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Abstract—Aiming at the problem of switched nonlinear
system control with limited communication resources, a dual-
channel output-feedback tracking control method with output
and control event-triggered is designed in this paper. Firstly, the
output signal is sampled by an output-based trigger detector,
which is then integrated into state observers to estimate
unknown states. Subsequently, in conjunction with Barrier
Lyapunov Functions (BLFs) and the observer’s results, the
issue of non-differentiable virtual control laws post-sampling
is solved, while the tracking and state errors are constrained.
Additionally, the control event-triggering mechanism and the
mismatch between switching and triggering intervals are also
considered. The stability of each subsystem and the entire
system under average dwell time is demonstrated by Lyapunov
stability theory, along with boundedness of all signals. Finally,
numerical simulation experiments verify the effectiveness of the
proposed scheme.

Index Terms—Switched nonlinear systems, Output-feedback,
Barrier Lyapunov Function, Low-computation, Hybrid event-
triggered

I. INTRODUCTION

HE switched nonlinear systems consist of multiple sub-

systems and a switching signal that determines which
subsystem 1is active. Since switched nonlinear systems do
not inherit the stability properties of subsystems, stability
research for non-switched systems is not fully applica-
ble to switched systems. Currently, various methods have
been developed to analyze its stability, such as Common
Lyapunov Function [1], Multiple Lyapunov Function [2],
[3], and Switched Lyapunov Function [4]. In [5], [6], [7],
for switched nonlinear systems with unmeasurable states,
adaptive control schemes with unknown dead-zone, input
saturation and fixed time control were solved respectively.
However, the backstepping method employed in these studies
necessitated the differentiation of virtual control signals at
each step, causing the computational complexity to escalate
rapidly with the order of the systems, ultimately resulting in
overly complex controllers. Therefore, the contributions in
the aforementioned literatures still had some limitations.
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So as to address the issue of complexity explosion, Swa-
roop et al. developed the Dynamic Surface Control (DSC)
in [8], which incorporated dynamic filters to remove the
necessity for repeatedly differentiating virtual control laws.
DSC transforms the calculation of the high-order derivative
of the virtual control laws into a simple algebraic operation of
the filtered signal [9], [10], [11]. However, it is essential to
acknowledge that the implementation of filters also results
in intricate control structures and increases computational
burden. [12] proposed a low-computation control method
through proof by contradiction, in which the complexity ex-
plosion is avoided without utilizing DSC, meanwhile simpli-
fying the structure of controller. Building on this foundation,
this paper will introduce a low-computation adaptive control
method to avoid the complexity explosion.

In practical engineering systems, such as automatic con-
trol [13], aerospace [14], and robotics [15], constraints on
tracking and state errors are essential due to safety and
efficiency considerations. Currently, the methods to constrain
errors mainly include prescribed performance control (PPC)
[16], [17] and Barrier Lyapunov Function (BLF) [18], [19].
Utilizing BLF to constrain tracking and state errors and
further achieving comprehensive constraints on the system
states was proposed in [20]. Inspired by it, [21] addressed
the problem of full-state constraint control for pure-feedback
systems by employing the mean value theorem. Notably,
over-parameterization was avoided by not introducing exces-
sive adjustable parameters. The designed controller, however,
required all system states to be measurable, whereas in
practical engineering, usually only the output signal is mea-
surable. DSC based on state observers for nonlinear systems
with full-state constraints was put forward in [22], refining
the accuracy of control. However, this study only focused
on non-switched systems. [23] considered switched systems
along with average dwell time, but did not take into account
saving communication resources. Unlike the aforementioned
articles, the hybrid event-triggered controller designed in this
paper will not only address computational limitations, but
also conserve communication resources.

The computational and processing capabilities of system
components are limited, as is the shared network bandwidth.
Therefore, it is essential to consider whether signals can be
transmitted only when necessary rather than continuously.
This consequently engendered the concept of triggering [24].
[25] introduced event-triggered control, where control signals
were intermittently transmitted to the actuator based on
the predefined conditions. Subsequently, [26] put forward a
variety of triggering mechanisms that did not require Input-
to-State Stability (ISS), which improves the realizability.
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Additionally, the compensation mechanism was used to deal
with the event-triggered of switched nonlinear systems, effec-
tively avoiding the problem of mismatch between switching
and triggering intervals in [27].

Most current triggering mechanisms focused on the
controller-to-actuator end. While this approach achieves re-
source savings to some extent, the transmission between sen-
sors and the controller still occurs in the form of continuous
signals, which is often unnecessary. However, when employ-
ing event-triggered to transmit state signals, the information
becomes discontinuous, making virtual control signals non-
differentiable, and thus rendering the backstepping inap-
plicable. Therefore, control strategies incorporating event-
triggering mechanisms at the sensor end, i.e. state event-
triggered, are relatively scarce currently. [28] considered both
triggered and non-triggered cases, replacing the triggered
signal with continuous output signal, under the premise
of considering the errors, thus undoubtedly increasing the
computational burden of the sensor. Building on [28], [29]
directly considered output triggered. The first-order differen-
tiability of the virtual control signal is ensured through de-
signing stabilization error, while the computation of higher-
order derivatives is avoided by DSC. However, although
[29] reduced the computational burden on the sensors, it
also introduced a relatively complex controller structure.
Furthermore, the above papers did not consider hybrid event-
triggered control under switched nonlinear systems, nor did
they implement constraints on errors.

In conclusion, motivated by the previous studies, we
propose a low-computation event-triggered control scheme
for switched nonlinear systems. By employing BLFs, an
errors-constrained and tracking control scheme is success-
fully achieved. Different from the existing papers, event-
triggering mechanisms for both output and control input
signals are considered, effectively conserving transmission
resources. The main contribution has the following three
aspects.

(1) Given that only the output signal is measurable in
the design process of the controller, this paper integrates
the output signal after triggering into the state observers,
thereby achieving observation of the unmeasurable states.
Additionally, the introduction of BLF effectively constrains
the errors.

(2) In the design process, not only is the control event-
triggering mechanism used in [12], [26], [27], [30], [31]
considered, but output event-triggering mechanism is also
taken into account. Continuous state estimates obtained
through the state observers are employed to construct system
errors, thereby overcoming the difficulty of state disconti-
nuity leading to the non-existent derivative of the virtual
control signal. Through the introduction of hybrid event-
triggered, the data transmission and communication resource
requirements are significantly reduced and the computational
burden on sensors and controllers is greatly alleviated.

(3) Existing designs which apply output event-triggered,
as discussed in [28] and [29], are limited to non-switched
nonlinear systems, whereas this paper extends the applica-
bility to switched systems. Meanwhile, compared with [28]
and [29], we do not introduce additional filters in the design
process, which simplifies the structure of the controller.
Additionally, by integrating adaptive compensation terms,

unnecessary triggering resulted from switching between dif-
ferent subsystems is eliminated.

II. SYSTEM DESCRIPTIONS AND BASIC KNOWLEDGE

Consider the strict-feedback switched nonlinear systems
as follows:

T = figt) (Ti) + Tig1 + dig (1),
Tn = fro(t) (Tn) + Ug(t) + dno(s) () ¢))
Yy =T,

where z = [21, %2, ...,2,]T € R" denotes the state vector,
and only x; is measurable. us ;) € R and y € R represent
the control input and output of the system, respectively. The
function o(t): Ry — M = {1,2,...,m} is a switching
signal. When o(t) = k, the kth subsystem is in a running
state. fix(-), ¢ = 1,2,...,n, k € M are unknown smooth
nonlinear functions. d;;, are external disturbances.
Assumption 1 [30]. There exists an unknown positive con-
stant f;, such that | f;, (Z:)| < fir-

Assumption 2 [32]. The unknown disturbance is bounded,
and satisfies |d; (t)| < djx, where dy, is an unknown positive
constant.

Assumption 3. Only the reference signal yq (¢), its first
derivative 94 (t) and second derivative g4 (t) are bounded
and available.

Remark 1. Assumption 3 relaxes the requirement for prior
knowledge of the systems. In articles such as [2], [7],
[23], [27], the reference signal must be nth-order differ-
entiable. However, in practical applications, obtaining high-
order derivatives of the reference signal is challenging, which
makes this assumption rather stringent. This paper achieves
the same or even more comprehensive control objectives
with less prior knowledge, thereby enhancing applicability
to practical systems.

Definition 1 [12]. For any positive constant ¢ and x € R,
the following inequality holds:

0 < |¢| — ¢tanh (;) < 0.2785x. )

Definition 2 [33]. For VI' >t > 0, let N, (T, t) denote
the number of switches of over interval [¢, T') , if there exist
positive constants 7, and Ny such that

T—t
No’(t)<T’ t) < NO +

3)

a

holds, then 7, is called average dwell time.

III. EVENT-TRIGGERING MECHANISM

To minimize data transmission and conserve communica-
tion resources, this paper simultaneously considers hybrid
event-triggering mechanisms as follows:

(1) Sensor to controller, i.e. output event-triggered

o (1) (1) Yot ) (t1,0)s t € [t1,7, t1,741)s
ti,g+1 = inf{t >t 4] |6y70'(t) (t)| > 1y} “4)

(2) Controller to actuator, i.e. control event-triggered

U () (1) = Wo(r,)(ts), t € [ts, trg1)s

trer = nf{t > ] [eworn (8)] = mo + o1 [E)]} )
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Ejst _ wa(tsl) (tsl) - wa(t,;) (tsl): te [tslva),
7 0, otherwise,
o ts2, Np>1,
tr = { trir1, Np=1, ©
where |e,, o(t ] = [4o6) () = Foey (1)] and |ew o) (1)] =

|wo ) (t) — u, ., (t)]- t1,7 and t; denote the triggering time
instants for sensor output and control 51gnal respectively.
ts1 and tgo are the switching time. Ej represents the error
caused by the different control signals between different
subsystems when jth switch occurs within the triggering
interval. ¢ is the number of switches on (7, t41). 7y, Nws
Ty > Ny, Tw > Mw, V1 > 1 are positive designed constants.
According to the above event-triggering mechanisms, when
the measurement errors |ey,0(t)(t)| and |ew7a(t)(t)| exceed
certain thresholds n, and 7, repectively, the output and
control signals are transmitted.

Remark 2. During the design process, multiple subsystems
are made to track the same reference signal, which implies
that the output signal of each subsystem is close to the
same function. As a result, the switching instants have little
effect on the system states and output, in other words, at
these moments, neither the states nor the output undergoes
abrupt changes. Therefore, there is no need to consider that
switching may cause unnecessary triggers.

IV. STATE OBSERVER DESIGN

For estimating the unknown states of the systems, the state
observers are designed as

T = Lin(§ — 9) + Tit1,
Ty, = Lnk( :lj) —+ ug, (N
9= 21,
where z; is the estimation of x;, and the estimation error
ei:xi—ii,izl, 2, e, N
Combined with (1) and (7), one has

é:AkeJrLk(y*g)JrFkerk, (8)
€1 _le 1
e — Loy,
where ¢ = , A = ,
. : Infl
(&% _Lnk 0 ‘e 0 J
Ly, fik(x1) dik
Loy, for(Z2) dag
L, = ) , Fr = . , dp = )
Lnk fnk (-’En) dnk

The designed parameters L;;, are selected such that Ay, is a
Hurwitz matrix, which means for any given matrix Q; > 0,
there exists a matrix that holds the following equation:

AL P+ PyAy = —Qy. )

The Lyapunov function is chosen as
Vor = €T Pye. (10)

On the basis of (8) and (9), Vo is calculated as follows:

Vor = —eTQre+2e" Py [Li(y — §) + Fr. +di] . (11)

Referring to Young’s inequality, it can be deduced that

2" PeLi(y —9) < llell” + I Pl 1 Li* 7y, (12)

~ —2

2" PuFy < flel® + 1Pl Fire (13)
i=1
~ -2

2" Py, < lel® + [Pl D diy. (14)
i=1

Substituting (12) - (14) into (11) results in
2
~(Amin (Qk) — 3) [le]|

n —2 n —2 _
IR (z oS IILkI2ny>
1=1 =1

— 00k ||€||2 + @ok»

Vo <

5)

2 [ & 52
12 (z Pt

where 0o, = Amin (Qk) — 3, wor, =

S+ s,

By Assumptions 1 and 2, it can be derived that b, > 0.
Additionally, by selecting an appropriate matrix Q, agx >
0 can be ensured. This indicates that the observation error
e; gradually decreases over time, thereby guaranteeing the
asymptotic stability of the observer systems.

V. CONTROLLER DESIGN AND STABILITY ANALYSIS

The auxiliary tracking error z1, tracking error ¢; and state
error z; are defined as

21 = 11— Yds (16)
Y1 = T1— Yds 17
2 = Xy — 1k (18)

where y4 is the reference signal.
It is necessary to establish a clear definition for

G =

Zq
2 (=22’
oS (2k§)
By considering the output event-triggered, the virtual
control law oy and oy, © = 2, , m are given as

=1, -, n.

2 7TZ2 L1 .
Qi = _ClkT tan (%2) Ly tanh(w) + Y,
(19)
2 7TZ-2 Ci_lzi
7 = i ! ta :
cn = g i) Ty
— L, tanh( &Lk ) (20)
o

where c1; and c;;; are positive constants.

Simultaneously, in the final step of backstepping, control
event-triggered is implemented, where the continuous adap-
tive control signal wy, is expressed as

k72z (ﬂ'z,%) Cn—lzn
wp = —cCp -
* T Cn
nLn ] — nLTL 7'[1)
— LTy tanh(gikny) — LpkTw tanh(cikn)
‘ 7
) C 7st
— L1 B3 tanh(22—1-), ey

where p is a positive constant.
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In addition, for z;(0), it satisfies |z;(0)| < k;, which is a
standard assumption for dealing with constraint problems.
Remark 3. The purpose of defining the auxiliary tracking
error z; is to ensure that the virtual control signal oy is
differentiable, thereby achieving output event-triggered. In
the previous section, we have demonstrated that there exists
an observational error e¢; between x; and Z;, which can be
continuously minimized by selecting appropriate parameters.
Moreover, through observation, the error e; is identified
between the auxiliary tracking error z; and tracking error
(1. Consequently, we can indirectly achieve tracking control
and output event-triggered through auxiliary tracking error
while ensuring the stability of the closed-loop systems.
Lemma 1. For each i € {1, 2, , n}, supposed that &
and z;(t) are bounded, then ¢y, also remains bounded.
Proof. Taking the derivatives on both sides of (19) yields

. C1 w2} . .
o = 1k*1<*t (Qké)*clkzl + Ya
1 1

_ 2
—&1 Ly, [1 - [tanh (QLL’“%H ] .(22)

Derivative of both sides of (20), we have

. k2 ¢ nz2 .
Qi = cik?lg tan( 21{%) — CikZi
CzCz 120 G-z G
¢2 Gi G

N
—CiLikﬁy ll — {tanh (QLZWH 1 , (23)

2 2
202 )] cos Q(Tzr/jé)

=

where ¢; = Zi[1 + 27 tan(

First, for ¢, on the basic of (16) and Assumption 3, we
obtain z; = :El —yg and 2; € Ly,. According to z; € Lo, it
can be obtained that (; € L., and él € L. Thus 1 € Lo
is deduced.

Second, for cwoy, differentiating (18) gets 2o = I;’Q*O'élk.
With the bound of ¢, 29 € Lo can be achieved. Similar to
the above analysis, one has (5 and (2 € L. So g € Lo
can be obtained.

Finally, for ¢ = 1, 2, ---, n, &;x € Lo can be acquired

recursively. Lemma 1 is proved.
Theorem 1. Suppose that the uncertain strict-feedback
switched nonlinear systems (1), under given initial condition,
satisfy Assumptlons 1-3. If the switching signal o (t) satisfies
Tq > T the designed observer and controller can ensure
that

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

(2) The tracking error and state errors can converge within
a small neighborhood as |z;(t)| < |k;|.

(3) There exists a positive constant between consecutive
triggers, thereby avoiding the Zeno-behavior [34].

Proof. The proof of Theorem 1 will be presented in four
parts.

The boundedness of the tracking error and state errors
will be demonstrated initially. A contradiction is sought by
assuming the existence of z, such that |z,(t,)| > k, at time
tq. In accordance with the initial conditions and continuity
of z;(t), it can be obtained that for ¢ < t,,,, t,,, = min{t,},

—k; < Zl(t) <k;i€ {1, 2, -, n} 24)

Thereby, there exists z; such that

lim [zy(t)] = kg g€ {1, 2, -+, n}.

t—tm

(25)

Subsequent analysis will demonstrate that the aforemen-
tioned situation does not exist.

Part (a): The tracking performance and error constraints
of the systems will be demonstrated by backstepping and
tangent BLFs. At the same time, output event-triggered will
also be taken into account during the design process

Step 1: In view of (1) and (16), one has

2 = zmtou,+ Liger + Li(§ —y) — ga. (26)
The BLF on ¢ € [0, t,,) is designed as follows:
k3 T2
Vlk—VOk-&-—ta( =3 27)
2k1
Differentiating both sides of (27) results in
Vie = Vor+ Glze +oap + Liges
+L1k(J —y) — Jal- (28)

With Young’s inequality, it results in

GLiger <G+ L 1k lle 2.

Thereby, (28) can be rewritten as

. k2 22
Vie < Vor —cip—= tan(2k2) + (122
_ C1L1xmy _ 2
—C1 Lixy taﬂh(T) + |G Lakmy| + ¢
ZL3 |lel®
k2 2
= Vor —ce— tan(%g) + (122 + 02785 + (}
S22 el (29)
Step i (1 =2, .-+, n—1): Based on (7) and (18), one has
Zi = Zit1+ i+ Liger + Lig(§ — y) — di—1,,(30)

Construct the BLF as follows:

k? mz2
Vi = Vioa o o tan(Gp). (31

Differentiating V;;, yields

Vie = Vig +Glzivr + ok + Liker

+Lin(§ — y) — Gim1,1)- (32)

Through Lemma 1, we have &;; € L. To simplify
the computational process, the partially bounded signals are
defined as

hik = Liger — c—1.5 < hag,

where h;, is a positive constant.
With reference to the Young’s inequality, one can derive

<z zk<C +4 zk‘
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Then, it follows from (20) and (32) that

2 2

%
tan( 252 <)

CL ¢k77y
(7/1 )

Vlk — Cik + Gizit1

1.
—(Ca L1y tanh + |G Lty + ¢ + thk

k2 2
= ka—chk—tan 214:]2

j=1 J

+ZC + Lk” I”

1 -
+7 > B2+ Gizigr + 0.2785ip.
j=2

(33)

Step n: On account of (7) and (18), one has

Zn = Up+ Lprer + Lpp(§ —y) — n_1 k. (34)

The BLF used for the nth subsystem can be expressed as

k2 T2
V’I’Lk = anl’k; + ? tan(@) (35)
Then V,,;, can be written as follows:
Vik = Vaoig + Gulu + Lyker
+Lnk (9 —y) — Gn—1,k] (36)

Define hy; = Lpge1 — cn—1% < hn, and combined with
Young’s inequality again, one has

1-
Cuhnk < G+ SR (37)
Substituting (37) into (36) yields
Vnk S Vn—l,k + Cn (uk + |Lnkﬁy|) + C + nk;? (38)

which will be employed in the following part for the design
of the event-triggered controller.

Part (b): Hybrid event-triggered adaptive controller based
on control signals will be designed.

Considering that the switching instant of different subsys-
tems in switched systems can cause sudden change in the
control signal, which in turn may lead to unnecessary trig-
gers, it is necessary to discuss the relationship between the
triggering interval and switching instant during the controller
design process. Therefore, it mainly includes the following
three cases:

(1) the switch does not occur in the triggering interval [t s,
tr+1);

(2) the switch appears in the triggering interval [t 7, t741),
including single switch and multiple switches, i.e. t 7 < t51 <

<ty <tjp1,5=1,2,---,

(3) the switch occurs in the triggering instant, i.e. t; <
tsl < e

By combining with (6), the aforementioned three scenarios
can be resolved by separately considering whether £, st

Case 1: if E]JSt = 0, by incorporating (5) and (21) into

m;

< tsj =ty41.

(38), we can conclude
‘./nk,l S Vrb—l,k + Cn (Uk — Wk + Wi + Lnkf]y)
1-
+Cn+ Zhik

< ook + G ([l + w + | Lnsiy) + G
J&Eik

= Vpik— n tan(g;) Cn—1%n
Lty tanh(g"#’“”y) + I
oL tan ()
G+

n 2 2
< Vop — Jzz:l cjk% tan(;ijé

)+ > ¢
j=1

1 =~

2

Lk el +izhik
=2

+0.2785(n + 1)p. 39)
Case 2: if B = We (1,1 (ts1) — Woe,)(ts1), one can
deduce
Vnk:,2 S Vn—l,k + Cn <|77w| + v1 ’E?St + Wk
1-
+ [ Laniiy]) + o + P
k‘z 7rz2
- Vn 1.k — an tan( 2]€2 ) Cnflzn
_ Cn nkn —
_CnLnkny tanh(Ty) + |Cn77w|
nLn 77,0
—Co LT tanh(cikn)
. L EIst .
—Cour E% tanh(ci‘]) + vy |G ES
7
1
+|Cn nkUy' +< + - 4
7r22 n )
< Vo - Zcﬂc tan 21%2) +;Cj
1 n
L3y el + 7 " B2
=2
+0.2785(n 4+ vy + 1)p. (40)
Considering (39) and (40), one has
Vikd < Vaka < —0kVak + @, (41)

where o, :min{ﬁé}k), Cjk} W = Z CQ‘F L3 [le ||

+ Z h%, 4+ 0.2785(n + 1) + wo.
Multlplylng both sides of (41) by e+ and integrating get

Wi

Vo < (V(0) = ZE)ement 4 (42)
Ok Ok
Therefore, the following inequality holds
Vilt) < Va(t) < (Va(0) = ZH)ement 4 25,
Ok Ok
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Further, combining with (27), (31), and (35), it can be
obtained that

2
lzi] < ki \/ arctan % [(Vn(O) - ﬂ)e—gkt 4 Dk
7T i

Ok Ok
< kil 43)
(43) indicates that the functions 2z, ---, z, remain

bounded within the interval [0, ¢,,), which contradicts (25).
Thus, for any error z; and ¢ < t,,, |2;| does not approach
to the constrained boundary |k;|. Consequently, the proposed
hypothesis (25) is invalid, and as a result, (24) holds consis-
tently.

Remark 4. Through the above analysis, it can be concluded
that the different subsystems of the switched systems are
stable. However, the stability of each subsystem does not
directly guarantee the global stability of the entire switched
system, because the switching frequency and switching time
can affect the overall behavior of the systems. Therefore,
with the introduction of the average dwell time to control the
switching frequency, the Lyapunov function can be reduced
or maintained within a bounded range, which is crucial for
ensuring the global stability of the system. Consequently,
designing a suitable Lyapunov function for the whole system
and conducting detailed analysis are imperative to ensure
overall stability even during switches.

Part (c): The following proof will display that the overall
system is stable.

Define the Lyapunov function as Vj, = Vi, according to
(41), one has V, < —oVi+, where g = mingepm{ok}, w =
maxyen{w,}. Define the function W(t) = eV, (1),
which is piecewise differentiable along solutions of the
systems. Within each interval [t;,#;11), we have

W (t) = 0e2 V(1) (t) + €2 V1) (1) < e,
For Vk, l € M, Vi(t) < 8V,(t) and 8 > 1 one has
W(ti1) Bef Vo (2(tigr)) = BW (1)

tiya
B {W(tl) —|—/ wegtdt] .

t

(44)

IN

IN

(45)

By selecting an arbitrary ¢ > t; = 0 and iterating (45)
from [ =0 to [ = N,(¢,0) — 1, it can be obtained that

3
W(tNa(f,O)) + / wetdt
INg (2,0
Ng (£,0)—1

_ tiy1
AR R () o N C i / wedt
1=0 b

W(E) <

IN

+B N O ettt (46)

Since 7, > % for any 0 € (0, o — 12—5) one has 7, >
InpB
5"
¢ Based on Definition 2, it can be argued that
. (e—0)(t-1)
Ngy(t,t) < No+ —-=>——",
(& %) ot In 3
No(t,0) =1 < 1+ Ny(t, ti11),
BNG(E,O)fl S 61+N06(Q76)(57t1+1)- (47)

Because of § < p, it follows that

tl+1 tl+1
/ weltdt < ele=Dtin / weltdt. (48)

tl tl

Substituting (47) and (48) into (46) yields
B Rt
W (1) < g0 (0) + plHNoele=9)t / wetdt. (49)
0

It is easy to deduce that there exist two « functions « (|z|)
and % (|z|) such that s (|Jz]|) < Vi(z) < E(|z|) establish.
Then it yields that

(=)

IN

Vo) (x (t__)) .
Mot (570 (|12(0)])

+ﬁ1+No? <1 _

Mo P50 (|l2(0) )
1+Ny ¥
+4 5
Therefore, given 6 > 0 and (50), it can be concluded that
if the switching signals o(t) satisfies 7, > %, the whole
system remains stable.
Combining with (35) and (50), the error can be obtained
that

IN

IN

(50)

2 2 _
tﬁ%ﬁtan<§Z§> < eMomBe(FE ) (lx(0)])
W
+61+No§_

Thereby, we can obtain

|zi] < |ki|\/2 arctan(%ﬂ”NoE). (51)
T k; )

It can be inferred that all signals of the closed-loop
systems are bounded at all times according to (51), satisfying
the condition of semi-global uniform ultimate boundedness,
which means that the whole system is stable under certain
switching conditions.

Part (d): Given the inherent complexity of the event-
triggering mechanism in switched nonlinear systems, various
scenarios will be addressed separately to prevent Zeno-
behavior.

Because we have adopted a dual-channel hybrid event-
triggering mechanisms, it is necessary to analyze the output
event-triggered from sensor to controller and the control
event-triggered from controller to actuator separately to de-
termine whether Zeno-behavior can be avoided.

A. Zeno-free of output event-triggered

In order to prove that there exists a constant 77 > 0 such
that {t1 j41—t1,7} > Th, VJ € Z*, we recall the definition
of ey o) (1) €y.0(t)(t) = Yo()(t) —Uo () (t). Then, we obtain

v O] = (g ()% epor ()

Sign(ey,a(t) (t))ya(t) (t)
[o(e) (1)] -

Since ¢, (+) (t) is bounded, hence, there must exist a
constant s, i > 0 such that |, () (t)| < sy,p. So it yields

Nl

IN

(52)

. Ty
t)y=—"— <s,p,
€y,o(t) ( ) tr—ty Sy,E
by —ty > =Ty (53)
Sy,E

The Zeno-behavior is therefore avoided successful.
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B. Zeno-free of control event-triggered

Considering that the switching moment between different
subsystems of the switched systems may affect the control
signal, and then affect the triggering mechanism, three situ-
ations need to be analyzed.

Case 1: When there is no switch in the triggering interval
[ts, ty+1) or the switch takes place exactly at the triggering
instant, then for ¢ = ¢ ;11 the measurement error ‘eg(t) (t)‘ >
Nw- Therefore, it can be derived that

d 1
%(ew7a(t) (t) * €w,o(t) (t)) 2
sign(ew,ot) (t))ew,o ) (t)
|éw,a(t) (t)| = |w<7(t) (t)’
d ky T
‘dt |:—an> 7TCn tan(ﬂ
7Cnflzn

Cn
— L,k tanh

d
T |€w.o(r) (1))

IN

IN

)
(7M )

— Ly, tanh

CnLnk,ﬁw :H 54
(7M - 6D

The boundedness of all signals has been proved in the
previous parts, hence, there must exist a positive constant
Sw,E satisfying ’wg(t) (t)‘ < Sw.B-

Nw

=——— < 54,E,
tiy1—ty

éw,o’(t) (t>

tjp1—ty 2> o =15.

Sw,E

(55)

Case 2: When the subsystem is switched (one switch)
within the triggering interval time [t;, t711), i.€. ts1 € [t,
tj+1). The whole interval is divided into three cells for
analysis:

(1) Within the time interval [t;, ts1), the analysis is the
same as in Case 1.

(2) Within the time

|wa(t17)(tJ) - wo(t‘])(tsl)’ < Nw + 11

ta. tal, ome has
Eﬂ‘gt‘,and

interval

= |wort,) (1) = Worr,) (ta1)]

< woiey) (E1) = Woey) (1)
+[woes) (ts1) = Wor) (ts1)]

< e+ ‘Ei“

|ew,a(t51) (tsl) |

A

)

which implies that the triggering condition is not satisfied at
tsi-
(3) Within the time interval (¢s1, t41), we have

s

d . .
@ lewe O < |ewow O] =|om @)

Nw + V1 ‘EiSt

bw,o) (t) = Tt < S B

Consequently, it can be inferred that t51 —t; > J =T

w Eist
77u+”:| J > Tw :TQ*

. R w,E w,E . .
The combination of these two expressions yields

Tho
max{sw,g, 5, g}

and t541 — 151 2>

tiy1 —ty 2 =min{Ts, T5}. (56)

Case 3: Multiple switches occur during the triggering
interval [ts, t7+1). And we have

tjg1 — 1t > N7g.

Above all, the analysis of Cases 1-3 demonstrates that for
any bounded condition, the control event-triggering mecha-
nism (5) and (6) has a positive minimum triggering time ¢*,
and

t* = min {min{Ts, T3}, 7o }. (57)

So far, Zeno-behavior has been successfully avoided.
Remark 5. The low-computation mentioned in this paper is
mainly reflected in two aspects:

(1) In contrast to [28], this paper does not choose to trigger
the virtual control signal simultaneously with the output
signal. Instead, we obtain a continuous estimate of the system
states by constructing suitable state observers and selecting
the error z; = &1 — yq4 rather than z; = x1 — y4. The virtual
control law is then constructed using the continuous signal
zi,© =1, 2, .-+, n to be derivable. Therefore, the computing
burden of the sensor is reduced.

(2) However, the higher-order derivative of virtual control
signal does not exist when applying the same backstepping
as in [2], [26], [27]. Therefore, in this paper, a new low-
computation method is employed, in which the boundedness
of the virtual control law is assessed and scaled, so as to
avoid the presence of higher-order derivative and complete
the stability analysis of the systems. Additionally, unlike
[23], [29], the avoidance of higher-order derivative is not
achieved through DSC, nor are additional filters introduced
in this paper, resulting in a relatively simpler control sig-
nal, thereby reducing the computational burden and design
complexity.

As aresult, the discontinuity of the signal caused by output
event-triggered is successfully overcome in this paper, and
the computational and transmission burdens are reduced.

VI. SIMULATION

A second-order switched nonlinear system is considered
as follows:

&1 = fie(x1) + 22 + digs
&y = for(Z2) + uk + dox,
Yy=2a.

When k& = 1, fi1 = 0.1sin(z?), fo, = 0.2sin(z122),
diqp = 0.02cos(t), d2; = 0.0lsin(¢). When k& = 2,
fo1 = 01521, fon = 0.dzyz9, doy = 0.05sin(t),
d2o = 0.02cos(t). The reference signal y; is given as
yq = 0.25sin(t).

The initial conditions selected in the simulation are [z (0),
25(0)]T = [0.05, 0], [#1(0), 22(0)]T = [0.05, 0.05]™. The
parameters are selected as L1y = 1, Lig = 2, Loy = 7,
L22 = 5, C11 = 10, Ci2 = 15, Co1 = 1, Coo = 2, kl = 008,
ko =0.1, 7y, = 0.08, 7y, = 0.1, 7y = 0.5, Gy = 0.6, p = 2,
vy = 1.2. The average dwell time is chosen as 7, = 7.5.

The simulation time is set to 80s. Figs. 1-8 illustrate
the simulation results of the designed control strategy. The
continuous output signal y(¢) and the output event-triggered
signal ¢(t) are presented in Fig. 4. More specifically, the
number of event-triggered is 228. The continuous control
input signal w(t) and the event-triggered control signal u(t),

(58)
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Fig. 1. The output signal y and the reference signal .
TABLE 1
THE COMPARISON RESULTS ON THE NUMBER OF TRIGGERING-EVENTS.
Different strategies Output event-triggered | Control event-triggered
The proposed method 228 213
The method in [27] 4000 82
The method with DSC 248 175
The method in [29] 250 548
The method with time-triggered 4000 4000

which is triggered 213 times, are shown in Fig. 5. The
moments when the sensor output and control signals are
triggered for 20s are displayed in Fig. 6.

Additionally, to further elucidate the distinctions among
the existing methods, comparative simulations are performed,
with the results presented in Figs. 8-9. If DSC is utilized,
the resulting expression of the continuous control signal is

as follows:
721 7727% Cn—lzn
W = _cnka tan(m) - Cn
’I’LL’I'L ] — TLL’I'L 7'LU
— Ly tanh(gilmy) — LpiTw tanh(gikn)
J
) nEjst
+dfz—1,k — Lnkle?t tanh(C S ), 59)

where i,  is obtained by passing a;,—1,i through the out-
put of a first-order low-pass filter ¥,,_1 xG5, 4, +ap 4 =
Qp—1,k, Where 9,,_1 > 0 is the time constant. a;_l,k(o) =
an—1,%(0) and a,,_1 4 is the virtual control law. It can be
observed that the proposed low-computation hybrid event-
trigger adaptive control scheme has the same control effect,
but further simplifies the controller structure.

With the simulation time set to 80s, the comparison of
the communication counts among the presented method,
the method in [27], the method with DSC, the method in
[29] and the method with time-triggered are illustrated in
TABLE I. The triggering interval for time-triggered is set to
0.02s. In contrast, the hybrid event-triggered control scheme
proposed in this paper significantly conserves communication
resources while achieving equivalent control performance.

2 T T T T
§ 15} 02 = z |
o 1} 0.1 N
1)
o
O 05F 0 1 2 3 E
g
2 % i
3
D ost .
) ) ) ) ) ) )
0 10 20 30 40 50 60 70 80
Time(s)
2 T T T T T T T
0.2
S 15+ o z2| |
= - - &
2 1k -0.2 g
-0.4
O o5} 1 2 3 R
2
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Fig. 2. The system states x1, 2 and their estimations &1, Z2.
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Fig. 4. Continuous output signal y(¢) and triggered output signal §(t).

VII. CONCLUSION

A hybrid event-triggered low-computation control scheme
is proposed for a family of switched nonlinear systems with
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Fig. 7. The trajectories of the switching signal and E7°".

unmeasurable states. By adopting event-triggering mech-
anisms in both the sensor-to-controller and controller-to-
actuator channels, the communication burden is significantly
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z1 with DSC
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Fig. 8. The comparison results on the tracking error zp.
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Fig. 9. The comparison results on the input signal u(t).

alleviated, thereby conserving network resources. Moreover,
the state observers, composed of the output signal after
triggering and the measurable signal, address the problem
of unmeasurable states. At the same time, by combining the
stabilization errors with the observation results, the challenge
of non-differentiable virtual control laws caused by triggering
is successfully overcome. Additionally, the adaptive compen-
sation term resolves the mismatch between switching and
triggering intervals, and it is rigorously proven that the Zeno-
behavior is absent. The applicability of the proposed output-
triggered control method to MIMO nonlinear systems will
be considered in future work.
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