [11], Yang et al. proposed a pinning adaptive coupling method to ensure global synchronization
without knowing the bound of parameter uncertainties.

0Abbreviations: ANA, anti-nuclear antibodies; APC, antigen-presenting cells; IRF, interferon regulatory factor
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Convergence time is an important concern in some practical control systems, [[12] finite-time control is usually utilised for
faster convergence rate and better transient performance. [[13H15] However, the convergence time of finite-time control depends
on the system initial conditions, which may not meet some critical requirements. [16] Fixed time control, whose convergence
time is a predetermined value, has been regarded as a promising alternative for critical transient requirements. In the work of
[LL7], fixed time stability of the positive nonlinear systems was guaranteed by a Lyapunov function based criterion. In [18]], Du et
al. designed distributed fixed time observers and fixed time tracking controllers to make the heterogeneous nonlinear multi-agent
systems achieve distributed consensus in a fixed time. In [19], dynamic gain control approach and fixed time distributed observer
was used to design a new dynamic controller with two online tuned gains. A new fixed time stable criterion is established in
[20]], which provides an efficient tool for the fixed time control in the fuzzy control framework. In [21], Wang ef al. investigated
the fixed time containment control of second-order nonlinear multi-agent systems.

Time-triggered control is frequently used in the control system design for satisfactory control performance. [15] However,
such periodic sampling will inevitably cause network redundancy and computing resources waste due to the limited bandwidth
and the restriction of onboard energy. The event-triggered control(ETC), where the control task is executed only when the
triggering condition is violated,[22] has received considerable attention for communication resources saving. [23526] Qin et al.
[23]] proposed an observer-based event-triggered fuzzy control strategy, which can ensure the stability of the closed-loop system
and make the tracking error converge to arbitrary small value. In [24], Sun et al. proposed an adaptive fuzzy event-triggered
tracking control approach, which not only ensures that the tracking error is always within a predefined region but also reduces the
communication burden from the controller to the actuator. In [25]], a novel event-triggered mechanism is proposed to determine
when data needs to be transferred. Yang er al. investigated a tracking error-based event-triggered strategy to reduce the data
transmission in [26].

It is well known that there are many constraints in practical control systems due to the performance requirement or the
physical characteristics. [27] The violation of constraints may lead to the system instability or even damage the system. To this
end, the constrained state estimator was derived based on the projection method and the unconstrained linear minimum mean
square error estimator in [28]. In [29], a simple derivation based on stochastic arguments of the covariance of the constrained
Kalman filter for time-variant systems was presented. In [30], Keng et al. presented the control design based on the barrier
Lyapunov function(BLF) for strict feedback systems with an output constraint. In [31], an adaptive output feedback control via
command filtered backstepping was proposed for a class of uncertain nonlinear systems with full-state constraints. For the time-
varying state constraints, an adaptive neural network controller is constructed by introducing the asymmetric time-varying BLF,
which ensures that the states do not violate the asymmetric time-varying constraint regions. [32] In [33], time-varying BLF was
used to ensure that the constrained subsystems will not violate the time-varying constraint. In [34], a novel time-varying BLF-
based adaptive fuzzy backstepping control scheme is designed for the uncertain nonstrict-feedback nonlinear systems to realize
superior tracking performances and keep the states staying in predefined time-varying compact regions.

Motivated by the above descriptions, the fixed time event-triggered control for high-order nonlinear uncertain systems with
time-varying state constraints is investigated in this paper. The main contributions of this paper are summarized as follows.

1) Compared with the finite time stability, the fixed time stability theory introduced in this paper can make the system have
faster convergence rate and the convergence time is not affected by the initial conditions.

2) Different from the time-triggered method of periodic sampling, the event-triggered control proposed in this paper can
reduce unnecessary information transmission and save network resources greatly.

3) Compared with literature [27, 30431]], time-varying BLF adopted in this paper solves the problem of time-varying
constraints for high-order nonlinear uncertain systems, which is more universal and practical.

The remainder of this paper is as follows. Section II gives preliminary knowledge and problem formulation. Then, the design
of the control scheme and fixed time stability analysis are shown in Section III. Section IV presents two representative simulation
examples. Finally, Section V concludes this paper.
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2 | PRELIMINARY AND PROBLEM FORMULATION

2.1 | Definition and lemmas
Consider the following system
x = f(x),x(0) = x,
)]
where x € R" is the system state, f : R, X R" — R" is a nonlinear function.

Definition 1. [9]] System (1) is called semiglobal practical fixed time stable (SPFTS) if it is globally asymptotically stable and
any solutions of (1) converge to the origin within the time 7, bounded by 7,,,,, i.e. 3 T, T/ (xp) < Thpay-

ax? max °*

Lemma 1. [9]] If there exists some positive constants P > 0, Q > 0,0 < @; < I, @, > 1 and 0 < f < oo and a selected
Lyapunov function V (x) such that

V(x) S =PV(x) = QV®(x) + @

then the trajectory of system (1) is semiglobal practical fixed time stable and the states of system (1) can reach the following

set within the interval [0, T';]
Q:{xV(x)Smin{( P >;,< b >;}}
Pl -1) ol -1

where the scalar 1 satisfies 0 < 1 < 1, and the time T/, is bounded by the fixed-time T},

1 1
T, <T,x = + 3
4 " Pl —ay)  Qi(ay — 1) ©)
Lemma 2. [22] For any real variables « and y, any positive constans a, b and s, one has
a b < a a+b + -4 a+b 4
Ikl x] _—a+bSIKI 715" vl “
Lemma 3. [22] For V(k, y) € R?, the following inequality holds
TP 1
Ky £ — Ikl +—1xl* )
p qri

withz>0,p>1,g>land(p—1)(g—1) = 1.
Lemma 4. [22] For {;,{,,....{, >0and d > 0,if 0 < d < 1, one has

n n d
Zé’id Z <Z §1>
i=1 i=1

else

i=1

n n d
; gl =n <Z c,»> ©)

Lemma 5. [22] For any w € R and u > 0, the following inequation holds

0< |w| —wtanh(%) <0.2785u 7

In this paper, the radial basis function neural networks (RBF NNs) will be utilised to approximate some unknown continuous
nonlinear functions. Therefore, some preliminaries on RBF NN are given.
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Lemma 6. [9] The RBF NNs can be expressed by

§2)=W'S(Z) = Y w;s(Z) ®)

i=1

_ 1Z —cl?
5;(Z) = exp T )

where @(Z) is the output of the RBF NNs, Z = [z, ..., zn]T is the input vector, m > 0 is the number of RBF NNs nodes,
W = [w, ..., w,]" is the weight vector. s,(Z) is the Gaussian function, b; is the width of the Gaussian function, ¢; = [¢;, ..., ¢;,]T
is central point vector value of the i-th cryptic neuron.

Then, the unknown nonlinear function f(Z) can be approximated by the RBF NNs as
f(Z)=W*S(Z)+ A(Z) (10)

where A(Z) is approximation error satisfying |A(Z)| < €.

2.2 | Problem description

Consider the high-order nonlinear uncertain system composed of N subsystems with n;th-order nonlinear dynamics. The
dynamics of ith subsystem can be described as

x,,,j(t) = xi’jH(t) + fi,j +w .= lL,..,n—1
xi,n‘.(t) =u, () + fi,n’. + Wi p,» (11)
i) =x;,®, i=12,..,N.
where x; = [X; 1, X;5,....,x;,, ] € R",u; € R, y; € R are system states, control input, and system outout, respectively. f; ;(j =
1,2,..., n;) is the unknown smooth nonlinear function. w; U= 1, ..., n;) denotes the unknown time-varying external disturbances.
The purpose of this paper is to design the control input u; for the ith high-order nonlinear subsystem (11), such that
1) The output y,() can track the reference signal y; ; within the fixed time and all the closed-loop signals are SPFTS.
2) The communication resources are significantly reduced with the introduction of the event-triggered mechanism.

3) All states of the system are constrained in a time-varying function, which is more practical in applications.
Before the controller design, some useful assumptions are presented.

Assumption 1. The desired reference signal y; ,(¢) and its time derivatives up to the #;th order are continuous and bounded.

Assumption 2. The external disturbances w; j(t) (j = 1,2,...,n;) are bounded with unknown positive upper bounds o,
lw; ;)] < @, ;.

Lo 1€

3 | MAIN RESULTS

In this section, a fixed time event-triggered controller with state constraints is designed via the backstepping technique. The
architecture of the control scheme is shown in Fig.[I] Firstly, RBF NNs is adopted to approximate the nonlinear and uncertain
terms in the system. Meanwhile, fixed time stability is adopted to make convergence time independent of initial value, and time-
varying BLF is adopted to handle time-varying state constraints. Then, ETC is used in controller design to reduce unnecessary
information transmission. Finally, the control signal is transmitted to the subsystem through the network to fulfill the control
task.

3.1 | Event-triggered mechanism

In this paper, the event-triggered mechanism (ETM) is introduced to save communication resources. The control input u,(¢) of
system (11) will update when the preset condition is violated. Hence, the event-triggered condition is determined by
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FIGURE 1 Architecture of the fixed time event-triggered control scheme with state constraints

le, ()] = 7|, ()] + 7, (12)

where e;(t) = ¥,;(t) — ¥,(z,) and ¥,(1), ¥,(7,) are controll signals at the current time and the previous triggering instant, respec-
tively. y; € (0, 1) and #; > 0 are two positive parameters to be designed. And the triggering instant can be represented by

e = inf {1> 1] le ] 2 71,00l +7, ) (13)
According to the ETM, the control signal ¥,(f) can be written as
W) = (1+607) u(®) + &0n, 1€ [t tiyy) (14)

where ¢, (¢) and ¢,(f) are time-varying parameters with |¢,(¢)] < 1 and |¢,(#)| < 1.
Then, u;(t) can be rewritten as

W.(t nm;
_ i) _ S (On; (15)
I+¢ @y 1+60y
Remark 1. Different from the fixed triggering threshold in [23]], the proposed event-triggered strategy in (13) is based on the

relative threshold, by which the system can automatically adjusts the triggering threshold for better control performance.

u; (1)

Remark 2. The event-triggered controller based on the relative threshold strategy is to design a time-varying threshold associated
with the control signal y;(¢,) of the previous triggering instant. When y;(#,) is large, the control tasks are executed under a big
threshold to avoid frequent triggering. When ;(¢,) is small, a small threshold will be produced to acquire more precise control
and get better control performance.

3.2 | Fixed time event-triggered controller design
In order to design the fixed time controller, the coordinate transformation based on backstepping technique is given as

Z. =X.1—V: N
{ i1 i1 yl,d (16)

Zim = Xjgy = QM= 2,1,
where z; , (m = 1,2, ..., n;) are tracking errors, y, ; is the desired reference signal and «; ,, (m = 1,2, ..., n;) are virtual control

laws.

Step i, 1: Consider the tracking error z; | = x; | — y, 4, its time derivative is

Ziy =X = Vig=Xip+t fii @ = Vig )
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For the time-varying state consrtraints, the time-varying function k; | (¢) is defined as

ki (6) = (ki, — ke + ky,

(18)

where ky,, k, and /, are constants satisfying k;, > k;, > 0 and /; > 0. Obviously, the time-varying function k; ;(¢) is positive

bounded and differentiable and k, < k; ;(#) < ky, holds.

Choose the following Barrier Lyapunov function as

v 1 1 ki2,1 ®
i1 = 710
1T2E ki () -z,
Taking the time derivative of V; | yields
. Zi1 kil kilkil Zi kiy  kiiki,
V= —2 +— = = (x4 fiid@,—F )+ —— — ——
il hj,l Zz,l ki,] h[,l By (xl,Z ft,l a)l,l yt,d) ki,] h[,l
where h, | = k7 (1) - 27|
According to Lemma 3, one has
2
Zl 1 Zi,l 1_2
hzl ll—Zhizl 7 il
Substituting (21) into (20) yields
5 . .
Zi1 . Zi 1 ki kigkgy
V <h_( i,2+fi,l_yi,d)+W+§wzl . h.
il i1 i1
) .
Zi1 (x + . ) N Zi1 N 152 kiv  kiikiy
h,‘y] i,2 (pl,l Via th 2 i1 k 1 hll

where ;| £ f, .
According to Lemma 7, the RBF NNs can approximate ¢; | as

=W1S, +A,

where A, | is the approximation error satisfying |A[’1| <e¢g; withe;; > 0.

According to Lemma 3, one has
zz T 1 lel
——— W, II? S+

Zi1 [z 4]
. W S+
(Wl IS 0+ eyy) < 0 o

h’ R O Ty h 2:21h:21

where c; | is a positive parameter to be designed.

Substituting (24) into (22), the following inequality can be obtained

2 . . 2
v, Zi (x Sua) + Zi1 N kv kiiki AN
T (xyp = Prg) + — -
i1 h i i h',%l ki,l hi,l 2c 121h121

For the convenience of calculation, define the estimation error Gi as
6,=0,-9

where 6, = max { ||I/I/i’j||2,j =1,2,.., ni}, and 9:‘ is the estimation of 6,.
Construct the virtual contral law «; | as

Zfll Zz,‘)zl 2z,
%1 =T8T T8 T, T T kiy = 702 h 915,1511 +Via
hZ hZ il €1t
i1 il

where g;1; > 0, g;1, > 0,0 < p; <1, p, > 1 are parameters to be designed.

Tt — + ¢

1 1
R R

19)

(20)

2y

(22)

(23)

(24)

(25)

(26)

27
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Substituting the virtual contral law e, ; into (25) yields
. A % m, & bk kuky
Vas=gn—m &~ 5 ~ 7 ki~ ZHSTS,H' (X,z G+ — = =
1 P .
h. 112 ]1‘212 hi,l B 2C[ lht 1 hi’l hi,1 ki hi
1, 1,
2
Zi, 1 1 1
T —2 2 2
+2 h2 ||W1|| S, Si1+2co +§C,1 +2£”
i1
p1+l prtl 2 ;
e i g Zi1 Zi1 AN kiikiy ki N
11 2 m 2 T\ TRk~ 7 T o 1
' hﬂ12+1 I hﬂ22+1 hlz,l hi,l l zi,l ki,l hi,l ' '
il i1
2
zZ
i1 T 1_— 1 1 2
toaa ) (W17 = 6,) S8, + 5@, + 56 + 56 (28)
1,
Utilizing Lemma 3, one can get
; 2
Zi1 ; kiiki; . Zi ki oLzl F .\2
— | kg ——— | ==k | — |1+ — ) <2k — s—’+(k-1) (29)
hi, " Zi1 " hy Zi1 "oy hil "
From the defination of k; ; in (18), we know that k; ;and I'c,.,1 are bounded. Furthermore, it follows that
ki 2
 + (ka) <K (30)
ki
where K | is a positive constant.
Substituting (29)-(30) into (28), one has
+1 +1
. Z;D]l ZfZI Zi,l 22 T 1—2 1 2 1
Ve S =8m—pm ~ 82— t+ r(xi,z —a;) + 2 (W17 = 6,) SiSii+ Ky + 3@t 560t 5 31
]’l 2 h ? i1 l 17,1
i1 il
Step i,m (m = 2,...,n; — 1): Consider the tracking error z; ,, = x; ,, — @; ,,_;, its time derivative is
Z'i,m = xlm - di,m—l = Xim+1 + fi,m + W; oy — di,m—l (32)
Define the time-varying function k; , (¢) as
ki,m(t) = (kma - kmb)e_IMI + kmb (33)

where constants k,,, > k,, > 0 and /,, > 0. Obviously, the time-varying function k; ,(¢) is positive bounded and differentiable

and k,;, < k; ,(t) < k,,, holds.

Choose the following Barrier Lyapunov function as
&, 0

1
Vim = Vs + 3 log ——2—
nT e T -2,

The time derivative of V,  is obtained as

k’ ki,mki,m

im

- Zim
= I/i,m—l + ]’l_

im

Vi,m (xi,m+l + fi,m + Wim — di,m—l) + k - h
im im
— 2 2
where h; ,, = ki (1) — z;,

According to Lemma 3, one has

(34

(35)

(36)
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Substituting (36) into (35), one has
) .
Zt,m Zi,m 1_2 ki,m im"™i,m
I/lmSI/lm—l-*_E( lm+1+f1m_ im— 1) 2h12m za)[,m+m_ h[,m
m— P1+1 l’2+1 m=1 2 m—1 1 m—1
Lj T 2 2 4 =2
Zgul p1+1 Zglﬂ i+l +Z 2 12 (”VVIJ” 9)5 S'»'+2Ki,f'+zz(cij+6t/+wt/>
- 1 2c = 2 he, ~ -
= 2 j= h, 2 Jj=1 i,j ij j=1 Jj=1
hij
) ; ,
+ Zi,m + Zi,m x + Zi,m—lhi,m + f —a + ki,m _ ki,mki,m + 152
2h12’m h,’ . im+1 hi el im im—1 ki,m h’[,m 2 im
ﬂ1+1 ﬂ2+1 m=1 2 m—1 1 m—1
i.J T 2 2 —2
ng L WP T IS WIRES TR )
' = 2c” . h”. e -
Jj= h ? J=1 =%, Jj=1 Jj=1
1
5 : ;
z° z; k; k; .k; 1
im i,m i,m im™i,m —2
+ (x4’ 1T o ) + — — + —w. 37
2]’[12, h,‘,m i,m im k[,m hi,m 2 im
ZIJII* hlm
where @, , = — —2 + fim = Fim -
According to emma 7, @, , can be approximated by RBF NN as
T
=W Sim+ B (38)
where A, , is the approximation error satisfying |4, | < ¢, ,, with g, , > 0.
According to Lemma 3, one can obtain
2 2
zi,m | | T 1 zi,m 1 2
(plm — (” || ||S1,m|| + Ei,m) = 2 ) ” ” S S + 1m + D) + _gi,m (39)
h”m h”m i, mhl m 2 2hi,m 2
where c; , is a positive parameter to be designed
Substituting (39) into (37), the following inequality holds
— p1+1 m—1 2t mel 2
Z Ul p1+1 thjZ ﬂ2+]+222h2 (” ” S +ZK t5 Z<u+6u+w )
j=1 2 =1
l,] hl J !
Ziz,m i,m Z2 2 oT i,m ki,mki,m
+ Pl +-— h Xim+1 t ” ” S’.7mS k - ]’l (40)
hi,m i,m 2¢; im'“i,m im im
Construct the virtual control law «; ,, as
P P2
Z; Z; 2z z;
i,m i,m i,m im T
Aim = —8&iml— T —8im2 ", — h — %im 22 h ISi,m im D
z im ;
hi,r:l h’i,m B
where g;,,; > 0, g;,, > 0 are parameters to be designed
Substituting (41) into (40) yields
m 1’1+1 P2+1 m 2 m—1 1 m
ij 2_ 4 T 2 2 =2
Zgul M Zg'ﬂ e + Z ey (W17 =6,) SES, + D Ky + 3 > (Cu te +a)i,j>
=1 h. *? 2 ij g Jj=1 Jj=1
w J
5 . ;
z° zZ; k; nk; k;
,m ,m ,m Lmri,m ,m
= Xt — Q) | Ky |+ (42)
i,m i,m hi,m i,m Zi,m k

i,m

- =
hi,m
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Similar to (29) and (30), the following inequalities hold

2
Zi,m _ klmktm < zi,m + (k )2
hi,m i,m Zj,m hlzm i,m
ki m 2
k_ + (ki,m) < Ktm
im
Substituting (43)-(44) into (42), we have
m Pl+1 ﬂz+1 m
J 2_p T
<= Y ot - Z&ﬂhﬂ Z humgn—ws Si+ 5t —
j=1 h 2 j=l1 /’lT 1 ,J ij im
m 1 m
2 2 2, =2
+ Z K;;+ > Z (ci’j +e;+ a)i’j)
j=1 j=1
Step i,n;: Consider the tracking error z;, = Xx;, — &;, _j, its time derivative is
Zip = Xjy, = Qg =+ fiy O, — 0y

Define the time-varying function k; , (7) as

ki,n,.(t) = (kn,.a - knib)e_ln't + kn,-b

Im)

(43)

(44)

(45)

(46)

(47)

where constants k,, , > k, , > 0 and /, > 0. Obviously, the time-varying function k; , () is positive bounded and differentiable

and k, , < k;, (1) < k, , holds.

Choose the following Barrier Lyapunov function as

ks, (@)
1 in; 1~2
I/In,- = I/tn, 1 + E IOg hi,nv 591
where h,, = k> (t) — 22
1,n; in; in;
The time derivative of V;, is obtained as
k. k. k. .
. in; in; in;"Vin; ~A
I/ln,.=I/ln—l+h (u+f1n,+a) atn—1)+ - h _Hiei
in; in; in;
According to Lemma 3, one has
2
zi,n zi,n, 12
w;, < =
hi,ni L,n; 2h,2n 2 in;
Substituting (50) into (49), one has
n—1 Lt =l B s S z
2 ~ T in—1
Z%IM 2&2W+22h4n|w%mJ%+;—
Jj=1 hT i i in;—1
n—1 2 i i
C Zin Zin 1_2 kin- kl n-kin ~A
+ ) K+ — (fintu—d, )+—+-0,, +——-—"-00,
j; 1] hi!n’ Ln; 1 Ln; 2hi2’n1 2 Ln; kl',n’_ hivni 71
n—1 m+1 n—1 P2+1 n—1 2 n—l

Z gljl /71+l Zglj2 o+l + Z ) jh (”I/I/”” O)S,]TS + = 2 ( 1'2,j +5121> + Z Ki,j

j=1 h.? j=1 h.? i,j i,j
ij i.j
) . .
" Zi,n, ( + ) + Zi,n‘ + 1 + ki,n, ki,n,ki,n, 9~é\
u, + @, —; - ——— —0.0,
B 2 in; 1
hi,n[ 2h, n 2 ! ki,n,. hi,n[
1
A

Zim—1Min
Where(pi,n,-= h‘ ’+f1n_ in—1°

inj—1

n—l

(48)

(49)

(50)

i, = Qip) + 5 Z ( ij +611 +a)u>
j—l

(G
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According to Lemma 7, ¢;, can be approximated by RBF NN as

Pin, = Wi Sin, + Ay, (52)
where A, , is the approximation error satistying |A;, | <¢€;, withe;, > 0.
According to Lemma 3, one can obtain
2 2
Zin | | Zin 1 Zin 1
T @in < IWi WIS L+ €1,) < 5= W0, IPST, S + 5607 + 55— + 560, (53)
hip " h ( ) 22, h, . 2¢ 2R3, 2
where ¢; , is a positive parameter to be designed.
Substituting (53) into (51), the following inequality holds
n—1 m+1 n—1 Pz+1 n—1 2
Zgul Zg,,z Z e (Wl =0)8,,75,,+ 5 Z( Ll 43
h i,j i,j
ij hi
n—1 ZZ Zin z2 k. k. k. .
+ ) K+ =W, IS, S, + —u+ — + — - =" — .0, (54)
jzl 1] 2 2 hl 9 Lh; hl,i’l,- hiz,m ki,n,- h’.!n‘ i
Construct the virtual control 1aw a;, as
P1 P2
Zi,n, Zi,n, 2Zi,n, zi,n, ~ T
&; p, 8in,1 -1 8in2 -l h — Rin, T 202 h 01’ in, P in; (55
in;
h[’nz’ h[’nz’ i, i
Substituting (55) into (54) yields
PH’1 1’2+1 n; Z2 z
2 A\eT in;
Zgljl o+l Z g”2 ﬂ7+1 2 2 P h2 (” || - ei)Si,jSi,j + h_(ui - ai,n,)
j=1 h 2 j=1 j=1 ci,j i.j in;
t,
2 i i n; n—1
Zin, Zi,n, . KinKin, kip, 1
- ey, - S ) — 80+~ 2<,j+e +a)u>+2K (56)
in; in; Zi’"i i,n; j=1
Similar to (29)-(30) and (43)-(44), the following inequalities can be obtained
; 2
Zin . kin.kin- Zin : 2
W k- SN LN, < 4 (k, (57)
hia"i o Ziv"i hiz,ni ( I’n)
ki n; 2
-+ (ki) S K, (58)
ki,n,. ; ;
Substituting (57)-(58) into (56), it has
n; l’1+l P2+l n; 2 z.
y 2 _A\oT in;
Vi S= D 81— Z g,,z Z ¥ h2 AW 1P = B)ST, S5 + - - ayy,)
Jj=1 h Jj= ij g in;
ij
. 1 n; n;
00 2 2 =2
~80,+5 Y, (3 +e2+ wi’j) + Yk, (59)
j=1 j=1
Construct the parameter updating law é\, as
noooz2
ij
6, = /1,0,+222h2 LS., (60)
=1 €t

where 4, is a positive parameter to be designed.
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According to the definition of §; and Lemma 3, we have the following inequality

n; 2 n; Z2 n; ZZ
~ A T ~A
22 hZ (” ” _9) i.j lj 9i0i= 2C h2 (” ” _6) ij [/ chzh 9,SIJS,I+/1094
ij i J=1 =ij" ) J=1 =500
< 4,69, 61)
Substituting (61) into (59), one can obtain
Pl‘*’l P2+l n;

; ( ) + Y K, (62)

According to the ETM, u;(t) = W,(¢,) for Vt € [tk, iy ) Then, the controller is designed as

Zjn, %in, _ MiZip
Y.(t)=-1+vy,) |, tanh| ——— | + 7, tanh ~ (63)
o Hihi Hihi

where 77; > i and y; > 0 are parameters to be designed.

l\)l'—‘

t,n,-

z; ~
Z 8ijt T le Z 8ijo it ,,ZH _(” @)+ /ligi
Jj=

J

By using actuator signal (15), controller (63) and Lemma 5, ‘"' (u; — a,-,,,’) in (62) follows

x.n,

ny
~(u; — ai,n,) = M;(u; - ai,n[)

M ( Y0 o —m)
1+¢,®y; 14+ ¢, (Dy; .

MY,(1) M;n;

hS - Ma;,
1+¢ @y, -y, o
Mi“in My,
S—Miain,tanh< > Mr]ltanh< >+|M11|+| |
o H[ /’li
<0557y, (64)
where M, = Z’—”
Substituting (64) into (62) yields
ﬂ1+1 P2+1 1 n;
2 gul Z glﬂ 106, + 5 Z <c +e, 21) + Y K, +0.557, (65)
=1 j=1
l,I ’/

Remark 3. As can be seen from (19), (34) and (48), the Lyapunov function V; ; (j = 1,2,...,n;) is unbounded if k; j ® <z j|
by adopting the BLF technique. Therefore, the tracking error z, ; will be confined to the predefined constraint region |z, ;| < k; ;
if the control scheme is designed effectively to ensure the boundedness of V; ;. The coordinate transformation (16) has the
following deformation

Ix;i il =121 + Vgl S Nzig |+ 1yigl Skiy+1yiglij =1

Ix; ;1 =lz;;+a ;| <zl +lag ;o <k + a0 =2,.0n (66)
Since k; ;, y; , and a; ;_; are bounded, |x; ;| are bounded. Therefore, by choosing appropriate positive constant x; ;, we have
|x; ;| <k;j+x,;=x,;0G=12,..n), Wthh guarantees that the system states fall in the time-varying constraints.
3.3 | Fixed time stability analysis
Choose the Lyapunov candidate function as
Vi) =V, (0) 67)

where V;, (?) is defined in step i, n; above.
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Taking the time derivative of V;(¢) yields

p1+l P2+| n;
I
Vi) =V, () < - Zg,,l Zg,ﬂ e 300, +3 (2 +e,+@, )+ZK 40557, (68)
J= hij Jj=1 j=1
According to Lemma 3, we have
400, = 4.6, —0)8, = 16,0 — 07 < %Aiel? - %Aiéf (69)
Leta; = %, a, = pZTH. According to Lemma 2, we have
a; .
—%éf + (% ”,.2) <(l—a)a™ (70)
a o)
_Lg2y (%é’f) T -apa® 71)
From (70) and (71), we have the following inequality
a a ]
07 <= (307) = (307) +0 - ™)
Substiuting (69) and (72) into (68) yields
a a
1, (1;2\7 © o =
0= S () - B (72) -4 (30)" -3 ()" s -
) i
+ 2/1,91 +- Z ( 2 vel +m ) + Z{K"j +0.557y,
j=
n; n; z2 * 1 | o 1 | @ 1 n; n;
ij ij ~2\ ! ~2 —2
<—r _,) —r (_f> ~34(507) =34(507) +5 2 (& +ek+@,) + X Ky +0557h,
(73)

where ry =min{g;;,j =1,...n;}, r =min{g;;5,j = 1,....n; }.
According to Lemma 4, we have

. noz2 A\ noz2 \ % N N i i
V,-(t)<—r3<2h'_’J> _r4<2%) —%Ai<%9i2)l—%ii<%9i2) +% <c§j+s +a) >+2Ki!j+0.557;4i

j=1 ""iJj j=1""hJ j=1 Jj=1
" K, ;@ kK2 (HO\" a @
1 1 ij 1 152 1 12 1
_rS(ZE ‘ ) —l"6<'_ Elog . —zﬂi(§i> —zﬂi(§i> +§'_ ( +E +(D )
= j=1 ij j=1
- Z K,; +0.557y
j=1
n k2 ) * n; k2 0) * n n;
1 ij 12 1 ij 12 1 2 2 —2
5—3(251 og——+20" ) -0 2 5 log ——+ 20, +§Z(ci,j+6i,j+wi,j>+ZKiJ+o‘557”i
j=1 ij j=1 L.J j=1 j=1
=— PV () - 0OV ")+ 74
where r; = r, r, = nl.l_a2r2, rs = 2%ry, re = 2%r,, P, = min {r5, ;/1} , 0; = 2" min {r6, %ii} B =

n; n;

1 2 2 —2

3 21 (ci’j +e,+ wi,j) + 21 K;; +0.557y;.
J= J=

According to Lemma 1, it is known that all the signals of system are semiglobal practical fixed time stable and converge to
the following reside set within the time 7',

_ . B N\« ( B \=
Q_{XV(X)Smm{<—Pi(l—z)> ’<—Q,-(1—l)> }}
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and the time 7', is bounded by T},

ax

1 1
T, <T

St = 0 ey T O - 1) (7)

with 0 <1 < 1 is a positive parameter.

Next, we will prove that the Zeno phenomenon does not occur in the designed controller.

Obviously, the controller ¥,(¢) in (63) is continuous, the error signal e;(¢) = y;(t) — W¥,(¢,) is also continuous. As W¥,(t,) is a
constant for V¢ € [tk, ty +1), é,(t) =W, (1) for vt € [tk, tirl ) Moreover, it is easy to verify that W,(¢) is continuous, so there exits
an upper bound D > 0 such that

(D] <D Vi€ [t),1,41) (76)
From the event-triggered theory, one has that e;(¢,) = 0 and |e,~(f;+1)| = y|y,(,)| + n; > n;. And then we have the following
inequality

le;(t,. ) — el
k+1 k <D

et = (77)

Leyr — Bk

(e )—eiy) . . . .
let)etol L. Define 1., = %, hence the Zeno behaviour is effectively avoided,

From (77), we can obtain ¢, | — 1, > > > n

e, tpr = 1 = toine

4 | SIMULATION RESULTS

In this section, two representative examples will be given to illustrate the proposed control scheme.

4.1 | Example 1

Consider the following third-order nonlinear system, which contains two subsystems

X0 = x,,0) + fi) + 0,,),

xi’z(t) = xi,3(t) + fi,2 + a)[’z(t),

X;3(0) = u, () + fi5+ @, 5(0),

() =x;,(0,i=1,2
where f|; = 0.5sin(x; ), f1, = X;,€08(x;,), f13 = 2x 58in(x;3), fo; = 0.3s8in(x,)), foo = Xy558i0(x,y,), fr3 =
2x, 5 €08(x,,), The external disturbances w; j(t)( j = 1,2,3) are the Gaussian white noise with zero mean and 0.005 standard
deviation. The reference signals are: y, ;, = 0.4sin(0.5¢) + 1.5sin(?), y,;, = 0.5sin(r) + 1.6 cos(0.5¢). The initial values of
[xL1 s X125 xl,3]T are set as [0.5,0.5, —10.5]". The initial values of [xz’l 2 X205 x2’3]T are set as [0.5, 5.5, 8.5]7. The initial values of

(78)

[21,1’ Z1 9 zl,S]T are set as [0.5,0.5,0.5]". The initial values of [12,1, Zy7, z2’3]T are set as [0.5,0.5,0.5]". The error z, ; are lim-
ited by |z,-,j| < k,-,j, (i=1,2;j=1,2,3). To guarantee favorable performances, we choose k; | = 272 +0.7, ki, = 6e7'+0.5,
kiy=32e"+5,ky =22 +0.7, ky, =6e" +0.5, ky3 = 32¢™" + 5 in this simulation.

The Gaussian basic function of NNs are chosen as

(z;; — 1)? (z;; —0.5) (z;; — 0)?
al, (Fu) = P | =55 | S (i) = xR e | Sa, () = €XP | 2 e |

(z;;+0.5) (z;;+ 1)
i, (Gu) = X | =g |6, (i) SO | =
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The virtual control laws and the adaptive law are constructed as

p »
Z; 11 Zi21 2z, . Zi1 A
= —g g - 4y, —— 98T S
at,l &ill p1—1 gi12 o=l h il yt,d CZ 16,1
2 2 i1 17,1
hi,l hi,l
P P2
_ Zin Zin 2z;5 i Zin 5T s
Qo= =817 — 82—~ ho. i,2_—2 2 g, ViRi2 i2
hZ h i2 CirMin
i2 i2
p »
_ 23 25 2z i Zi3 oSt s 79
Q3= 8317 ~ &, ~ h. i,3_ﬁ iQi3°i3 (79
h h 2 i3 Ci3li3
i3 i3
) 30 2
0. =-10 + S RN (80)
i~ ivi 2 2 i,j 0
Jj=1 ij ij

The parameters of the above equations are given as g1, = g1p =4, 8121 = 812 = 6, 8131 = &2 = 9, &1 = & = 3,
801 = 8n =483 =8 =20c == ==L =3 h=Lpy=q.n=3.n=n=08n=mn=1
n =n,=501,py =p, =02

The controller is designed as

=)

¥ 1.8 n( Z2%2 4 501 tanh ( 2oi5a 81
(1) = —1. 2t +3.01t
i %3 M 02n, M 02n,, @D

The triggering condition is defined by

ui(t) =W (t) Vi € [ty 1141)
tpy =inf {1 > 1,] |e;()] > 0.8]W,(t )] + 1} (82)

The simulation results are shown in Fig. 1-6. Fig. 2| shows the system reference signals y, 4, ¥, ; of two subsystems and the
output of the system with different initial values, respectively. It can be seen intuitively from the figure that the two subsystems
can track the reference signal in a fixed time under different initial conditions, which verifies the superiority of fixed-time stability.

Then, Figure. 3|- E] shows the simulation results of two subsystems when the initial condition is x, ;(0) = x, ;(0) = 0.5. Fig.
[](a), (c)., (e) show the states of subsystem 1, Fig.[3|(b), (d), (f) show the states of subsystem 2. It is clear that all states of both
subsystems are constrained within bounds. Form Fig[5] we can see that the tracking error of the system are also constrained
within the given range. Therefore, both the state and tracking error of the system can be constrained within a predefined time-
varying function. The control signal y /() and output signal u(r) of two subsystems are given in Fig[d] Obviously, the actuator is
a constant between two triggering intervals, which clearly shows the characteristics of event-triggered scheme.

Fig. [f] dipicts the inter-event execution intervals of two subsystems. The abscissa represents the instant of event triggering
and the height represents the time between two triggering events. The higher the ordinate is, the longer the interval between
two adjacent event triggering instant is. The system sampling time is 0.01s. It can be clearly observed from Fig. [6] that most
triggering intervals are longer than 0.01s, which shows that the event-triggering mechanism has less triggering time than the
time-triggering mechanism and saves more network resources.

The advantages of the fixed time control strategy over the finite time control strategy are further shown in Fig.[7] where the
finite time control strategy in literature [15]] is applied to system (78) and the system control parameters and RBF NNs are
selected the same as the above cases. Fig. [7|(a) describes the system output of the proposed fixed-time control scheme and the
finite-time control in literature [15]]. Fig.[/|(b) shows the tracking error of the two control schemes. It can be seen that the fixed
time strategy mentioned above not only has faster convergence rate and better tracking performance than the finite time strategy,
but also has smaller tracking error.

The superiority of event-triggered strategy in saving network resources is shown in Table 1. The sampling time interval is
0.01s, and the simulation duration is 20s.

It can be seen intuitively from Table [I] that the number of triggering events (NET) of subsystems 1 and 2 is significantly
reduced than that of literature [15]]. Meanwhile, the transmission percentage of the two subsystems is less than 50%, while that of
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TABLE 1 Number of triggering events (NTE) and transmission percentage

Sampling times NET Percentage
Subl 2000 873 43.65%
Sub2 2000 568 28.4%
literature [[15]] 2000 2000 100%

literature [15]] is 100%. These can well prove that the introduction of event-triggered strategy can save communication resources

and improve communication efficiency.

Yi,ds T1,1
Y2.d, T2,1

211(0) = —1
w11 (0) = 1.5

0 5 10 15 20
#(s)

(@) y; 4 and x; (b) y, 4 and x, ;

FIGURE 2 System reference signal and output y

4.2 | Example 2

To further illustrate the effectiveness of the proposed method in practical applications, vehicle platoon system is taken as another
example in the simulation study. Consider a vehicle platoon system consisting of one leader and three following vehicles depicted
in Fig.[8] where L represents the length of the vehicles and d represents the distance between consecutive vehicles.

The vehicle dynamic model can be described as[335]]

X; =

U, = aq; (83)
1 O-Aicd. dm_ O'AiCd_ U,«ai 1

al=_E<UI+TU? —')——‘+—M,«,lﬁiﬁ3
i m; m; m; im;

where x;, v;, a; represent the position, velocity and acceleration of the ith vehicle, respectively. u; is the control input of the ith
vehicle’s engine, with u; > 0 representing the throttle input and u; < O representing the brake input. ¢ represents the specific
mass of the air. For the ith vehicle, ¢; is the engine’s time constant, m; is the vehicle mass, A; represents the cross-sectional area,

C,, depicts the drag coefficient, 62:””‘ is the air resistance, d,, displays the mechanical drag.
Parameters of the vehicle are set as: o-=1.2kg/m3, ¢ = 0.25, m;=1464kg, Ai=2.2m2, Cd,. =0.35, dm,.=5N- For the constraint

term, we ChOOSC kl,l = k2,1 = k3,1 = 26_2t + 0.7, k1,2 = k2,2 = k3’2 = 2e_ZI + 0.5, k1’3 = k2’3 = k3’3 = 326_t + 5.
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T11, K11

1,2, K12

ui(t), Ui (t)

Z1,3,K1.3

s - - -k

400

200

-200

-400

-600

0 5 10 15 20
#(s)

(a) System state x; ;

— 12
M - - -hRi2
..... —K12

0 5 10 15 20

t(s)

(¢) System state x ,

1,3

(e) System state x; ;

T21, K21

6
\
4 J
N
2 J
0 ]
-2
als T21 ||
/ == =K1
=== —h21
-6
0 5 15 20

£(s)

(b) System state x, ;

t(s)

(d) System state x, ,

t(s)

(f) System state x, 5

FIGURE 3 System states x; ; (i = 1,2 j =1,2,3)

(@) u; () and ¥, (1)

ua(t), Ua(t)

2500

2000

1500

1000

500

-500

-1000
0

10
t(s)
(b) uy(#) and P, (1)

FIGURE 4 Control input of two subsystems
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211 22,1
===k

-k A

211, k11

2 5 10 15 20 3 5 10 " 20
t(s) t(s)
(a) System tracking error z; ; (b) System tracking error z,
8 T T T 8 T T T
212 \‘ 222
- ==k 6y ===k |

15 20

10 15 20 0 5
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t(s)

(c) System tracking error z; ,

40 .

‘ 213
30h ===k

N —ki3

15 20

t(s)

(f) System tracking error z, ;
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t(s)

(e) System tracking error z; 5

FIGURE 5 System tracking error z; ; (i = 1,2 j = 1,2,3)
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(b) Event-triggering interval of subsystem 2

(a) Event-triggering interval of subsystem 1

FIGURE 6 Event-triggering interval
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08
I "
e :,\\ ! ‘I l,‘l
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1 1
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i 1
1 1
oh 'l
1 1
. .'I :l \“ ,, \\ : \\
i v \\ ! \\ [
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-15 - - = The output in proposed algorithm 1 -0.6 |- - - The tracking error z; in [15]
»»»»» The output in [15] The tracking error z;; in proposed algorithm
2 5 10 15 20 % 5 10 15 20
£(s) £(s)
(a) Comparison of the tracking performance in pro- (b) The tracking error in proposed strategy and liter-
posed strategy and literature [13] ature
FIGURE 7 Comparative simulation
Follower 3 Follower 2 Follower 1 Leader
S/Q —.—_ s . @ S/Q}_
i« T e« T T 1L -
FIGURE 8 An illustration of vehicle platoon
The virtual control laws and the adaptive law are constructed as
z 7 2z. Z.
_ i1 il i1 k . i1 5 ST S
%1 = 8o T8 T, T T Kt Yia 22 2P
hZ hZ i1 €1l
i1 il
Pl )
i, Zip 2z, i Zio 5ot o
Qo= 81— &2, ~ ho, 2T 5o ViRiaRi2
h hZ i2 Cirllip
i2 i2
P1 P2
Zi3 Zi3 2z LR 84
U3 =T8T, T8 T, T T RiaT 93903 84)
N p i3 2¢;3h5
h h i,3° 71
[ i3
A ~ < Z,~2 j T
b,=-16,+Y T SiSh (85)
J=1 =%ij",j

The parameters of above equations are giaven as g,;; = g2 =2, 821 =3, &2 =31, 831 = 8132 =5, &1 = &2 = 2,
81 = 5. 820 = 3.1, 8231 = 232 j 5, 8311“: G272, 80 =580 =385 =& =50, =Cp=01 =60y =6, =
C37 = LA =4=4=3p T IaErERd! =1n=r=08n=mn=n=1n=1n,=n=501u =p =pu=02
The body length of the vehicle is L;=4m, the desired inter-vehicle distance is d,=6m. The initial states of the vehicle platoon

are chosen as y; = 50, y,=0,y, =0, x;; = 39.98, x, | =29.98, x5, = 19.98. The Gaussian basic function are the same as
that of Example 1.

In this simulation, in order to get better results, the velocity information of the leader vehicle is taken as the reference signal.
The velocity of the leader vehicle is given as

10sin<g—(§) 0<1<10
y, =110 10 <1 <50 (86)
10sin<;’—(;) 50 <1 < 60
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TABLE 2 Number of triggering events (NTE) and transmission percentage
Sampling times NET Percentage
Subl 6000 1269 21.15%
Sub2 6000 2085 34.75%
Sub3 6000 2845 47.42%
literature [[15]] 6000 6000 100%
The controller is designed as
v 1.8 h(22%2 ) 4501 anh (225 87
() =—-1.8|a,,t —— ) +5.01t -
i %3 M 02n, M 02n,, &7

The triggering condition is defined by

(1) = W1Vt € [t tpy)
tpy = inf {1 > 1,] |e;()] > 0.8]W,(t )] + 1} (88)

The simulation result are shown in Fig.[9]- Fig.[12] Fig.|displays the position, velocity and acceleration of the vehicle platoon.
Fig.[9] (a) shows the position curves of each vehicle. It is very clear that three following vehicles can track the leader well and
maintain the desired inter-vehicle distance between them. Fig. 0] (b) shows the velocity of vehicles. We can see that the speed
curve of the followers fluctuates slightly, and followers track the velocity of the leader vehicle well. Fig.[9](c) is the accelaration
of followers. It can be roughly seen that the acceleration is positive at first, then decreases to near zero and remains, and finally
the acceleration is negative, which shows that the followers can keep up with the speed variation of the leader. In the velocity
curve, the vehicle platoon accelerates first, then cruises at a constant speed, and finally decelerates.

Fig.[T0[shows the tracking errors of the three following vehicles. It can be seen that all errors converge to zero after a relatively
small fluctuation, and the error never exceeds the set constraint value. The three states in the simulation are position, velocity
and acceleration of the vehicle. It can be seen from Fig.[9]that the states of the followers are basically consistent with that of the
leader.

The control signal and output signal of the followers are displayed in Fig[IT]} Fig. [I2] shows the event-triggered instant,
obviously the duration of the trigger interval is different.

Table 2] shows the number of triggering events (NTE) and transmission percentage of three followers. Compared with time-
triggered scheme, event-triggered approach obviously saves a lot of network resources. It can be seen that event-triggered strategy
can improve the communication efficiency between vehicles.

Yu, V1, V2, U3

ay,ay,a3

Yds T1,1,T2,1, 23,1

-

R . . R R 0 05 1 .15 2 . N R R . R
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50

t(s) t(s) t(s)

(a) Position curves of each vehicle (b) The velocity of the leader and the followers (¢) Acceleration of followers

FIGURE 9 Position, velocity and acceleration of the vehicle platoon
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FIGURE 10 System tracking error z;; (i=1,2,3;=1,2,3)
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In this paper, the fixed time event-triggered control with state constraints has been investigated for nonlinear systems. First of
all, the ETM is deployed between controller and actuator to reduce the communication burden. Then, the time-varying BLF is
introduced to construct appropriate Lyapunov functions and solve the time-varying state constraint problem. Subsequently, the
RBF NN is used to solve the unknown nonlinear problems in the system. Further, the fixed time event-triggered controller is
derived by backstepping technology, which can not only make the system achieve SPFTS and make the tracking error converge
to a bounded set in a fixed time, but also reduce unnecessary communications. Finally, simulation results verify the feasibility
and effectiveness of the proposed control strategy.
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