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FIXED-TIME ADAPTIVE COMMAND-FILTER-BASED
EVENT-TRIGGERED CONTROL OF CONSTRAINED
SWITCHED NONLINEAR SYSTEMS WITH UNMODELED
DYNAMICS

ZHIBAO SONG AND PING L1

In this paper, we investigate the problem of global output-feedback regulation for a class
of switched nonlinear systems with unknown linear growth condition and uncertain output
function. Based on the backstepping method, an adaptive output-feedback controller is designed
to guarantee that the state of the switched nonlinear system can be globally regulated to the
origin while maintaining global boundedness of the resulting closed-loop switched system under
arbitrary switchings. A numerical example is given to demonstrate the effectiveness of the
proposed control scheme.
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1. INTRODUCTION

As a category of important hybrid systems, the related control problems of switched
system have attracted many scholars due to its extensive application in engineering
[1L 2, B]. In the research of switched systems, some methods, for instance, common Lya-
punov function [4], multiple Lyapunov function [5] and average dwelling time [6] have
been proposed. [7] designed finite-time controller of switched systems under different
powers using common Lyapunov function method. In []], a switched adaptive control
method was developed combining multiple Lyapunov functions approach and parame-
ter separation idea. [J] investigated stability for switched discrete-time systems under
average dwell time. Above works consider stability and stabilization problems only for
switched systems without unmodeled dynamics.

Meanwhile, state/output constraints have turned into a hot topic of control theory
since its real applications, e.g., electromagnetic oscillators [10], electrostatic parallel plate
micro-actuators [I1] and so on. To overcome this issue, the barrier Lyapunov function
(BLF) [12, 13| 14] and the nonlinear mapping [I5] were constructed. In [16], a BLF-
based adaptive control was considered for nonlinear systems under full state constraints.
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[17] investigated adaptive control of constrained nonlinear system with unknown control
coefficients by Nussbaum gain technique. [I§] further considered integral BLF-based
adaptive control of nonlinear switched systems. In [19], adaptive stabilizer was designed
for stochastic nonlinear constrained systems. [20] investigated an adaptive fuzzy tracking
observer-based control approach for switched uncertain nonlinear constrained systems.
Besides, [21] investigated adaptive neural control of nonlinear constrained systems uti-
lizing the nonlinear mapping idea. To avoid repeated derivation of virtual stabilizers
in recursive design procedure, command-filter based method [22] was borrowed. Subse-
quently, [23] proposed command-filter-based adaptive backstepping approach. In virtue
of command filter, adaptive observer-based control of nonlinear systems was considered
in [24]. On the basis of command filter, [25] constructed adaptive fuzzy stabilizer for
nonlinear systems subject to unknown control gains. Noting that aforementioned thesis
mainly concentrate on asymptotic properties when time attends to infinity.

To achieve better robustness and quicker response speed of system, [26] gave a crite-
rion of finite-time stability for autonomous systems and the related results were achieved,
such as [28]. Notice that the settling time functions depend on initial conditions in
finite-time control results, which hinders their engineering applications since the de-
sirable performance cannot be available without initial conditions. To this end, [29]
proposed the concept of fixed-time stability, where the associated settling time func-
tions are independent of initial conditions. Considering output/state constrains, in[30],
an fixed-time adaptive controller was devised for output constrained multiple input mul-
tiple output (MIMO) systems . [31] researched fixed-time control of nonlinear systems
subject to unmatched disturbances and output constraints. In [32], fixed-time controller
was established for nonlinear switched systems with output limitations. On the basis
of Levant differentiator [33], a new approach combining the backstepping technique and
unbounded command-filter was further put forward for nonlinear systems in [34]. By
an unbounded command filter, [35] designed adaptive finite-time stabilizer for quantized
nonlinear systems. [36] studied predefined-time bipartite consensus tracking control for a
class of constrained nonlinear multi-agent systems without unmodeled dynamics. More-
over, with the development of modern and intelligent control theories, control objectives
and objects usually turn to be more and more complicated. For instance, unmodeled
dynamics are appeared in real systems, which may result in the property degradation
of stabilizers. As a consequence, it is necessary to study fixed-time adaptive control for
switched nonlinear systems with output function constraints and unmodeled dynamics
via bounded command filter.

To further save the resource of communication for nonlinear systems, event-triggered
mechanism has attracted enormous attention, such as a static event-triggered method
recommended in [37, B8]. [39] investigated adaptive neural network event-triggered for-
mation fault-tolerant control issue for nonlinear multi-agent systems with intermittent
actuator faults. Subsequently, a dynamic event-triggered strategy was expanded in
[27, 40] and data-driven event-triggered algorithms were proposed in [41], [42]. To sum
up, a significative question is proposed: how can we construct a command-filter-based
adaptive fixed-time event-triggered stabilizer for uncertain constrained switched non-
linear systems subject to unmodeled dynamics by command filter and common barrier
Lyapunov function (CBLF)? To reply this issue, a new fixed-time backstepping control
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scheme is proposed by joining bounded command filter into CBLF in this paper. The
major advantages can be summarized below.

(i) The existing methods, such as asymptotic stability [27, [41] and finite-time stabil-
ity [28] [42] are invalid to resolve the fixed-time control problem of universal nonlinear
systems with unmodeled dynamics. Therefore, a new criterion of fixed-time stability in
Assumption 3 is given and a novel dynamic signal in Lemma 1 is proposed by charac-
terizing unmodeled impact for general dynamic systems.

(i) Fuzzy logic systems (FLSs) and hyperbolic tangent function are simultaneously
borrowed to handle complicated, unknown and continuous nonlinear function without
the help of any linear/homogeneous growth condition. Meanwhile, the structure of the
controller is simplified.

(iii) Distinct from [I3] [14] 7], the CBLF of constrained switched nonlinear system
is simplified based on command filter idea. Thus, a backstepping approach combining
CBLF and bounded command filter is generalized such that only the reference signal y4
and its time derivative are bounded. Besides, the output constraints are the functions
of both y4 and time ¢, which can be epitomized at Step 1 different from the constraints
of only time ¢.

(iv) To reduce the control consumption, a new dynamic event-triggered stabilizer is
devised to render that output can track the desired signal in fixed time and the output
is kept within a constrained interval during operation.

Notations: R, is the set of nonnegative real numbers, R" is the set of n-dimensional
real vectors.

2. PROBLEM FORMULATION AND PRELIMINARIES

Consider uncertain switched nonlinear systems:

Q.b = Qo(t)(wa C)a -
G = Git1 + Yiow (G) + diow(w, (), i=1,...,n =1, (1)
Cn =u+ ¢n,a(t) (C) + dn,a’(t) (’U), C)v

Y=<

where ¢ = (¢1,...,(,)T € R" is system state, u € R and y € R are control input and
output, respectively. (; = [¢1,...,¢]T fori = 1,...,n — 1. o(t) is called to be the
switching signal and its values are taken in a limited set IT = {1,..., M} and M is the
quantity of subsystems. 1; . (-) are unknown smooth functions and ¥; (0) = 0. w € R™
and d; r(-) represent unmodeled dynamics and external disturbances, severally. ox(-)
and d; »(-) are unknown functions. y4(¢) is the reference signal. I(yq4,t) < y(t) < h(yq,t)
with I(yq,t) and h(yg, t) being differentiable functions of y4 and ¢. Moreover, we suppose
that has a unique solution in forward time for any initial condition except the origin.

The following assumption conditions are essential.
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Assumption 2.1. The reference signal y4 and its first-order derivative g4 are available
and bounded, i.e., y (1) < ya(t) < Yo(t) with I(yq,t) < y,(t) < Yo(t) < h(ya,t), and
|94] < 71 where 1 > 0 is a constant.

Assumption 2.2. For i =1,...,n and = € II, the disturbances d; »(w, ¢) fulfil
|di.x (w0, )] < G 1 (ICN]) + Sim2(llw]) (2)
where the smooth functions ¢; . 1(||¢]|) > 0 and ¢; 2(||lw||) > 0 are unknown.

Assumption 2.3. System w = g, ;) (w, () are ISPS (input-to-state practically stable)
when we can find K functions pi(-), p2(-), ps(-), constants pg > 0,2 > 0,us > 0,

v = EZI§, where n € ZT and 0 > 1 is an odd integer and common ISPS function V (w)
(m € ) such that
pr(llwl]) < [V (w)] < pa([Jw]), (3)
oV (w
) a0, €) < V) — 2V () + pa(2]) + 1 0

ow

Remark 2.1. In Assumption two points should be highlighted: (i) In this paper,
the bound of y4 is the function of y; and ¢ simultaneously different from that is only
the function of ¢ in the existing works [I3] [14], which can be seen in the later Step 1;
(ii) Compared with [44], where yq and ith order derivatives of y4 (i = 1,...,n) must
be bounded, only y4 and g4 need to be bounded in this paper. In Assumptions the
bound of disturbances is related to the functions of states and unmodeled dynamics. In
contrast to [27], the term —V7 (w) with v > 1 is introduced into Assumption[2.3] This
gives a fixed-time stability criterion of the switched nonlinear system with unmodeled
dynamics, which is also applied to non-switched case. Thus, Assumptions [2.1] 2.2] and
[2.3] are the weaker conditions of nonlinear systems with unmodeled dynamics, and the
proposed control scheme has more extensive applications, such as fixed-time tracking
control for wheeled mobile robots.

The next definition and lemmas are vital for subsequent controller design and stability
analysis.

Definition 2.1. (Polyakov [29]) The solution ((t,() of system ¢ = f(¢) is said to be
practically fixed-time stable if for any positive constant ¢, there is a positive constant
Tnax independent of initial condition such that the settling-time function T'(¢y) satisfies
supe, ern 1(C0) < Timax, and [|C(t, Go)|| < ¢ for all ¢ > Tiyax.

Lemma 2.1. When an ISPS function V(w) gratifies and (@), for Vi, € (0,m1),
Vs € (0, u2), any initial condition wy = w(0), and any function p3(¢1) > p3(|¢1]), there
is a finite time Ty = To(fi1, fi2, 7o, Wo), & nonnegative function B(t), Vt > 0 and a signal
given with

F = —finr — figr” + ps(Ci(8) + ps, 7(0) =70 >0 (5)
following that B(t) =0 (¢t > Tp)
V(w(t)) < r(t) + B(?). (6)
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Proof. Consider the differential equation
& =—px — pox?, x(0) = x> 0. (7)
Multiplying by (1 —~)z~" on both sides of and taking y = 2’7, we have

g+ (1 —7)y = pa(y — 1), y(0) =247, (8)

which is a first-order linear differential equation and its solution is

— H2y (=1 _ H2
y() = W) +77) e (9)

Substituting y = 2177 and y(0) = xéfﬂ’ into @) yields

1
z(t) = (2177 + H2 et1(y=1t _ H2 i 10
(t) = ((zo ,u1) ul) (10)

With the aid of Gronwall’s lemma, the combination of , and results in

V(w(t)) <r(t) + ((V(wo)' ™ + £2)emG-1t _ 215
M1 H1
_ (Y [i2 pi(y=1)t _ fi2 =
T + —)e - . 11
(0 /~t1) M1) ( )
Let

B(t) = max{0,

- H2 —Dt M2y - B2\ hv—1)t B2y
Vi(wg) ™7 4+ E2)em(y=Dt _ E2y1=5 _ (pl=y | P2y oin(y-1t _ F2Y7=51(19
(Viwo) "+ 2) L) — (g + 22) £2)m)a2)
Due to 0 < fi1 < p1, 0 < fig < p2, 7o > 0 and v > 1, we can find a finite time
To = To(ji1, fiz, 70, wo) to ensure that B(t) = 0, V¢t > Ty. By and (12), (6) holds
directly. O

Remark 2.2. A new dynamic signal in Lemma 1 is proposed by characterizing un-
modeled impact for usual dynamic systems. Different from [27] 28], the term —fior? is
introduced and it will lay the foundation of resolving practically fixed-time control issue
of nonlinear systems with unmodeled dynamics. Without loss of generality, we choose
p3(¢1) = (2po(¢?) with a smooth function po(-) > 0.

Lemma 2.2. (Liet al. [27]) Provided that f(¢) is a continuous function on a compact
set Q. Immediately a FLS 671 (¢) can be found to guarantee

sup [ f(¢) — 07 ¥(Q) <&, Ve >0 (13)
ceN

with ¢ = [C1,..., )T, 0 = [01,...,00]" being weight vector, and M > 1 being quantity
[Ty wem (Co) .

of fuzzy rules. ¥(¢) = [¥1(¢), ..., ¥m(O)]F and ¥, = —=xr 1:@1 < with ppm (¢;)

(]._IVL:1 HF;’"(Cz))

m=1

being normally selected by a Gaussian-type function.
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Lemma 2.3. (Polyakov [29]) For system ¢ = f(¢), a Lyapunov function V(¢) guaran-

tees V(¢) < —a1 V() —a2V"(¢)+o with constants a; > 0,as > 0,0 > 0,0 < A < 1 and

1 > 1. Then, the system solution is practically fixed-time stable and and the residual set
1

of the system solution is described as {lim;—,7 ¢|V(¢) < min{(al(f_é))%, (az(f_é))ﬁ}}.

Moreover, the settling time T fulfils T < Tyax := (17)%)6111 + (77711)5&2 with 0 < 6 < 1.

Lemma 2.4. (Yu et al. [34]) For system ¢ = f(¢), a Lyapunov function V() can
render V(¢) < —c1V(¢) — c2V™(¢), where constants ¢; > 0, ¢ > 0, 0 < m < 1.

Hence, the solution of ¢ = f(¢) is finite-time stable, where the settling time T fulfils
T< ﬁ In(1 + %Vl_m(C(O))).

Lemma 2.5. (Song and Li [32]) For v; € R, (Z?:1 \yi|)a < max{n® L1} Y7 | (v
holds with a > 0.

Lemma 2.6. (Xing et al. [37]) For ¢ € R and constant k > 0, we have
0<[¢— {tanh(%) < 0.2785k. (14)

Lemma 2.7. (Li et al. [27]) Let S, = {z| |z|] < 0.2554v}. If z ¢ S, then 1 —
16 tanh?(z/v) < 0.

Lemma 2.8. (Tee et al. [14]) For [¢| < 1, it follows log ﬁ < %

Lemma 2.9. (Sunet al. [43]) Consider the differential equation: ¢ = —a¢ —b¢?+cB(t),
¢(0) > 0 with the constants a,b,c¢ > 0, ¢ > 1 and the non-negative function S(¢). Then,
it follows ((t) > 0 for V¢ > 0.

Lemma 2.10. (Sun et al. [43]) For x >y > 0 and p > 1, then y(z —y)? < #(xi’ﬂ -
yP*1) holds.

In this paper, our goal is to devise a dynamic event-triggered fuzzy stabilizer such that
the system output can track y, in fixed time; all the states of the closed-loop systems
are bounded; the function constraint on output signal is always maintained.

3. CONTROLLER DESIGN

In this section, a adaptive fixed-time controller is constructed by the backstepping
method combining the command filter idea with the CBLF method. Its framework
diagram is exhibited in Figure 1.
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Fig. 1. The framework diagram of control scheme.

At first, we introduce coordinate changes:
mlzgl_ydu xj:Cj_&jfl7j:27"‘vn7 (15)

with &;_1 being command filter output. o;_; is command filter input, which is described
by

hi1 = Ry
£2hi2 = —satsb{sig(fhig)ﬁ} (16)
) 8
—sate, {s1g(pp(hi1 — ai, Lhiz)) =7 }

with 0 < 8 < 1, £ > 0, sig(-)? = sign(-)| - |7,

S?;g(ghig)Qiﬁ
5-3

sat., (.) _ {., | (] ‘ < €p, (17)

oa(Ri1 — i, i) = Rin — o +

epsign(e), |e| > gy,

where the signal «; is a continuously differentiable, h;; = &; with A;1(0) = «;(0), and
hi2(0) = 0. Therefore, constants o; > 0 can be found to render that |i;; — ;| < oy,
i=1,...,n—1by [27]. In addition, the compensating error signal »; is depicted by

n=x;—2,5=1,...,n, (18)
with z; being represented as
21 = —blzl + 29 + (dl - al) — Alsign(zl),
Zi = =bjzi — zi—1 + zig1 + (G — o) — Aisign(z;), (19)
Zn = —bpzn — 2Zn—1 — A\psign(z,),

where b; > 0 and A\; > 0 are design constants.
By Lemma FLSs are applied to handle unknown and complex functions:

FZ‘J.—(Si) = 93:71.(,01‘(81') + 61'77‘—(81‘), mnell,i=1,....n (20)
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with the weight vector 6; » being unknown. Let 6; = max, en{||6; -||*} and 0; =0, — éi,
where 6; is estimation of 0;, €ix(s;) indicates approach error and |g; (s;)| < &; with
positive constant &; being unknown. F;, and s; are given in the sequel. Moreover,
define o; = &; + \; and 6; = 0; — J; where &; is estimation of ;.
Next, a concrete fixed-time controller design process is given by a recursive technique.
Step 1: Choose common barrier function:

L?(yg,t 1-— H?(yg,t 1 1
q(m) ) (Ya,t) 4 q(m) o (Ya,t) i L I
2 LQ(yda t) — 2 H2(yd7 t) - 2m1 2l1 l()

b

15771 SO

where H(yq,t) = h(ya,t) — 21 — ya, L(ya,t) = 21 +ya — l(ya, 1), q(m) = {
0,171 > 0.

my1, l1, lg are positive design constants. By a change of error coordinates

mn m
k t) = k t) = ———
l(yd7 ) L(yd, t) ) 2(yda ) H(yd, t) )
k(ya, t) = q(m)ki(ya, t) + (1 = q(m))ka(va, t), (21)
V1 can be simplified as V] = logm + z 92 3707 + 1 Calculating the

derivative of V7, the use of (21 ylelds

almm o L) O g s

V =
' L(yd, 02— " Tlyat) " Hya )2 — 02 H(yd,t)m)
1 X
— *9191 0101 + — !
mi 1 lo
. . L(ya, t)
=vn1 (2 + o1 4+ ¥1,2(C) + dix(w, ) — Ga + brz1 + Aisign(z1) — Q(ﬂl) T(ya )77
H(ya, 1) 1. 1z ur fir? | fs(G)
—(1- WY e — — 6,6, - P s (99
( q(m))H(yd,t)m) 110101 oL o + Io + I (22)

v = q(m)/(L(ya,t)* —ni) + (1 — Q(m))/(H(yd,t) — 7).
By Assumption it yields

onrdy i« (w, €) < vl |dra 1 ([ICN) + vlm|drx 2 ([Jw]])- (23)

Based on Lemma one has
v -
ol 61,71 (161D < w6 (11D i (22D 402785, (20

with k11 > 0 being a constant.
Applying Lemma Assumption the Ko characteristic of pi(-) arrives at

vmlorxz(lwl) < vimlérx2(or" (r(t) + B(t))) < vlmlérx2(01 (2r(1))
+ | |¢1x2(p1 " (2B(1)))
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+0.2785k12 + v2n3

(U7}1¢1,n,2(P1_1(27'(t))))

<vnmié1 x2(p7 t(2r(t))) tanh
K12

+ ¢12( (2B(1))), (25)

where ¢1 2(p7 (2B( ))) = maxen{d1 »2(p7 (2B(t)))}, and w12 > 0 is a constant.

Combmlng and ( . gives

L(ya,t) m
L(il/d; t)

Vi <vm (2 + a1 + P12 (C1) + di(Come, ) + v — q(m)

- q(nmmm et b

: 1~z 1. (17 (Lo 0
+ Alslgn(zl)) — mflelgl _ EJIUI _ % . N?() 4 p3l(OCl)

+ A17 (26)

where dy (¢, vn1, r) = é1.71(||C]) tanh (vneaxalicDy g, o (ot (2r(E))

K11

x tanh (U20rr2(en CrONY ang Ay = 0.2785K11 + 0.2785k12 + 42 + 163, (o1 (2B(1))).

K12

Noting that the function 2251 )37](1%10) is discontinuous at n; = 0, the function tanhQ(m“)
with constant v > 0 is borrowed. Hence, we have

. - 16 N1, P
Vi svm (772 + a1+ Y1,2(C1) + di 2 (G om, ) + — tanh2(ﬂ)p3(o +om
M v lo
L(yd7t) H(ydat) . 1 ~ %
_ —(1—- —72 Ty — b A — —010
q(m)L(W) m = ( q(m))H(yd’t) M — a + biz1) +v|m|\ el U
1 . il =
Loy~ Far B2 gV 2 |y (27)
0 lo lo v lo

~ By ., FLSs are applied to estimate uncertain switching functions ¢; »(¢1) and
dix(Com,r), Le, Fig(s) = Y1x(G) + dix(Com,r) = 01 291(s1) + €1,2(s1) with
s1 = (C,omy, 7). By the definition of §; = max.en{||01.~]|*} and Young’s inequality, it
leads to

—_

om] p1(s1) < =+ 0*nP01] (s1)1(s1). (28)

Ny

This together with the definition oy = &; + A1 and yields

Vi <um (n2 + o1 + vm0167 (s1)p1(s1) + vmb1] (s1)p1(s1) = Ja + bizy — bim

16 2,01 P3(C1) L(ya,t) H(ya.t)
2 tann2(Y1 - —(1-
+ o, P20 (=) L, tm fJ(m)L(yd,t)m ( Q(m))H(yd’t)m)
1 . TorY Py
+ U|771\01 _ 79191 0161 MlT _ Her n (1 _ 16tanh2(%)) p3(C1)
Iy Iy lo v lo
+ Ay + —. (29)

4
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Next, the virtual stabilizer and adaptive laws are designed as

o] = — clvpflnfp_l - alvvfln?—l —byzy — (G1(t) +v)n1 + Ya
16 2 p3(C1) AT . v
— anh 0 — 01 tanh(——
vn1 ()= T 191 (81)p1(s1) — 61 tanh( q1>’
él :ml’UQ'r]%(p?(Sl)(pl(Sl) — Llél — ’ylé%"/il, él(O) Z
(5'1 :lﬂ}’lh tanh(@) — 7'15'1 —pl&fv_l, (3'1(0) Z O, (30)
q1
where ¢y, a1,¢1,t1,71,71,p1 are positive constants, and p = 2";% with n € Z and
nzzimma@):mwﬂﬂﬁgHHZQHﬂmmnm®uMm)+q@ﬂﬂﬁg+u_
q(m))% > 0. By Lemma we have §; = 6, — 0, > 0 and 61 = oy — &1 > 0. By
Lemma it attains
o - - 27— 1 -
6,077 =61(61— 61) ' < 727(9? - 67),
_ 2v —1
(5‘1(3’?Y ! :5'1(0'1—5'1)2’Y_1 S %(O‘%V—éfv). (31)

Notice the fact 6,6, < %éf 103, 5101 < 161 + 107 and substituting and
into yields

. (11 fior”
Vi < —byoni — clvpnl — alzﬂnl + vmne + v|n1|or — opon; tanh( qm) — % _ M?
1 0 0
- 2y —1) ~ 2y —1 7
_ U Tig 71(2y )nyfpl( v )&f'y+ (1—16tanh2(%))p3(<1)
2m1 2[1 2m1'y 2[1’}/ v l()
T1 712y —1) o pi(2y—1) 5 1
+—02 o+ g PR T 4 S AL
2m 20,7 2myy ! 2y b g
(32)
From Lemma 2.6 it follows
vlm oy — orom tanh( ) < 0.2785¢107. (33)
q1
This gives rise to
: 2 2 par o puer’ 1oz TL -
V1 S — blvn% — Cl’[]pfr]lp _ (1,1'[)’)/771’y +’U771772 —_ f — T — % % — EO’%
12y =1) ;00 p1(2y—1) 2, VM1 P3(C1)
— 077 — i 1 — 16 tanh”(— A 34
2may 1 2017y or ( anh( v )) ly + (34)

where ]\1 A1 +0.2785q101 + 5502 + Fro? + BE gl 4 mE-D gy 1

With (| in mind, the apphcatlon of Lemman 2.8 leads to

Vi<—b

k2 k2 )p_ ( k2 mr fier? U g

e e ! 1—l<:2) R L
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L B Il S N Call PO (1- 16tanh2(@))—p3(m + A

204 2may ! 201y lo
1 1 \p 1 par  jigr”
< —bilog—— — ¢ (1 —ay(1 -
> 1 Ogl_kQ Cl( Ogl—kz) al( Ogl_k ) +U771772 lO ZO
LU T N2y =Dz 12y —1) .oy
2ma 1 214 2m1'7 ! 2117 !
+(1-16 tanhQ(%))@ + Ay (35)
v 0

Step i (2 <i<mn-—1): Choose V; = V,_; + 277z + 2m 92 2l 52 with constants
m; > 0, l; > 0.

In light of (T]), (15)), and (19), one receives

i—1 i—1
. 1 1 1 2
Vis—bilog 7 —a(log y—35)" —anlog y=35)" = Db = 3 eqny”
j=2 =2
i—1 , iar figr? i—1 b i—1 __
Tl . L= re J _ J =
o Z a;n; "+ Ni-17 lo lo Z 2m; 0 Z 21; 9
j=2 Jj=1 Jj=
+771(772+1 +az+z/)z W(CZ)+dl 7T(w C) _az 1 +bzz+zz 1 +)\ Slgn(zz))
1 -+ 1 CUINYZ Cl — T
— —0:0; — =5, 1 — 16 tanh? A

1 1 1 s
S—bllogi1 7z 701(log71_kz)pfm(logil_kg)v bejnfchjn?”
=2 =2

_Zaj 27_M_@_Z n2 223

+ 77i(77i+1 + a4+ i (G) + Czi,w(C,m,T) + @i - et + b‘Zi

1 -~ 1_ . _
+ )\iSigIl(Zi)) — EGZHZ — 75'15'1 + (1 — 16 tanh%%)) p31(0<1) + ZA] + Ai, (36)

where d; «(C, 7, 7) = b1 ([[C]]) tanh (222xtUeDy 4, o (o7t (2r(2)))

X tanh (Ulira(e th) and A; = 0.2785k;1 + 0.2785ki0 + 162 (p1 L (2B(1))).

Resembling (2 , we exploit the FLSs to approximate unknown switching functions
7/)1,71'(41) and dl,ﬂ'((aniar)7 i'e'a F’L 7'r( z) 7/)1 N(C’L) + d1 rr(C Ni,T ) 91 71—()02(51) + 51’,7\'(51')
with s; = (¢,m;,7). Based on the definition of §; = max;en{||0; ~[*} and Young’s
inequality, we have

77192 77901(31) < - 1 + UR 91@1 (5:)pi(si)- (37)
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Noting the definition o; = &; + A;, becomes

i—1 i—1
1
(log T—5)" = D bymf = > _ejn”
=2 =2

. 1 1
‘/i S_bllogm_01(logm)p_al

~ - _
_ 2y R0 P2 7]
Z%W Io lo Z 21,
le =
+ 0 (i1 + s + méi%T(Si)%(Si) + b7 (Si)%’(sz') F i1+ — Qo1+ biz)

~ 1—1
1 - - 1. . v = 1
+ |T]i|cr,- — Eﬂﬂz — l:O'iO'i + (1 — 16tanh2(%))%0<1) + jEZl Aj +A; + Z (38)

Subsequently, we construct virtual stabilizer and adaptive laws as

a;=—cenP T —aml T = b — i — i+ Qi1 — ni0ipY (si)pi(si) — 63 tanh(%),
K3
éi :miniZ(pzT(si)@i(SZ) - L29 - 71027 1’ él(o) > Ov
&y =l tanh() — .6, — pi6T 7L, 6:(0) 2 0,
qi
(39)
where ¢;, a;, q;, t;, Ti, Vi, p; are positive design constants.
Similar to , the application of Lemmas and gives
U SR | N 27— 1
08 < TR - ), ot < Tl - o) (10)

The use of Lemma yields |n;lo; — oim; tanh(%) < 0.27850;¢;, Then combination of

and leads to

j=1

Vis=bilogg—p5 - (log kg)p—al(logl_kz)”—wa?—zcwf”
N g g
S N LR vl
]=1 Jj=1
pi(2y—1) . v A3(61) | N g
_ Z ]7”0?7 i + (1—16 tanhQ(T))T +) A, (41)

where A; = A; + 0.2785¢;0; + 767 + O‘ + 77;3;: 71)927 + pz(flvw Ly QV +1
Step n: Choose the follovvlng common Lyapunov function

- 1 1 1 |
02 4 — 52 — 2 log — 1.2
~Ont g n 20g1—k2+;2’71

1 1
Vo =Vt + =7
Lot oy
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"1 T
—92 —G7 4+ — 42
+Z ;%Uz 4—107 (42)

where m;, > 0 and [, > 0 are design parameters.
Similar to Step ¢, Fy x(sn) = Ynx(Cn) + dpn($ M, 1) = 97{!”@”(571) + &ix(s;) with
sn = (G 7)s e (G 1ns ) = G ma ([[C]]) tamb (Lt ey gy, s (o (20(8)))

—1
X tan — . e application of 0, = max ey o an oung’s
h (vnnqbn =,2(p; (27“(0))) Th licati £0 c {He 7 ||2} d Y g’

Kn2
inequality yields 7,07 on(sn) < § 4 12009k (5n)¢@n(sn). Then, the employment of

0n = &, + Ay, follows

. 1
Vng—blloglifcl

1 7 n—1 n—1 n—1
(o8 1) = S~ S - v - S
j=2 Jj=2 =2 j=2

n—1

~ ~ n—1
T or” lj = ~
LR Z g2 — Z 70’ + nn( — Qp +ap + nnonwg(sn)@n(sn)

lo lo — 2my; 7 21;
_ . 1oc 1
+ nn9n§0n (SH)Wn(Sn) + Tn—1 + Tin — Op—1 + bnzn) + |77n|0n - mienon - Tanan
v A3(G) | o 1
1 — 16 tanh2(—=2)) 233517 A+ A, + -
+ ( an(V)) o +]Z=; i+ +47
(43)
where A, = 0.2785k,1 + 0.2785k,2 + 2¢2,(p7 ' (2B(2))).
Therefore, we construct the virtual stabilizer and adaptive laws:
Qap = — Cnnr%p ! anni’y—l - bnxn —Tn—-1 —n + &nfl
A Mn
- Unen‘Pn (8n)n(sn) — Gn tanh(q—),
O =Ml (5n)Pn(8n) — tnn — 'Yné27717 én(o) >0,
G =Ly tanh(12) — 1,6 — a2, 6,(0) > 0, (44)

n

where ¢, Gn, tny Gns Tny Vn, P are positive parameters.
This together with yields

Vi< = bulor 7 —ea(log 7—73)" —r (o —55)" = b - Z"‘”?p
N _2W_M_ﬂ2r7_ni~2_ TJ~2 7527 — 1) 5oy
Zaﬂ?j o " z_: ije Z Z 2m ’y 9
Jj=2 j=1
NP2y =) oy B _ 2,0 A3(C) | Xk
Jz::l 2 o} +77n(u an) + (1 16 tanh=( > )) +;AJ, (45)

where Ay, = Ay, +0.27850,q,, + 5202 + Fro2 + 2D g2y | el 2y 4 L
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1: initialize: Let ¢« = 1, by choosing reference signal y4(t), command filter

and BLF V7, design controller oy and adaptive laws &1, él.

2: while 1 <n do

3: Construct command filter and the BLF V; and calculate its derivative VZ
4: Utilize FLSs to approximate unknown nonlinear function ¢i)ﬂ(§i)

and Ji,‘ﬂ' (C’ Mis T)'

5: Design controller «; and adaptive laws (ﬁ-, él

6: Construct dynamical event-triggered controller u(t) = ¥(tx), Vt € [tr, thr1)-
7: end while

8: Output: u(t).

Tab. 1. The control scheme algorithm.

In the following, to reduce the numbers of update for the stabilizer, a suitable dynamic
event-triggered stabilizer is described by:

9(t) = =(1+ £(1)) (€ tanh( ") + o, tanh (7))
q0 qo

46

(46)

u(t) = ﬂ(tk)v vt € [tkatk+l)a (47)

trr = inf{t > tylle(t)] > E()[u(t)] + €(t)}, (48)

é = _§1|an|€a 0< 6(0) <1, (49)

€= _§2|an|67 6(0) >0, (50)

with go, ¢1 and ¢ being positive design constants, € = 157;()0, e(t) = 9(t) — u(t) is a

measurement error, 9(¢) represents a continuous stabilizer, ¢, k € Z* is the stabilizer

update time, in other words , in case the event-triggered condition is fulfilled, wu(t)

is superseded with u(t) = Y(tg+1). If t € [tg,trxs1), the controller u(t) maintains at

a constant value 9(¢). In views of ([4§)), we can find two variables w;(t) and ws(t)
satisfying |y (t)] < 1, |wa(t)| < 1, YVt € [tk, tk+1) to guarantee that

I(t) = @ (t)e(t)

ult) = =7 =1 (DE()

(51)

Remark 3.1. Compared with [48], |a,| is introduced to dynamically adjust the con-
vergent rate of £(t) and e(¢). This reduces the conservativeness by the tunable control
design parameters and further improves the control performance. Moreover, the Zeno
behavior is ruled out.

For demystifying the process of controller design, a control scheme algorithm is pro-
vided as follows:

4. STABILITY ANALYSIS

In this section, Theorem [4.1]is provided below.
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Theorem 4.1. Assumptions hold for system . A dynamic event-triggered
controller 7 is designed to render that: (1) all the signals of the closed-loop
systems are bounded; (2) the function constraints on output is always kept during oper-
ation, that is, I(yq,t) < y(t) < h(ya,t); (3) system output can follow the reference signal
within fixed time; (4) Zeno behavior does not happen.

Proof. Substituting into leads to

n n

1 1 1

o alles )" ~a(leg —55)" - ijnf _ch”?p
= far fiorY =~ 1 = Tj . — 7 1)

_Zaﬂ?w—;—i_Zﬁjeﬁ Z 2,7 ]2m7 3
T Jj= Jj=1

V,, < — by log

'y J 1+ w1 (t)E(t)
(1 — 16 tanh?(—2)) '531(041) +§;A] (52)

By Lemma it follows n”(%(i()?(et(;) - an) < 0.557qg. This results in

1 1 1 n n
V < — b1 lOgm — cl(log m)p — al(log m)’y — Z:b_l'f]f — Z:C]T];p
_" ,%_@_M_n Yog2 lT]~2 72y —1)
Zamj lo lo ; 2m; b Z Z 2m 3y 5
pi(2y—1) 52 B 2, UM ps(Cl)
Z 2lﬂ 7+ (1 - 16tanh®(=%)) Lo A (53)

with A = 0.557¢qg + Z?Zl Aj. Next, we certify that z1,...,z, are bounded. Construct
V.= % Z?ZI zf , and its derivative is

sz —ZA|zl|+Z|al—az||zZ|< sz —Z —0)|zi].  (54)

i=1

The last inequality holds owing to |&; — ;| < 0;. By adjusting parameter A\;, \; — 0; >
A; > 0 can be maintained. Hence, we have

=S b2 = 3 Nl < —BV. - AV, (55)
=1 =1

where b = 2min{b,...,b,} and \ = \/imin{;\l,...,j\n}. Based on Lemma
Z1, ..., 2p are bounded.
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(1) Case 1: 1]1 ¢ S,. The use of Lemma 7 yields 1 — 16 tanhQ( 1) <0, and this
together with ) leads to

: 1 1 1 v Ny o2 N2
Vng—bllogl_k (log k'2) —al(logl_k2) —ijnj—chnj”
j=2 j=2
_ Cr e’ NS 4 oge NS T
Z‘”” o lo Z?m DI
Jj=1 Jj=1
i = P N
Z T Z] A (50)
Applying [m[P|n|? < E-clm|PT9 + ﬁc_%hﬂp*q in [46], one has
Ls
P3P < (1—p)pTr (57)
2mJ 2 m;
. )
on G < - + 2 -
r 1. 2 \1-p, a7 D far
() = ((=)T7) (5= < (1 —p)(=—) TP + B (59)
ly 1 lo 1 lo
Substituting —~ into (56)), the application of Lemma [2.5 results in
: 1 1 1, r 1 1
Vs = 2alGlon =) =22 elG) - ()~ 2 (G loe —75)
n ~ "/_1 P n » 1 ~2 n » 1 5
~2) a (277;) — fi2lg (7)7—2%(% g)p—ZTa(f‘%)p
Jj=2 j=1 j=1
—~ 75(2y p;( p
T\ =4 ~2~/ Pi\er — 1)~ = =
— T4 A+2n(1 —p)pTr 4+ (1 —p)(=—)T>
; 2 Z 2lﬂ (1-p) ( )(ul)
1 "1 A "1 1 1
_ C 71 o2 o - 2 T =2\p __ D(=
ST COGleey k2+;23+10+ 2 J+;2lj VDGl T
"1 roe= 1 "1
2 N2
P — — 62 "+ E=-CVP?—-DV)+E 60
+Z2nj+l0+z2mj]+z2l] 53)7 + W+ B, (60)
j=2 j=1 Jj=1
with C = mini_l n{2Pbi, P 7P 1Y, D = (24 3n) ) min{ el ", 27a,, ”-7‘2(33];”,
P P
Ui =1,...,n) and E = 2n(1 — p)p™7 + (1 - p)(£)T7 + A.

On the ba31s of lj and , i, 0}, 0; are bounded for ¢ = 1,...,n. By éi =0; — éi
and 6; = g; —7;, it is known that éz and &; are bounded. Together with the boundedness
of z;, and , x; and (; are bounded in a recursive manner. Hence, boundedness
of all signals are verified.

Case 2: 1n; € S,. This case implies || < 0.554)\;, that is, 71 is bounded. Owing
to the boundedness of z; and , x1 is bounded. In light of , (7 is bounded. Thus,
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there is a constant H > 0 such that (1 — 16 tanhz(”—l’zl))%fl) < H. Similar to Case 1,

we obtain V,, < —CVP —DV" + E with E = E+ H. As a consequence, boundedness of
the whole closed-loop system are recursively proved.

(2) From (1), it is known that V,, < —CVP — DV;Y + E ifg; ¢ S,, or V,, <
~CVP — DV + E if g, € S,. Then, we consider v, < ~CVP - DVY+ Eifn €58,.
From Lemma it is known that the system solution is practically fixed-time sta-
ble, and the betthng time T fulfils T < with 0 < A < 1. More-

1 I 1
| (1 —pl)/\C (y=1)AD
over, one has V,, < mln{(c(1 )\))7 (D(1 /\))7}}. This gives rise to %logm <
mm{(c(1 A)) (D( ) }}. Then, it follows

= 1 = 1
Ik(ya, t)] < \/1 _ e 2min{(eny) P () T o 1 (61)

which results in —L(yq,t) < n1(t) < H(ya,t). From y(t) = ya(t) + z1(¢) + n1(t), it can
be deduced that y4(t) + 21 (¢) — L(ya, t) < y(t) < ya(t) +21(t) + H(yq4, t). By the forms of
L(yg,t) and H(yq,t), we further obtain I(yq,t) < y(t) < h(yg,t). For the same reason,
the identical conclusion can be derived under the condition V,, < —CV? — DV.Y 4+ E if
m ¢ S,. Therefore, it is omitted here.

(3) In views of (2), the following error reaches to the region:

1

_ = 1
—L(ya, W 1 — ¢ 2mil(ed=) " (Ba) 7Y < ¢ (8) — ya(t)

_ 1 — 1
< H(yd7t)\/1 _ e 2min{(aiy) P (5axy) }7

when ¢ >
time.

(1_;)>\C + (W_i)AD. Thus, output can approach the desired signal in fixed
(4) For k € Z*, ty41 — tx > t* > 0 should be verified. From , it follows u(t) = 0,
Yt € [tk, tk+1). From e(t) = 9(t) — u(t), it can be deduced

dle(?)]
dt

= sign(e(t))é(t) < [O(t)], V¢ € [t tas). (62)

By , the existence of 19(75) is ensured. Moreover, 9(t) is bounded since it consists of
bounded signals, that is, [J(¢)| < 9, where 9 is a positive constant. By e(t;) = 0 and
limy s, ., e(t)] = &(t)|u(t)] + €(t), integral of over [tg,tr+1) leads to tgr1 — tx >
t* > M > 0. As a consequence, Zeno phenomenon does not happen. O
Remark 4.1. Different from constraints, such as communication constraints and mea-
surement quantization [35], actuator failures [37], and multiple packet dropouts under
Markovian communication constraints [47], this paper employs the asymmetric BLF
method to handle the asymmetric output constraints, which can be also used in sym-
metric output constraints. Moreover, we design the dynamic event-triggered controller
to reduce the frequency of controller updates.
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Remark 4.2. The computational complexity of our proposed scheme lies in introducing
more design parameters, which can be used for achieving fixed-time stability. Follow-
ing the previous control design and stability analysis, the larger parameters c;, b;, a;, lg,
Y, LiyTiy Vi, Pi, A; and the smaller parameters p, m;,l;, g;, qo, ¢ can improve the tracking
performance of the system. Since some parameters are derived by amplifying inequali-
ties in backstepping manner, it will lead to conservativeness. Thus, some small design
parameters can be tested in real applications.

5. ILLUSTRATIVE EXAMPLES

In this part, the proposed control scheme is validated by two examples.

Example 5.1. Consider the switched system with unmodeled dynamics:

W = 0g(1) (W, C1),

le = (2 + ¥1,00)(C1) + d1ot)(w, (),
Go = u~+ 12 5(1)(C1, C2) + doo () (w, €),
y==0a

(63)

where o(t) € {1,2,3}, 01(w, (1) = 02(w, (1) = o3(w, C1) —w—w3F +0.5¢2+0.1, by 1(¢1) =
0.2¢1, di,1(w, () = wlasinCy, ¥2,1(C1,¢2) = 0.1¢2sin(¢1), d2;1(w,() = 0.15w(z cos (1,
¥1,2(C1) = 0.25¢1, di2(w, () = (2 cos (1, P2,2(C1, C2) = 0.1 sin(C1),

d272(’LU,C) = OleQ Sin(l, 1/1173(C1) = 0.3(1, d173(w,C) = 0211/42 SiIlCl, 1/}273(41742) =
0.1¢2sin((3), dos(w,() = 0.1w(acos(;. The reference signal yq(t) = 0.3sin(0.5¢) +
0.6sin(t). y(t) and y4(t) are subject to function constraints h(yq, t) = 0.2+0.4e " +y4(t)
and [(yg4,t) = —0.6 — e 2! + y4(t). Apparently, Assumption remains true.

From the formulation of above disturbances, Assumption is correct obviously. To
confirm Assumption one adopts V(w) = w? and its derivative is V(w) = —2w? —
2w + w¢? 4 0.2w. By Young’s inequality, we give V(w) < —1.5w? — 2wE + ¢t +0.04.
Thus, Assumption holds. Selecting i1 = 1.4 € (0,1.5), i = 1.9 € (0,2), the
application of Lemma [2.1| concludes that r is denoted by » = —1.4r — 1.9r5 + ¢t +0.04,
r(0) = 0.3. Select pupi(;) = exp[—3(z; +1—3)%,1=1,...,5,i=1,2,

In the simulation, we choose the following initial states w(0) = 1.6, (¢1(0), (2(0)) =
(0.3,1.8), (21(0),22(0)) = (0.2,0.3), (r11(0),h12(0)) = (h21(0), h22(0)) = (-1,-0.2),
(01(0),02(0)) = (=1,2), (61(0),52(0)) = (0.8,0.2), £(0) = 0.3, €(0) = 0.5. The control
design parameters are taken as ¢y = 2, co =3, by =4, by =5, a1 =3, a2 =7, lg =
2,p=07,y=3mi=1m=1L=11L=1u=11=1n=1 7=
1, T = ].,TQ = ]., pP1 = 1, P2 = 1, q1 = ]., Q2 = ].7)\1 = 00001, )\2 = 00001, qo =
0.6, ¢1 = 0.001, ¢; =0.001, ¢£=0.12.

With the help of the fixed-time adaptive fuzzy event-triggered control technique -
, the performance of output tracking and control input is exhibited in Figure 2 and
Figure 7, respectively. Figures 3—6 indicates that all the signals of the closed-loop
system are bounded. From Figure 8, Zeno behavior is ruled out. Figure 9 shows the
switching signal. This indicates that the proposed control strategy is effective even if
the initial condition is unknown.
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[N

In addition, to give quantitative criteria, we introduce egyrg = (% fOT ly — yd\z dt) ,
the rms value of the tracking error, where T' denotes the total running time. For T =
15, by computation of Matlab, we derive egprs = 0.0683 by the method of [2§], and
erms = 0.0594 by the method of the proposed method. This implies that the proposed
control method has the better control performance.

3t e h(ya,t) |4
: - - -¢|

Time(Sec) Time(Sec)

Fig. 2. The trajectories of y and yq4. Fig. 3. The trajectories of w and (2.

Time(Sec) Time(Sec)

Fig. 4. The trajectories of adaptive laws 6, and 6. Fig. 5. The trajectories of adaptive laws 61 and &2.
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Fig. 6. The trajectories of £ and e. Fig. 7. Controller u.
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i 35
035}
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03t
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0 o ‘
0 ) 15 0 5 10 15
Time(Sec) Time(Sec)
Fig. 8. Inter-execution time intervals. Fig. 9. Switching signal.

Example 5.2. As an application of the proposed control method, a switched RCL
circuit [45] is considered. The two state variables (1, (> are the charge in the capacitor
qc, and the flux in the inductance ¢y, respectively. The input u is the voltage. Then,
the switched RCL circuit system is described by

<:-1 = %CQ,
G=u~— ﬁ(t)ﬁ — £, (64)
y==a

Where o(t) € {1,2}. Take L = 0.9, R = 1, C; = 50 and Cp = 100. Select pipi(z;) =
exp[—%(z; —3+1)?], i = 1,2, L = 1,...,5. The reference signal y4(t) = sin(0.5t) +
0.5sin(t). U(yd,t) = ya(t) — 0.8e7t — 0.3 and h(y4,t) = ya(t) + 1.2¢72 +0.18.

In the simulation, we give the following initial states ((1(0),(2(0)) = (0.3,—1.2),
(21(0), 22(0)) = (0.2,0.3), (711(0), h12(0)) = (21 (0), h22(0)) = (=1,-0.2), (61(0),65(0)) =
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(0.5,—1), (61(0),62(0)) = (0.8,0.2), £(0) = 0.3, €(0) = 0.5. we take the design parame-
tersasc; =3, co=3, b1 =3, b0=2, a1 =3, a2=5 m =1, me=1, 11 =6, ls =
13, p=09, y=32, u=4Lw=1L,n=1L np=1,n=1n=1p=1p=
1, 1=1, gg=1,A =0.01 A2 =0.01, g¢o = 0.6, ¢ = 0.0001, ¢ = 0.0001, ¢ = 0.22.
By fixed-time adaptive event-triggered control scheme - , Figure 10 indicates
the better tracking performance. Figures 11-14 indicates that all the signals of the

closed-loop system are bounded. Figure 15 shows the response of input.

means that Zeno behavior does not happen.

Time(Sec)

Fig. 10. The response of y and yg.

0.5

—_—

- -,

-05r1

Time(Sec)

Figure 16

054

(&)

Time(Sec)

Fig. 11. The trajectories of (2.

0.8

Time(Sec)

Fig. 12. The trajectories of adaptive laws 6, and 65. Fig. 13. The trajectories of adaptive laws 61 and &2.
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Fig. 14. The trajectories of £ and e. Fig. 15. Controller u.

0.6 T T 25 T T
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Fig. 16. Inter-execution time intervals. Fig. 17. Switching signal.

6. CONCLUSION

In this paper, adaptive fixed-time fuzzy control has been investigated for uncertain
constrained switched nonlinear systems under unmodeled dynamics. For general uncer-
tain nonlinear systems with unmodeled dynamics, the existing results, such as [27] 28]
can not be applied to resolve its fixed-time stability problem. Hence, a novel criterion
of fixed-time stability is provided and a corresponding dynamic signal is proposed by
characterizing unmodeled impact. Owing to complex nonlinear functions caused by un-
certain nonlinearities and external disturbances, fuzzy logic systems (FLSs) are applied
to estimate them. Based on bounded command filter and CBLF, a common adaptive
fuzzy event-triggered stabilizer is constructed to ensure fixed-time stability of the whole
system under output-function constraints. Since stochastic disturbances widely exist in
practical systems, fixed-time adaptive event-triggered control will be our future work for
constrained switched stochastic nonlinear systems.
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