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Abstract: This paper focuses on addressing the problems of finite-time boundedness and guaranteed cost control in
switched systems under asynchronous switching. To reduce redundant information transmission and alleviate data
congestion of sensor nodes, two schemes are proposed: the event-triggered scheme (ETS) and the round-robin protocol
(RRP). These schemes are designed to ensure that the system exhibits good dynamic characteristics while reducing
communication resources. In the field of finite-time control, a switching signal is designed using the admissible
edge-dependent average dwell time (AED-ADT) method. This method involves a slow AED-ADT switching and a
fast AED-ADT switching, which are respectively suitable for finite-time stable and finite-time unstable situations
of the controlled system within the asynchronous switching interval. By constructing a double-mode dependent
Lyapunov function, the finite-time bounded criterion and the controller gain of the switched systems are obtained.
Finally, the validity of the proposed results is showcased by implementing a buck-boost voltage circuit model.
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1 Introduction

Because of the effective modeling approach pro-
vided by switching strategies for multi-mode con-
trol systems, the related control theories and meth-
ods of switched systems not only compensate for the
shortcomings of single-mode control theory but also
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provide theoretical references for general hybrid sys-
tem research. Therefore, the research on switched
systems has sparked the interest of many scholars
(Huang et al., 2020; Karamanakos et al., 2021; Liu
SL et al., 2022; Wang YD et al., 2022), particularly in
the context of combined network transmission tech-
nology. In environments with restricted communica-
tion, complex network-induced factors such as net-
work delay, data packet loss, and external interfer-
ence often cause the system structure to exhibit dif-
ferent patterns. Clearly, in a multi-mode network
and communication environment, a single system
type and control strategy cannot be accurately mod-
eled, making it difficult to achieve the expected con-
trol requirements. A multi-mode switching system
driven by both time and events provides an effective
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theoretical foundation for addressing such issues. In-
tegrating network transmission and switching tech-
nologies gives rise to networked switched systems,
but such systems are not simply a superposition of
these two. Although the introduction of switching
technology presents unprecedented opportunities for
solving complex and dynamic network control prob-
lems, it also creates obvious challenges, including
data congestion, network delay, and asynchronous
switching phenomena (Hu et al., 2016; Li et al., 2020;
Xu et al., 2024).

To deal with the issue of redundant information
transmission, event-triggered schemes (ETSs), with
their unique “on-demand sampling” feature, have be-
come an important method for improving data trans-
mission rates (Dorf et al., 1962; Wakaiki and Sano,
2019; Li et al., 2020; Amini et al., 2021). In Qi et al.
(2018), an ETS was proposed to solve the problem
of finite-time control in networked switched systems.
Due to the effects of quantization and packet loss, a
periodic ETS was used to select specific events for
applications in networked switched systems (Xiang
and Johnson, 2017; Merlin et al., 2021). In Qi et al.
(2019), the feedback signal from an improved peri-
odic sampling ETS was used to study event-triggered
control in switched systems with transmission de-
lays. Based on sampled data information, a pattern-
dependent event-triggered technique was established
in Xie et al. (2022) to avoid Zeno behavior. It is
worth noting that these results are based on the as-
sumption that all sensors have simultaneous access to
the transmission network for transmit signals, which
is practically unlikely because network bandwidth is
often limited.

In engineering practice, when multiple sensor
nodes are simultaneously sending (or receiving) data
over the network, it can lead to “data conflicts” and
mutual interference of transmitted information, af-
fecting the accuracy of transmission and even de-
stroying the stability of the system. To address
this issue, different types of communication proto-
cols have been applied to avoid data conflicts (Liu K
et al., 2015; Zou et al., 2017; Wan et al., 2019; Wang
D et al., 2019; Mao et al., 2021). As a static pro-
tocol, the round-robin protocol (RRP) (Wen et al.,
2016; Shang et al., 2022) has been widely used in
industrial engineering security monitoring, comput-
ing scheduling, and so on because it is simple and
easy to operate. Therefore, it is meaningful to adopt

a combination of ETS and RRP to deal with the
problem of redundant information transmission and
further solve the problem of data congestion in sen-
sor nodes.

In network transmission technology, asyn-
chronous switching phenomena are inevitable due to
the influence of network delay on the modal signals
of switched systems, and only being transmitted at
discrete trigger points. When asynchronous phenom-
ena exist but are not considered, the designed control
strategies typically fail to achieve the expected sys-
tem performance, and even the stability of the sys-
tem cannot be guaranteed. Therefore, considering
asynchronous phenomena in the analysis of switched
systems is highly practical. In Li et al. (2020), the
asynchronous event-triggered mechanism was con-
sidered from the sensor to the controller and from
the controller to the actuator. Yang L et al. (2019)
considered the asynchronous switching of system
modes and filter modes that may occur within event
intervals. The above literature generally assumes
that the maximum asynchronous switching delay is
known in advance, which has a certain level of con-
servatism. However, the admissible edge-dependent
average dwell time (AED-ADT) (Yang JQ et al.,
2018; Gao et al., 2020) method can study the sys-
tem stability within asynchronous switching inter-
vals, even when the maximum asynchronous interval
is unknown.

In many studies of switched systems, most re-
sults are based on the analysis of their dynamic be-
havior within an infinite time interval. However,
in practical applications, the transient performance
of dynamic systems within specified time intervals
is more valuable when studying systems with short
working time, such as chemical reaction processes,
satellite trajectory control systems, and furnace tem-
perature control systems. The urgency to study the
stability of systems within finite-time intervals leads
to the concept of finite-time stability, which was first
introduced by Weiss and Infante (1965). Since then,
many related research results have emerged (Mu-
rugesan and Liu, 2019, 2022; Sun et al., 2021). It
is noted that the AED-ADT switching signal design
method is rarely used for finite-time control of the
switched system. Compared to the mode-dependent
average dwell time (MDADT) method (Du et al.,
2022), this method not only uses the current sub-
systems’ mode signals but also leverages previous
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mode signals to effectively use the system’s mode
information for studying transient characteristics.
Therefore, applying the AED-ADT design method
to finite-time control problems is meaningful, which
is another motivation of this work.

Motivated by the above observations, this study
addresses the issues of finite-time boundedness and
guaranteed cost control in asynchronous switched
systems under ETS and RRP. The contributions of
this paper are summarized as follows:

1. A joint ETS and RRP design method is pro-
posed, which ensures good data filtering while avoid-
ing sensor node congestion.

2. In switching signal design that takes into
account the significance of finite-time control, the
method with modal memory, namely AED-ADT, is
applied. This method better reflects the switching
characteristics of modal signals.

3. By implementing slow AED-ADT switch-
ing and fast AED-ADT switching techniques, the
challenges of finite-time instability in the controlled
system during asynchronous switching intervals are
addressed, thereby diminishing the impact of unsta-
ble conditions on the control system and ensuring
finite-time stability.

4. Based on RRP and ETS, sufficient criteria
are obtained to ensure the finite-time boundedness
of the switched system and the establishment of the
guaranteed cost control index.

Notations: In this paper, Rl denotes the set of
l-dimensional real vectors, N the set of natural num-
bers, and λm(P )(λM(P )) the minimum (maximum)
eigenvalue of matrix P . In and 0n denote the n× n

identity matrix and n × n zero matrix, respectively.
PT and P−1 stand for the transpose and inverse of
P , respectively. The block-diagonal matrix of P1

and P2 is represented by diag{P1,P2}. �·� stands
for rounding up to an integer. col{·} denotes the
column vector.

2 Problem formulation

2.1 System description

The following system is given:

ẋ(t) = Aσ(t)x(t) +Bσ(t)u(t) +Eσ(t)ω(t), (1)

where x(t) ∈ R
l is the state, u(t) ∈ R

m is the input,
and the disturbance is ω(t) ∈ R

m. The switching

law is denoted as σ(t) ∈ [0,∞) → W = {1, 2, . . . , s}.
The switched sequence set is denoted by {th, σ(th)},
and the switched points th satisfy 0 < t1 < . . . <

th < . . ., h ∈ N. When t ∈ [th, th+1), the σ(th)-th
subsystem is activated. Ai, Bi, and Ei (i ∈ W) are
known matrices of real constant.
Remark 1 The system model (1) describes a
typical multi-mode switched system. Multi-mode
switching is an effective modeling and analysis tech-
nique. Many practical systems involve controlled
objects that can be described as multi-mode switch-
ing control systems; for example, DC-DC converters
in power systems can obtain the required voltage by
switching to different paths (here, DC is short for di-
rect current); unmanned helicopters switch between
flight modes such as hovering, forward flight, turn-
ing, climbing, descending, and diving; Bang-Bang
control is used to solve the optimal fuel problems in
the aerospace field.

Taking into account the impacts of event-
triggered sampling and network transmission delays,
the modes of the controller often do not align with
the switching pace of the system, resulting in asyn-
chronous switching. Without loss of generality, �(t)
is used here to denote the controller’s modal signal.
Then, a state feedback controller u(t) = K�(t)x(t)

based on asynchronous switching characteristics is
designed for system (1), and K�(t) indicates the con-
troller gain to be designed.

2.2 ETS and RRP design

As shown in Fig. 1, ETS and RRP are intro-
duced to reduce the network transmission frequency
and alleviate the transmission load of the sensor
nodes.
Remark 2 Fig. 1 illustrates that due to the
promiscuity and particularity of the switched system
itself, the introduction of RRP, ETS, and network
transmission technology has increased the complex-
ity of the closed-loop control system structure be-
cause it contains not only the switching features of
the switched system but also the node data switching
features under the action of the scheduling protocol.
Specifically, to reduce the transmission frequency,
triggered data packet (x(gck), σ(gck)) is transmitted
to the controller only at discrete trigger point t = gck

through the network. Therefore, the switching in-
stants of the mode-dependent controller will be out
of sync with the switched systems, i.e., σ(t) �= �(t).
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Fig. 1 Structure of a closed-loop switched system

According to the RRP-based control structure, only
one node at a time is allowed to obtain permission
to use the communication network and transmit the
corresponding data, thus reducing the transmission
load of sensor nodes.

To avoid Zeno phenomenon, a discrete ETS is
introduced here; that is, system (1) is first sampled
with a fixed period k (< τa,b), where τa,b indicates
the interval between two adjacent switching points.
Then, a hybrid ETS is designed to further screen the
periodically sampled data to reduce the transmission
rate of redundant information, as follows:

gc+1k

=gck +min
v∈N

{vk|eT((gc+v)k)Φσ(sc,vk)e((gc+v)k)

≥ ∂(sc,vk)x
T((gc+v)k)Φσ(sc,vk)x((gc+v)k)},

(2)

where e((gc+v)k) = x((gc+v)k)−x(gck), sc,vk �
(gc+v)k is the sampling instant in [gck, gc+1k), v ∈ N,
Φσ(sc,vk) > 0 is a weighting matrix, and ∂(sc,vk)

is the coefficient of the threshold (when sc,vk =

� th
k �k, then ∂(sc,vk) = 0, and ∂(sc,vk) > 0

otherwise).
Remark 3 From Eq. (2), it is not difficult to see
that when sc,vk = � th

k �k, then ∂(sc,vk) = 0, and
data packet (x(� th

k �k), σ(� th
k �k)) must be triggered

at � th
k �k, which is the minimum sampling time at the

right of the switching point th (including th).
Because the communication load is generated

in the transmission channel between the controller
and the actuator, it is necessary to design an
RRP to regulate sensor communication to prevent
data collisions. According to the RRP, we have
ι([t]) = mod([t] − 1, ψ) + 1, ∀t ∈ [0,∞), where
ψ ∈ {1, 2, . . . , Ψ}, ι([t]) is the network node that
is transmitted at time t, and [t] is the small-
est positive integer greater than t. Let ũ(t) =

[ũ1(t), ũ2(t), . . . , ũm(t)] represent the signal trans-
mitted by the controller over the network.

The updated rule for ũ�(t) is designed: if 
 =

ι([t]), then ũ�(t) = ũ�(gck), and ũ�(t) = 0 otherwise.
Then, we have

ũ(t) = Λ�u(gck) = Λ�Kσ(gck)x(gck),

t ∈ [gck + τgc , gc+1k + τgc+1),
(3)

where Λ� = diag{δ̃1� , δ̃2� , · · ·, δ̃m� } and δ̃nm = δ(n−m)

is the Kronecker delta function.
Remark 4 In dual-network transmission model,
the time delay τgc of the network channel mainly
consists of two parts: (1) τ s

gc is the transmission
delay when the triggering signal is transmitted to
the controller through the network channel; (2) τagc
is the transmission delay when the control signal
passing through the RRP is transmitted to the ac-
tuator through the network channel. That is to
say, τgc � τ s

gc + τagc , which is assumed to satisfy
τm ≤ τgc ≤ τM < k.
Remark 5 With the trigger action,
(x(gck), σ(gck)) is the input signal of the controller
instead of (x(t), σ(t)), which can remain unchanged
until new triggered data packets arrive. Therefore,
�(t) = σ(gck), t ∈ [gck + τgc , gc+1k + τgc+1).

Next, to conveniently describe the periodic sam-
pling information within the triggering interval, the
signal holding interval [gck + τgc , gc+1k + τgc+1 ] is
divided into several subintervals:

[gck + τgc , gc+1k + τgc+1) = ∪lc
v=0Γc,v, (4)

where Γc,v = [sc,vk+τsc,v , sc,v+1k+τsc,v+1) and lc =
gc+1 − gc − 1. The invisible time delay τsc,v satisfies
τm ≤ τsc,v ≤ τM ≤ k and sc,vk + τsc,v < sc,v+1k +

τsc,v+1 .
Define ε(t) = t − sc,vk, εm ≤ ε(t) ≤ εM, εm =

τm, and εM = τM+k. Then, combined with ETS and
RRP, system (1) can be reconstituted as Eq. (5):

{
ẋ(t) = Aσ(t)x(t) + B̃σ(t)Kσ(t)x(t− ε(t))− B̃σ(t)Kσ(t)e(sc,vk) +Eσ(t)ω(t), t ∈ Ts[th, th+1),

ẋ(t) = Aσ(t)x(t) + B̃σ(t)K�(t)x(t− ε(t))− B̃σ(t)K�(t)e(sc,vk) +Eσ(t)ω(t), t ∈ Tu[th, th+1).
(5)
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Ts[th, th+1) and Tu[th, th+1) denote the synchronous
switching interval and the asynchronous switching
interval respectively, x(ς) = φ(ς), ς ∈ [−εM, 0], and
B̃σ(t) � Bσ(t)Λ�.
Remark 6 Due to the mismatch between the con-
troller and system modes, the controlled system may
be finite-time unstable during asynchronous control.
Therefore, the transient performance of the con-
trolled system in the asynchronous switching interval
Tu[th, th+1) will be discussed in two cases, i.e, finite-
time stable and finite-time unstable. For brevity,
Tu↓[th, th+1) represents the finite-time stable interval
and Tu↑[th, th+1) represents the finite-time unstable
interval.
Definition 1 (Branicky, 1998) Given switching
signal σ and n,m → W (n �= m), Tn,m(th, th+1) in-
dicates the total runtime of subsystem n in [th, th+1)

and Nσ
n,m(th, th+1) indicates the number of times

that subsystem n switches to subsystem m. Based
on this, σ(t) has a slow AED-ADT τan,m and a fast
AED-ADT dan,m. If there are nonnegative numbers
N0

n,m, N
0

n,m and τan,m, dan,m, then the following in-
equalities hold:

Nσ
n,m ≤ N0

n,m +
Tn,m(th, th+1)

τa
n,m

, ∀th+1 ≥ th ≥ 0, (6)

Nσ
n,m ≥ N

0

n,m +
Tn,m(th, th+1)

dan,m
, ∀th+1 ≥ th ≥ 0, (7)

where N0
n,m and N

0

n,m are called AED chatter
bounds.
Remark 7 Due to the existence of unmatched
time periods, the transient characteristics of the sys-
tem may be affected, and even lead to finite-time
instability. For this situation, the switching strat-
egy will be adopted as follows: when the activated
subsystem is finite-time stable, the slow AED-ADT
method can be used to design the switching signal of
the system; otherwise, the fast AED-ADT method
will be adopted to make the switched system achieve
finite-time stability as soon as possible.
Definition 2 (Branicky, 1998) Given matrix R >

0, two scalars c2 > c1 > 0, and an integer Tf > 0,
the switched system (1) is finite-time bounded with
respect to (R, Tf , c1, c2), if

max
ς∈[−εM,0]

{xT(ς)Rx(ς), ẋT(ς)Rẋ(ς)} ≤ c1

⇒xT(t)Rx(t) ≤ c2.
(8)

Assumption 1 Given a positive integer Tf , ∀t ∈

[0, Tf ], the external signal ω(t) satisfies
∫ Tf

0

ωT(ρ)ω(ρ)dρ ≤ d, (9)

where d is a positive constant.
Problem For the given switched system (1), our
main task is to realize the cooperative design of asyn-
chronous switching strategy, ETS, and RRP, so that

(1) the augmented system (5) is finite-time
bounded (FTB) with respect to (R, Tf , c1, c2), and

(2) under the zero initial condition, the aug-
mented system (5) satisfies

J=

∫ Tf

0

[xT(t)Qσ(t)x(t)dt+uT(t)Dσ(t)u(t)dt]<J∗,

(10)
where J∗ is a constant, σ(t) ∈ W , matrix Qσ(t) > 0,

and Dσ(t) > 0.

3 Main results

3.1 FTB analysis under the guaranteed cost
controller

Theorem 1 Given positive scalars c1, c2 (c2 ≥ c1),
k, �0, εm, εM, d, Tf , and matrix R > 0, for values
αi > 0 with 0 < υi,j < 1, (i, j) ∈ Θs, γi,j > 0

with 0 < μi,j < 1, (i, j) ∈ Θu↓, and γi,j < 0

with μi,j > 1, (i, j) ∈ Θu↑, the event-based asyn-
chronous control loop system (5) is FTB with respect
to (R, Tf , c1, c2) and the cost function J satisfies
J < J∗, if there exist matrices Φi > 0,Pi > 0,H ı

i >

0,M j
i > 0, (i, j) ∈ Θs, and Ti,j ,Ki,Pi,j > 0,H ı

i,j >

0,M j
i,j > 0, (i, j) ∈ Θu, j, ı = 1, 2, ∀i, j ∈ W , i �= j,

such that [
�0 �1

∗ �2

]
< 0, (11)

[
Ξ0 Ξ1

∗ Ξ2

]
< 0, (12)

[
M2

i Zi

ZT
i M2

i

]
> 0, (13)

[
M2

i,j Zi,j

ZT
i,j M2

i,j

]
> 0, (14)

Pi,j ≤μi,jPj,j ,H
ı
i,j≤μi,jH

ı
j,j ,M

j
i,j ≤μi,jM

j
j,j , (15)

Pi ≤ υi,jPi,j ,H
ı
i ≤ υi,jH

ı
i,j ,M

j
i ≤ υi,jM

j
i,j , (16)
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⎧
⎪⎨

⎪⎩

(ϑi + d)eξi,j < c2λ1,

(ϑi + d)eξi,j < c2λ1,

(ϑi + d)eξi,j > c2λ1,

(17)

τ a
i,j ≥ (τ a

i,j)
∗

=
Ti,j lnυi,j

ln(c2λ1)− ln(ϑi + d)− ξi,j
, (i, j) ∈ Θs,

(18)

dai,j≥(dai,j)
∗

=
Ti,j lnμi,j

ln(c2λ1)− ln(ϑi + d)− ξi,j
, (i, j) ∈ Θu↓,

(19)

dai,j≤(dai,j)
∗

=
Ti,j lnμi,j

ln(c2λ1)− ln(ϑi + d)− ξi,j
, (i, j) ∈ Θu↑,

(20)

where

�0=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

�(11) �(12) M1
i 0 PiEi �(16) 0

∗ �(22) �(23) �(24) 0 0 KT
i

∗ ∗ �(33) eαiεmZi 0 0 0

∗ ∗ ∗ �(44) 0 0 0

∗ ∗ ∗ ∗ −I 0 0

∗ ∗ ∗ ∗ ∗ −Φi −KT
i

∗ ∗ ∗ ∗ ∗ ∗ −D−1
i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(21)

�1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

εmAT
i (εM − εm)AT

i

εmKT
i B̃

T
i (εM − εm)KT

i B̃
T
i

0 0

0 0

εmEi (εM − εm)Ei

−εmKT
i B̃

T
i −(εM − εm)KT

i B̃
T
i

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(22)

�2 = diag{M−1
i ,M−2

i }, (23)

Ξ0=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ξ(11) Ξ(12) M1
i,j 0 Pi,jEi Ξ(16) 0

∗ Ξ(22) Ξ(23) Ξ(24) 0 0 KT
j

∗ ∗ Ξ(33) eγi,jεmZi,j 0 0 0

∗ ∗ ∗ Ξ(44) 0 0 0

∗ ∗ ∗ ∗ −I 0 0

∗ ∗ ∗ ∗ ∗ −Φj −KT
j

∗ ∗ ∗ ∗ ∗ ∗ −D−1
i,j

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(24)

Ξ1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

εmAT
i (εM − εm)AT

i

εmKT
j B̃

T
i (εM − εm)KT

j B̃
T
i

0 0

0 0

εmEi (εM − εm)Ei

−εmKT
j B̃

T
i −(εM − εm)KT

j B̃
T
i

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(25)

Ξ2 = diag{M−1
i,j ,M

−2
i,j }, (26)

�(11)=AT
i Pi+PiAi+H1

i −αiPi−M1
i +Qi, (27)

�(12) = PiB̃iKi, (28)

�(16) = −PiB̃iKi, (29)

�(22) = −eαiεm(2M2
i −Zi −ZT

i ) + ∂iΦi, (30)

�(23) = eαiεm(M2
i −ZT

i ), (31)

�(24) = eαiεm(M2
i −Zi), (32)

�(33) = eαiεm(H2
i −H1

i −M2
i )−M1

i , (33)

�(44) = eαiεMH2
i − eαiεmM2

i , (34)

Ξ(11)=AT
iPi,j+Pi,jAi+H

1
i,j−γi,jPi,j−M1

i,j+Qi,j,

(35)

Ξ(12) = Pi,jB̃iKj , (36)

Ξ(16) = −Pi,jB̃iKj , (37)

Ξ(22)=−eγi,jεm(2M2
i,j−Zi,j−ZT

i,j)+∂jΦj , (38)

Ξ(23) = eγi,jεm(M2
i,j −ZT

i,j), (39)

Ξ(24) = eγi,jεm(M2
i,j −Zi,j), (40)

Ξ(33) = eγi,jεm(H2
i,j −H1

i,j −M2
i,j)−M1

i,j , (41)

Ξ(44) = eγi,jεMH2
i,j − eγi,jεmM2

i,j , (42)

Pi = R
1
2 P̂iR

1
2 , (43)

H ı
i = R

1
2 Ĥ ı

iR
1
2 , (44)

M j
i = R

1
2M̂ j

iR
1
2 , (45)

λ1 = λm(P̂i), (46)

λ2 = max{λM(P̂i), λM(Ĥ ı
i ), λM(M̂ j

i )}, (47)

{
ξi,j = N0

i,j lnυi,j + αiTi,j ,

ξi,j = N
0

i,j lnμi,j + γi,jTi,j .
(48)

The proof of Theorem 1 is provided in the sup-
plementary materials.

3.2 Asynchronous guaranteed cost controller
design

Theorem 2 Given positive scalars c1, c2 (c2 ≥ c1),
k, �0, εm, εM, d, Tf , and matrix R > 0, for values
αi > 0 with 0 < υi,j < 1, (i, j) ∈ Θs, γi,j > 0
with 0 < μi,j < 1, (i, j) ∈ Θu↓, and γi,j < 0
with μi,j > 1, (i, j) ∈ Θu↑, if there exist matrices
Si > 0, Φ̌i > 0, P̌i > 0, Ȟ ı

i > 0,M̌ j
i > 0, (i, j) ∈ Θs,

Φ̌j > 0, P̌i,j > 0, Ȟ ı
i,j > 0,M̌ j

i,j > 0, (i, j) ∈
Θu, j, ı ∈ {1, 2}, and real matrices Yi, Ži, Ži,j , ∀i, j ∈
W (i �= j), such that inequality (18) and the
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following inequalities hold:[
�̌11 �̌12

∗ �̌22

]
< 0, (49)

[
Ξ̌0 Ξ̌1

∗ Ξ̌2

]
< 0, (50)

[
M̌2

i Ži

ŽT
i M̌2

i

]
> 0, (51)

[
M̌2

i,j Žij

ŽT
ij M̌2

ij

]
> 0, (52)

P̌i ≤ υi,jP̌i,j , Ȟı
i ≤ υi,jȞı

i,j , M̌
j
i ≤ υi,jM̌

j
i,j , (53)

P̌i,j ≤ μi,jP̌j , Ȟı
i,j ≤ μi,jȞı

j , M̌
j
i,j ≤ μjM̌

j
i,j , (54)

then the augmented system (5) is FTB with respect
to (R, Tf , c1, c2) and the performance index J∗ can be
obtained. Moreover, the admissible controller gain
is given by Ki = YiS

−1
i .

Here are the expressions of the symbols:

�̌12 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

εmS
T
i A

T
i (εM − εm)S

T
i A

T
i

εmY
T
i B̃T

i (εM − εm)Y
T
i B̃T

i

0 0

0 0

εmEi (εM − εm)Ei

−εmY T
i B̃T

i −(εM − εm)Y
T
i B̃T

i

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(56)

�̌22 = diag{M̌1
i − 2Si,M̌

2
i − 2Si}. (57)

Ξ̌1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

εmS
T
j A

T
i (εM − εm)S

T
j A

T
i

εmY
T
j B̃T

i (εM − εm)Y
T
j B̃T

i

0 0

0 0

εmEi (εM − εm)Ei

−εmY T
j B̃T

i −(εM − εm)Y
T
j B̃T

i

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (59)

Ξ̌2 = diag{M̌1
i,j − 2Sj,M̌

2
i,j − 2Sj}. (60)

�̌01 = −αiP̌i + Ȟ1
i − M̌1

i + Q̌i. (61)

�̌(33) = −eαiεm(2M̌2
i − Ži − ŽT

i ) + ∂iΦ̌i. (62)

�̌(34) = eαiεm(M̌2
i − ŽT

i ). (63)

�̌(35) = eαiεm(M̌2
i − Ži). (64)

�̌(44) = eαiεm(Ȟ2
i − Ȟ1

i − M̌2
i )− M̌1

i . (65)

�̌(55) = eαiεMȞ2
i − eαiεmM̌2

i . (66)

Ξ̌01 = −γi,jP̌i,j + Ȟ1
i,j − M̌1

i,j + Q̌i,j . (67)

Ξ̌(33)=−eγi,jεm(2M̌2
i,j−Ži,j−ŽT

i,j)+∂jΦ̌j . (68)

Ξ̌(44) = eγi,jεm(Ȟ2
i,j − Ȟ1

i,j − M̌2
i,j)− M̌1

i,j . (69)

Ξ̌(34) = eγi,jεm(M̌2
i,j − ŽT

i,j). (70)

Ξ̌(35) = eγi,jεm(M̌2
i,j − Ži,j). (71)

Ξ̌(55) = eγi,jεMȞ2
i,j − eγi,jεmM̌2

i,j . (72)

Proof Define Si = X−1
i ,Yi = KiSi, P̌i =

ST
i PiSi, Q̌i = ST

i QiSi, Q̌i,j = ST
i Qi,jSi, Ďi =

ST
i DiSi, Ȟ

ı
i = ST

i HiSi,M̌
ı
i = ST

i M
ı
iSi, P̌i,j =

ST
i Pi,jSi, Ďi,j = ST

i Di,jSi, Ȟ
ı
i,j =

ST
i H

ı
i,jSi,M̌

ı
i,j = ST

i M
ı
i,jSi, ı ∈ {1, 2}.

Pre- and post-multiplying inequality (50) by
diag{S−1

j ,S−1
j ,S−1

j ,S−1
j ,S−1

j , I,S−1
j , I, I, I}

and its transpose respectively, −M−1
i,j ≤ M̌1

i,j −
2Sj,−M−2

i,j ≤ M̌2
i,j − 2Sj,−D−1

i,j ≤ Ďi,j − 2Sj, and
Schur’s formula, we can obtain

[
Ξ̃11 Ξ̃12

∗ Ξ̃22

]
< 0, (74)

where

Ξ̃12 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

εmA
T
i (εM − εm)A

T
i

εmK
T
j B̃

T
i (εM − εm)K

T
j B̃

T
i

0 0

0 0

εmEi (εM − εm)Ei

−εmKT
j B̃

T
i −(εM − εm)K

T
j B̃

T
i

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(75)

Ξ̃22 = diag{−M−1
i,j ,−M−2

i,j }. (76)

With the Schur complement, inequality (74) can
be transformed into

Ξ + ΥT
1 SjΥ2 + ΥT

2 ST
j Υ1 < 0, (77)

where

Ξ =

[
Ξ̃3 Ξ̃5

∗ Ξ̃22

]
, (78)

Ξ̃5 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

εmA
T
i (εM − εm)A

T
i

εmK
T
j B̃

T
i (εM − εm)K

T
j B̃

T
i

0 0

0 0

εmEi (εM − εm)Ei

−εmKT
j B̃

T
i −(εM − εm)K

T
j B̃

T
i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(79)
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�̌11 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−Si − ST
i AiSi + P̌i B̃iYi 0 0 Ei −B̃iYi 0

∗ �̌01 0 M̌1
i 0 0 0 0

∗ ∗ �̌(33) �̌(34) �̌(35) 0 0 Y T
i

∗ ∗ ∗ �̌(44) eαiεmŽi 0 0 0

∗ ∗ ∗ ∗ �̌(55) 0 0 0

∗ ∗ ∗ ∗ ∗ −I 0 0

∗ ∗ ∗ ∗ ∗ ∗ −Φ̌i −Y T
i

∗ ∗ ∗ ∗ ∗ ∗ ∗ Ďi − 2Si

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (55)

Ξ̌0 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−Sj − ST
j AiSj + P̌i,j B̃iYj 0 0 Ei −B̃iYj 0

∗ Ξ̌01 0 M̌1
i,j 0 0 0 0

∗ ∗ Ξ̌(33) Ξ̌(34) Ξ̌(35) 0 0 Y T
j

∗ ∗ ∗ Ξ̌(44) eγi,jεmŽi,j 0 0 0

∗ ∗ ∗ ∗ Ξ̌(55) 0 0 0

∗ ∗ ∗ ∗ ∗ −I 0 0

∗ ∗ ∗ ∗ ∗ ∗ −Φ̌j −Y T
j

∗ ∗ ∗ ∗ ∗ ∗ ∗ Ďi,j − 2Sj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (58)

Ξ̃11 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−Xj −XT
j XjAi + Pi,j XT

j B̃iKj 0 0 XjEi −XT
j B̃iKj 0

∗ Ξ̌01 0 M̌1
i,j 0 0 0 0

∗ ∗ Ξ(22) Ξ(23) Ξ(24) 0 0 KT
j

∗ ∗ ∗ Ξ(33) eγi,jεmZi,j 0 0 0

∗ ∗ ∗ ∗ Ξ(44) 0 0 0

∗ ∗ ∗ ∗ ∗ −I 0 0

∗ ∗ ∗ ∗ ∗ ∗ −Φj −KT
j

∗ ∗ ∗ ∗ ∗ ∗ ∗ −D−1
i,j

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (73)

Ξ̃3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 Pi,j 0 0 0 0 0

∗ Ξ̃01 0 M1
i,j 0 0 0

∗ ∗ Ξ(22) Ξ(23) Ξ(24) 0 0

∗ ∗ ∗ Ξ(33) eγi,jεmZi,j 0 0

∗ ∗ ∗ ∗ Ξ(44) 0 0

∗ ∗ ∗ ∗ ∗ −I 0

∗ ∗ ∗ ∗ ∗ ∗ −Φ̃j

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(80)

Ξ̃01 = −γi,jPi,j +H1
i,j −M1

i,j +Qi,j , (81)

Υ1 =
[
I Ai B̃iKj 0 0 Ei −B̃iKj 0 0

]
,

(82)

Υ2 =
[
I 0 0 0 0 0 0 0 0

]
. (83)

Multiply the left and right sides of inequal-
ity (77) by �̃ = [�T

1 I8×8] and its transpose re-
spectively, to obtain

�̃T(Ξ + ΥT
1 SjΥ2 + ΥT

2 ST
j Υ1)�̃ < 0, (84)

where �̃1 = [Ai, B̃iKj,0,0,Ei,−B̃iKj ,0,0]. From
inequality (84), we can derive that �̃TΞ�̃ < 0,
which means that inequality (50) shows that in-
equality (12) is correct. Similarly, inequality (49)
means that inequality (11) is correct. Pre- and post-
multiplying inequality (51) by diag{S−1

i ,S−1
i } and

its transpose respectively, inequality (13) is obtained.
Similarly, from inequality (14) we obtain inequal-
ity (52). Then, combined with inequalities (53) and
(54), the inequality conditions (inequalities (15) and
(16)) are constructed. Hence, based on inequali-
ties (18) and (49)–(54), guaranteed cost control of
system (5) is proven to be feasible.

4 Simulation

An example is given to prove the effectiveness of
the proposed method. Fig. 2 shows the buck-boost
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voltage circuit. The mathematical model expression
is

{
i̇L = η1

L vi − η2

L v0,

v̇0 = η1

C iL − η2

CRv0 − 1
C il,

(85)

where v0 is the output voltage, il is the current source
load as the disturbance term, iL is the inductor cur-
rent, and η1 and η2 are the duty cycles of S1 and S2,
respectively. For σ(t) ∈ {1, 2}, Eq. (85) is equivalent
to

ẋ(t) = Aσ(t)x(t) +Bσ(t)u(t), (86)

where x = [iL v0]
T and u = [vi il]

T.

S
3 S

4

L
iL

S
1

S
2

C R
−

+
v

0−

+
vi

Fig. 2 Buck-boost voltage circuit

(1) η1 = 0.5, η2 = 0,

A1 =

[
0 − η2

L
η1

C − η2

CR

]
,B1 =

[ η1

L 0

0 − 1
C

]
;

(2) η1 = 0.5, η2 = 0.5,

A2 =

[
0 − η2

L
η1

C − η2

CR

]
,B2 =

[ η1

L 0

0 − 1
C

]
.

By setting R = 0.5 Ω, L = 1 H, C = 1 F, and
vi = 50 V, we can obtain

A1 =

[
0 0

0.5 0

]
, B1 =

[
0.5 0

0 −1

]
,

A2 =

[
0 −0.5

0.5 −1

]
, B2 =

[
0.5 0

0 −1

]
,

and assume that the other matrices of the system are

E1 =

[
2.55 0

0 −1.02

]
, E2 =

[
0.34 0

0 −1.03

]
.

Let c1 = 0.05, c2 = 2, Tf = 12, h = 0.02, d =

0.002, N0 = 0, ∂1 = ∂2 = 0.002, εm = 0.21, εM = 0.5,

α1 = 0.56, α2 = 0.42. By solving condition (49) in
Theorem 2, the values of Si and Yi can be found.
Then, combined with Yi = KiSi, we can determine
the controller gains

K1 =

[
0.1281 −0.0163

−0.0247 0.2114

]
,

K2 =

[
0.1196 0.0292

0.0093 0.1757

]
,

and the event-triggered matrices

Φ1 =

[
0.2715 −0.0296

−0.0296 0.2635

]
,

Φ2 =

[
0.1892 0.0045

0.0045 0.1911

]
.

Table 1 shows the waveform diagrams corre-
sponding to the stable and unstable situations of
the system over asynchronous finite-time intervals,
along with matrix Ai,j and parameters μi,j and γi,j .
From Table 1, we can see that A2,1 = A2 +B2K1 is
finite-time stable (Fig. b), while A1,2 = A1 +B1K2

is finite-time unstable (Fig. a), which satisfies 0 <

μ2,1 < 1, γ2,1 > 0 and μ1,2 > 1, γ1,2 < 0,
respectively.

Select the disturbanceω(t) = [e−t sin t, e−t sin t]

and the initial value x(0) = [0.91, 0.93]T. Fig. 3
shows the periodic switching path under the asyn-

chronous switching
1st︷ ︸︸ ︷

1 → 2 →
2nd︷ ︸︸ ︷

1 → 2 → · · ·. The
released intervals of the ETS under AED-ADT are
displayed in Fig. 4.

Under asynchronous switching, the response
of xT(t)Rx(t) combined with slow AED-ADT
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Fig. 3 Asynchronous switching signal based on admis-
sible edge-dependent average dwell time (AED-ADT)
switching
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Table 1 Matrix Ai,j � Ai +BiKj and parameters υi,j , μi,j , γi,j , (τa
i,j)

∗, (da
i,j)

∗

Matrix Ai,j A1,2 A2,1

Graph

Time (s)
0 2 4 6 8 10 12

0

0.5

1.0

1.5

2.0

2.5 c
2
=2

xT
(t)
R
x(
t)

Time (s)
0 2 4 6 8 10 12

0

0.01

0.03

0.02

0.04

0.06

0.05

0.07

0.09

0.08

0.10
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Fig. a Fig. b
υi,j 0.53 0.60
μi,j 1.25 0.13
γi,j −1.8 3.7

(τai,j)
∗ 0.3873 0.7715

(dai,j )
∗ 0.1177 0.2416
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Fig. 4 Intervals of release for the hybrid event-
triggered scheme (HETS)

switching when the system is finite-time stable and
with fast AED-ADT switching when the system is
finite-time unstable is shown in Fig. 5.

Therefore, the switched system (5) is FTB with
guaranteed cost performance index J∗ = 0.2709.
Fig. 6 shows that the response of xT(t)Rx(t) with
slow AED-ADT switching is adopted in finite-time
stable and finite-time unstable situations of the asyn-
chronous switching system.
Remark 8 Table 1 shows that in the finite-time
asynchronous interval, Fig. a is finite-time unsta-
ble; that is, controller ũl(t) = ΛltK2x(grh) can-
not stabilize subsystem 1, and we use the method of
fast AED-ADT switching (μ1,2 = 1.25 > 1, γ1,2 =

−1.8). In addition, Fig. b is finite-time stable;

that is, controller ũl(t) = ΛltK1x(grh) can stabilize
subsystem 2, and we use the method of slow AED-
ADT switching (0 < μ2,1 = 0.13 < 1, γ2,1 = 3.7).

Remark 9 From inequalities (18)–(20), it can
be inferred that slow AED-ADT in the synchronous
switching interval can be calculated using inequal-
ity (18), while slow AED-ADT and fast AED-
ADT in the asynchronous interval can be calculated
from inequalities (19) and (20), respectively. For
system (86), which includes finite-time unstable sub-
systems (as shown in Table 1), to demonstrate the
effectiveness of employing the fast–slow AED-ADT
mixed switching strategy within the asynchronous
interval, the method of controlling variables was used
during the simulation process. When other param-
eters are kept unchanged and the system is finite-
time stable within the asynchronous switching inter-
val, fast AED-ADT is employed with da1,2 = 0.02,
as shown in the response diagram of xT(t)Rx(t) in
Fig. 5. Conversely, when the system is finite-time
unstable within the asynchronous switching interval,
slow AED-ADT is used with da1,2 = 0.2, with the
response diagrams of xT(t)Rx(t) depicted in Fig. 6.
By comparing Figs. 5 and 6, it can be seen that when
the system is unstable in the asynchronous switching
interval, the fast AED-ADT method has better re-
sponse than the slow AED-ADT method. Therefore,
the superiority of the fast–slow AED-ADT mixed
switching strategy is further verified.
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Fig. 5 Response of xT(t)Rx(t) with inequalities (18)
and (20)
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Fig. 6 Response of xT(t)Rx(t) with inequalities (18)
and (19)

5 Conclusions

This paper has studied the finite-time bound-
edness and guaranteed cost control of switched lin-
ear systems with asynchronous switching. By using
ETS and RRP, the transmission of redundant in-
formation is reduced and the sensor’s permission to
receive data is more practical, thus easing the band-
width pressure. The design of the switching signal
adopts the AED-ADT method, including slow and
fast AED-ADT. In this switching signal, the maxi-
mum delay limit for asynchronous switching is elim-
inated. By constructing the Lyapunov function re-
lated to the system mode and the controller mode,
the controller gain and finite-time bounded criteria
of the controlled switched system are obtained. Fi-
nally, the validity of the obtained results is verified
by an example. In the process of network communi-
cation, the system is easily attacked. Therefore, in
future research, denial-of-service attack will be incor-

porated into the proposed method to further reduce
the conservatism of the system.
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