ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1109/TFUZZ.2021.3101581

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Wang, Y., Yan, H., Zhang, H., Shen, H., & Lam, H. K. (Accepted/In press). Interval Type-2 Fuzzy Control for
HMM-Based Multiagent Systems Via Dynamic Event-Triggered Scheme. IEEE Transactions on Fuzzy Systems.
https://doi.org/10.1109/TFUZZ.2021.3101581

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 06. Oct. 2023


https://doi.org/10.1109/TFUZZ.2021.3101581
https://kclpure.kcl.ac.uk/portal/en/publications/3b3e2758-f58e-433c-a8cf-7b38ffcf111e
https://doi.org/10.1109/TFUZZ.2021.3101581

Page 1 of 10

oNOYTULT D WN =

IEEE Transactions on Fuzzy Systems Proof

Interval Type-2 Fuzzy Control for HMM-Based
Multiagent Systems Via Dynamic Event-Triggered
Scheme

Yuan Wang, Huaicheng Yan, Hao Zhang, Hao Shen, H. K. Lam

Abstract—This paper investigates the interval type-2 (IT2)
Takagi-Sugeno (T-S) fuzzy asynchronous controller design prob-
lem for nonlinear multiagent systems via a dynamic event-
triggered scheme in the discrete-time context. Essentially differ-
ent from most current literature, considering a realistic situation
that the system mode and the anticipant controller mode are
hardly to maintain synchronization at any time, the problem is
characterized by means of hidden Markov model (HMM). The
primary attention is focused on devising a feasible dynamic event-
triggered strategy with novel threshold parameters to mitigate
the communication burden efficiently. On this occasion, the
information renewal of the controller is aperiodic. Furthermore,
the nonlinear characteristics are effectually disposed through uti-
lizing an unique IT2 T-S fuzzy model, which is with mismatched
membership functions (MFs). As a result, the derived closed-
loop fuzzy multiagent systems are accompanied by mismatched
MFs and asynchronous modes. Whereafter, via solving the convex
optimization problem, the desired controller gains are acquired.
Eventually, the validity and practicability of the developed control
scheme is illustrated by two examples.

Index Terms—Multiagent systems, distributed dynamic event-
triggered mechanism, interval type-2 Takagi-Sugeno fuzzy con-
trol, hidden Markov model.

I. INTRODUCTION

S is well known, multiagent systems (MASs) are com-

posed by multiple agents, which reveal the characteristics
of excellent autonomy, strong robustness, and collaboration
ability [1]. In the last years, MASs have received great interest
from researchers due to their promising applications in swarm-
ing, satellite formation flying, sensor networks, and other areas
[2]-[4]. It is worth mentioning that MASs can accomplish
some complex tasks through cooperative control among agents
that cannot be accomplished by a single agent. As such,
particular attention from academic communities has paid on
the relevant issues of cooperative control of MASs, meantime,
outstanding and profound results have been achieved, see
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also [5]-[8]. However, it is noticed that the above-mentioned
literature is achieved under the continuous communication
framework, which means that all sampled data are transmitted.

In practice, the ways of broadcasting data packets in works
[5]-[8] are sometimes infeasible, because the microprocessor
has limited resources. Additionally, considering the capacity of
communication channels, releasing dispensable data into the
communication network not only waste network resources, but
also induce a certain extent of network load pressure [9]-[11],
which may give rise to the so-called network congestion. As
an effective tool, event-triggered mechanism (ETM) provides
a feasible solution in tackling this problem [12], [13]. Under
the framework of ETM, an event detector is introduced, and
the current sampled data are unable to be transmitted unless
the constructed error exceeds certain threshold [14], [15].
Attributed to this mechanism, the communication traffic can
be prominently reduced while ensuring the system capability
in the mass. Inspired by the pioneering theory, being a hot
field of academic communities, the investigation of ETM of
MASSs is carried out diffusely [16]-[18]. However, for static
event-triggered scheme, there undoubtedly exist difficulties in
the selection of an appropriate threshold in the predesigned
triggering condition. More recently, the authors proposed
the ETM comprising dynamic threshold parameter (DTP) to
prevent needless continuous monitoring and over-provision
of network bandwidth. In this regard, applying this dynamic
event-triggered mechanism (DETM) to MASs to alleviate the
transmission burden is meaningful, which is the motivation of
our current investigation.

One common feature of MASs is that it presents nonlinear
characteristics in practical engineering, which challenges the
application of theoretical results on MASs [19], [20]. It
has been certified that T-S fuzzy model with exact MFs is
a powerful tool of handling the intricate nonlinear part of
systems [21]-[25]. Relying on T-S fuzzy model, nonlinear
MASSs can be commendably analyzed through using modified
linear control theory. With this superiority, T-S fuzzy theory
promotes the developments of MASs to a large extent, and
corresponding study results have been achieved. Through con-
structing a DETM, the asynchronous control problem of MASs
based on T-S fuzzy model was discussed in [26]. In [27], for
polynomial fuzzy MASs subject to switching topologies, the
dissipativity problem was further studied. Under the precon-
dition of multiple dynamic leaders, contraposing to nonlinear
MASs, the T-S fuzzy containment tracking control issue was
explored by the authors in [28]. Nevertheless, it must be ad-
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mitted that considering the uncertainty of parameters, precisely
obtaining the MFs is unrealistic [29]. To accommodate actual
situations, the IT2 T-S fuzzy model was proposed, whose MFs
are uncertain such that it is appropriate for complex nonlinear
systems [30]-[32]. Therefore, extending IT2 T-S fuzzy model
to nonlinear MASs deserves investigation.

As the occurrence of external disturbances or component
failures in many practical engineering application of MASs,
the structure and parameters of MASs may occur unpredictable
random change. On this situation, Markov jump systems
(M1JSs) can be employed to model this dynamics. Despite
correlative results about Markov jumping MASs related to
ETM have been achieved, most of which are under an implicit
assumption (the mode signals are completely available to the
controller all the time). However, in actual scenarios, the
asynchronization phenomenon usually exists between system
modes and controller modes [33], [34]. This phenomenon
can be described by hidden Markov model (HMM) [35].
Despite HMM exhibits conspicuous advantages, its application
in MASs has not yet received enough attention, thus we are
going to fill the gap in the paper.

Motivated by above statements, the IT2 T-S fuzzy control
for HMM-based MASs under the framework of dynamic
event-triggered is investigated in this paper. The primary
contributions of this work are summarized as: In the paper,
a novel DETM is designed in terms of discrete-time MASSs,
the threshold parameter of which is non-monotone and varies
with system states. This paper reveals that DETM is more
advantageously to deal with the constrained communication
bandwidth issue. Due to the introduction of dynamic event-
triggered control (DETC), i.e., discontinuous feedback control,
the measured output of MASs may different from the signal
received by the controller, which leads to the inconsistency
of mode and premise variables of the membership functions
(MFs). As a result, it creates additional difficulties when
we design the fuzzy controller. Therefore, this paper adopts
HMM and mismatched IT2 T-S fuzzy model, and this is more
consistent with the actual situation. By virtue of HMM, the
controller proposed can be extended to investigate the mode-
independent, mode-dependent, and asynchronous case.

Graph theory: Graph G= {Q,F, M} is used to stand
the communication topology among agents. The set of n-
odes is described by 9={1,2,...,N}. F C OxQ and
M= a;;] € RV*N signify the set of edges and the weighted
adjacency matrix, respectively. (i,j) € F means that the data
information from node j is capable to be obtained by node <.
In consequence, node j is called as the neighbor of node . If
(i,j) € F, a;; = 1, otherwise, a;; = 0. Laplacian matrix L

N
linked to G is defined by L = [l;;] v, - With li; = > ayj,

=1
and l;; = —ay;, for © # j.

Notations: The basic notations are organized in the follow-
ing table, and the enumerated notations will be employed next.

2

Notations Explanations

He{T} T+J"

R™2 The na-dimensional Euclidean space

A >0(>0) | Matrix A is positive definite (semi-definite)
* The symmetric element in a matrix

® The Kronecker product

Pr Probability of a random event

E The mathematical expectation operator
diag{...} The block-diagonal matrix

II. PROBLEM FORMULATION AND
PRELIMINARIES

A. Fuzzy Hidden-Markov Jump Multi-agent Systems

Naturally, we consider the discrete-time fuzzy MASs with
N identical agents, and the mathematical model of the :th
agent is depicted as

Plant Rule f;: IF n;; (xz (k)) is Fy,1 and 1,5 (z (k)) i8 Fy,2

. and n;, (v (k)) is Fy,q, THEN

wi (k+1) = Ag, (s (k)wi (k) + By, (s (F))ui (k) (1)
where 4 = 1,2,...,N. n;(x(k)) =

T

(i1 (@ (B)) sz (2 (B)) .y mig (2 (k)] denotes  the
premise variable. Fy,, (a =1,2,...,q) is the IT2 fuzzy set
for the premise variables n,, (x (k)). z; (k) € R™ denotes
the system state. u; (k) € R™ means the control input.
Ay (s(k)) and By, (s(k)) represent the known matrices
with suitable dimensions. s (k) symbolizes a discrete-time
homogeneous Markov chain that takes values in a pregiven
set S; = {1,2,---,m}. The transition probability matrix
I £ {r.q4} of s (k) is subject to
ch:Pr{s(k:+ 1)=d|s(k)=c}>0,Ye,d €S, ke Z*

satisfying Z Teq = 1,Ve € Sq. For simplicity, we consider
Afie £ Af( s (k)), and By, £ By, (s (k) for ¥s (k) = ¢ in

the following expressions. Some interval sets are employed to
denote the uncertain MFs, and the interval set of the f;th rule
is represented as the following form

Oy, (n; (x (k) = [p,, (n; (x (K))) By, (n; ( (K)))]

in which

p; (ni(x(K) £

>
—=
=
B
m
—~
=
m
—
8
—
&y
~
~—
~

pg (n; (z (k)))

satisfying -
0 < p; (n; (@ (k) <Py, (n; (z (k) <1
0 < pp . (0 (k)))é Fre (0 (2 (K))) <1

lower grade of membership
(LGM), and ﬁFfE(nE (k ))) expresses the upper grade
of membership (UGM). p (Th( (k))) indicates the lower
membership function (LMF) while p;, (7, (x (k))) denotes
the upper membership function (UMF). Subsequently, the

where [_/JFfis (. (x (k )))( is

Page 2 of 10
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weighted model can be given by

i (k+1) = Z Py, (n; (z (k))[ Ay, (s (k))zi (k)
By, (s () ()] e
where

pp (n; (x (k) =

(1>

Py, (n; (x (k))) Sy, (i (@ (k) py, (0 (z (F)))
55 (mi (z (K))) By, (m; (z (K)))

meeting

> pz, (n; (z (k) = g (03 (z (R))) <
fi=1

(
0S5y, (1w () S LOS 5, (s o 4) <

5 (0 (2 (R))) + 55, (0 (x (R))) =1
) i

in which pg, (771 (z (k))) is considered as the IT
function.

2 membership

B. Distributed Dynamic Event-Triggered Mechanism

For mitigating communication burden and decreasing up-
date frequencies of the controller, a new DETM is proposed.
Sequence {kl’| l € Z>(} denotes the set of trigger instants of
the ith agent. For ¢ € N, if the current event-triggered instant
is k!, then the next triggering instant k} 1 can be determined
aperiodically by the following rule

inf{k € Z,|k >k}, and

(i (K)) — @i (k)] Tl (Kf) — 2 ()]

v;[1 — v; tanh(e; (k)T ei (k) —6,)]

x [0 (ki) Yeds (7)1} (3)

N ,

Zl aijl(zi (ki) — z;(k))) + exi (k)]
a;; represents the fg)rmation-keeping behavior. 7y, represents
threshold scalar of the ith agent. v; means the change de-
gree of <y;. Moreover, €; is the station-keeping behavior.
~;[1 — v; tanh(e; (k)" e; (k) — 6;)] symbols the real DTP of
the ith agent. e; (k) is defined as e; (k) £ z; (k) — ; (k),
which denotes the measurement error. kj describes the last

i —
kl+1 -

Y

where 0; (k) £

event instant of agent j, with k:], 2 argming gy ;o Wik — kY,
x?(klj ) & (k) +e; (k).

Remark 1: The communication bandwidth is usually con-
strained, given the circumstances, data transmission through
networks ineluctably encountering congestion. As a result, as
one of the optimal choices to make more rational utilization
of bandwidth resources, ETM has been attracted extensive
attention of numerous researchers. Although the traditional
static event-triggered mechanism can decrease the frequency
of data transfer, it is quite difficult to ascertain a suitable
value of threshold parameter. It should be noted that the
threshold parameter needs to be modulated to adapt to the
actual situation when the system state changes greatly or tends
to be stable. In the paper, a DETM is designed, in which the
threshold parameter varies with the state of the considered

IEEE Transactions on Fuzzy Systems Proof

systems.

The key step of determining the expected DETM is to de-
sign an applicable event-triggering condition (ETC). Through-
out the paper, let the trigger instant of the ¢th agent with the
DETM condition as

(i (k1) — 2 ()] @yoy i (ki) — @i (k)]
< 4,1 = v; tanh(e; (k)T e; (k) — 6;)]
X85 (ki) Podi (k7)) @)

Remark 2: In order to better adapt to the actual situation, a
novel DETM is employed for discrete time MASs, and a more
applicable DTP ~,[1—v; tanh(e; (k)" e; (k)—6;)] is designed.
Obviously, as the basic threshold parameter v, 18 a55001ated
with time-varying term 1 — v; tanh(e; ( el gj: It s
quite clear that the DTP ~,[1 — v, tanh el 0:)]
changes with the measurement error e; (k), meanwhlle, e; (k)
varies with the variation degree of system state. In the light of
the tendency of function tanh (e), it can be concluded that:

Case i: if e; (k) > 6,;, the state fluctuation of system
is regarded to be large, while the value of real threshold
parameter is on the contrary, such that more data packages
can be transmitted.

Case ii: if e; (k) < 6;, the state of system is stable
by degrees. Consequently, threshold parameter will become
bigger, and less data packets will be transmitted, that means
more bandwidth resources are being economized.

C. Fuzzy Event-Triggered Feedback Controller

In this part, we intend to design a fuzzy state feedback
controller for system (1).
Control Rule w;: IF n;; ( (kf)) is F,;1 and 7,9 (:C (kll))

is Fi,2 ... and 0, (« (k})) is Fu,q, THEN
N ' ,
u; (k) = — RN aij(wi(k)) — a; (k) + e (k)]
=1

4)
where K, (¢ (k)) are the controller gains, which can be
determined later. Homogeneous Markov chain ( (k) taking
values in the pregiven set So, Sp = {1,2,---,t}, and its
transition probability matrix A £ {)\..} is subject to

A =Pr{¢(k+1)=k|C (k) =c}>0,Ve,k €Sp, k€ ZT

t
and > Ao =1,Vc €S,
k=1
Remark 3: Noteworthy, directly obtaining the information

of Markov parameter s (k) is virtually impossible in some
scenarios. Furthermore, the asynchronous phenomenon may
be embodied in controller and system modes because of the
consideration of discontinuous feedback control. However,
one can observe it through using mode detector or signal
¢ (k) in the paper. Relying on HMM, one obvious feature
of (5) is reflected in: it covers different types of controller,
including mode-dependent, mode-independent one, as well as
asynchronous controller. Moreover, the framework of nonlin-
ear HMM-based MASs under DETC is presented in Fig. 1.
Whereafter, the state feedback controller can be constructed
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s (k ) Asynchronous ¢ (k) o
e o = |
> | ‘
xx(k) . Event x‘(k/]) ‘ }
Generator ; \ i
Nonlinear | I
Markov | % | IT2 Event-
Jumping | g } triggered
Multiagent = Controller
Systems } I
|
|
| } u, (k)
Actuator «—— ZOH < L—
Fig. 1. The framework of HMM-based MASs under DETC.
as
q N
= = > po, i (z (K))IK )Y ai (ki)
w;=1 j=1
—z;(k),)) + exi(k)] (6)

in which, p,(n; (z (k}))) denotes the IT2 grade of member-
ship. In order to simplify the notation, we define K, =
K, (¢ (k)) for each ( (k) =

Remark 4: Entirely distinguish from the current obtained
results for MASs concerning with the event-triggered control
issue, which only focus on the impact of event-triggered
strategy in the process of designing the controller. Whereas,
the constructed dynamic event-triggered controller (6) also
demonstrates the following features:

1) The IT2 T-S fuzzy theory with better flexibility is
integrated, which has imperfectly matched MFs.

2) The mode-based controller is taken into consideration,
in which ¢ (k) merely dependent on the current system mode

In this way, the fuzzy closed-loop system can be described
as the following form

zi(k+1) = Z Z Py, (n; (x (k))) po,, (0 (37 (k;))){
fi=lw;= v
Aficxi (k) - BfiCKwiW[Z Qij (:E (kl)
—a; (k) + i (k))}
= Z Z )Pwl(m( (kll))){
Ay, cx; (k) )+ ei(k)

- BfiCKwiH [Z Qij (l‘,(]{i
j=1

(a5 (K) + 5 () + ealaa(h) + ex(B)]} (D

For brevity, let py, 2 pg, (n; (@ (K), ho, 2 py, (n; (& (K)))
in the following. Thus, relying on Kronecker product, ones

have
q q
Z Z pfihwi{Aficx (k") -

fizl wi:1
(L + M) ® (BfiCKwiN)(w(k) +

where Ay, 2 Iy® Ay

z(k+1) =

e(k))} (8)

4

For further developing the theoretical results, we give the
following useful lemma.

Definition 1 ( [34]): The closed-loop system (8) is called
to be stochastically stable (SS), if under any initial condition
2 (0), and s (0) € S, ¢ (0) € Sy, such that

E{Z [l (B)|| 12 (O

Lemma 1([36]): For any matrices
Rfiwis(t)’EfiwiS(t)7‘Fs(t) > 0, and pfi’hwi € [0’ 1]’
such that the following inequality instantly holds

q
Z Z O‘flwlRfiw s(t) t) Z Z aflwlRf,w s( t)]

,5(0) €81,¢(0) €S} <00 (9)

fL_1W1—1 f‘_lwl_l
1 q q
T
= 2 Z Z A fiws [Rfiwis(t)FS(t)Efiwis(t)
fi=lwi=1
+E};w1's(t)FS(t)szW S(t)] (10)
q q
where > Y afw, = Z Z Pyhe,-

fi=lw;=1 fi=lw;=1

III. MAIN RESULTS

In this section, the attention is focused on exploring the IT2
fuzzy control based on the DTEM mechanism. For ensuring
the stochastic stability of system (8), firstly, sufficient condi-
tions are provided. For convenience and reasonable layout, we
denote following notations

p(k) £ [z (k),e" (R)]"
I (t) diag{~y,[1 — vy tanh(e (k) ey (k) — 61)],...,
Y[l — o tanh(el (k) ex (k) — 0n)]}

> 1l

A. Stabilization Analysis

In this subsection, in order to guarantee the stochastic stabil-
ity of system, some stability criteria with less conservativeness
are established in Theorem 1.

Theorem 1: For given scalars y;, v;, system (8) is SS, if
there exist matrices U, > 0, ., > 0, symmetric matrix P, >
0, for Ve € S1, Vk € S, such that the following conditions

hold
—U VAU VAU VA Up
_ch 0 0
* * Q2 ... 0 <0 1)
* * * 0
* * * * —Qet
U HFY) HFY
* (f?’i FYo | <0 (12)
.o
where
U = diag{-U1,-Us,...,-Upn}
H. = gVl yaal. ... T}

F(R,, = Z Zaflwl [Agc—

fi=lw;=1

L+M) (Bficmeﬂ

Page 4 of 10
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F = S g (L4 M) @ (Byko)
fi=lw;=1

FO = @+M) TO)E+M) T - Q,

FO = (L+M) T (L+M)eT,

FO = (L+M) T @L+M) T~ Iy,

Proof: Choosing the candidate Lyapunov function for
closed-loop system (9) as follows

V (k,z(k),s (k) =c) =z (k) Px (k) (13)
Subsequently, the following target inequality can be deduced
by Lemma 1

E{AV (k)}
= E{V(k+1l,z(k+1),
= T(k+ )Pz (k+1)—
q
= Z Z OéflwlAflcx
fi=lw;=1
q q
+[Z Z o fy0, H
fi,Zl wi:1
a4
[Z Z o, H(z(k
fi=lw;=1
q q
D D s (Arew (1) PelAger (k)
fi=lw;=1
q q

D0 D anw(H

fi=lw;=1
(H(z(k) + e(k))) — 2" (k) Pz (k) (14)
Jere (L+];/[) (BfieKuwin)s Pe & Y4ty weaPu,
> 2 Qfu, > Z P, hw,. For brevity, pg (z (k))

fimlwi=1 fi=lw;=1
and hy,, (z;(k})) is represented by py, and hy,.

s(k+1)=d|s(k)=c)}
T(k)PJS(k)

Z Z o A ()]

fi=lw;=1

+e(k)]TP. x

+e(k)] — 2™ (k) Pex (k)

IN

) +e(k) TP x

where H £

In addition, the event-triggered condition straightforwardly
insures

e’ (k) (In ® ®y()) € (k)
[z (k) + e ()" [(L+ M)"T (t) (L + M) @ 1]
x[z (k) + e (k)] (15)

<

Then, by defining P, £ U_!, it can be elicited from (11)
that P. > Q. Combining (15) with Schur complement, one
can further deduce from (12) that

E{AV (k)} = Z Zso Z exQer)p(k) <0 (16)
fi=lw;=1 r=1
where o0 J.. HTU.H
or * HTU.H
in which
Jow £ A} UAp+H UH-Q!

u. 2

m

§ : —1
chUc

d=1

IEEE Transactions on Fuzzy Systems Proof

Assuming that o is the smallest eigenvalue of
— 3 Aex€en, obviously, it can be achieved that

E{ZV (F)}

E{V (00) =V (0)} =
< E{Z —vz" (k) x (k))} (17)
Therefore
- 1
E{) oT < SIE{V(0)} —E{V (c0)}}
k=0
1
< SEV(O}
< 0 (18)
Hence, one can conclude from Definition 1 that the IT2 fuzzy
MAS (8) is SS. This proof is completed. [ ]

B. Fuzzy Event-Triggered Controller Design

Theorem 2: For given scalars v,;, v;, g > 0, gy > 0,
system (8) is SS, if there exist matrices U. > 0, Q. > 0
for Ve € S1, Vk € Sy, matrix Y, symmetric matrix P, > 0,
condition (11) and the following conditions hold for f;,

Wi, Ty = 1727"'7qa f’i < wj
Erir <0 (19)
Efiwi T 150,57 <0 (20)
Efiwi + :LLQEwifai <0 2D
where
v HFY, HEF?
= _ (3) (4)
=rire T * Ffiwi F(fét)dz
| * * Ffiwz‘
U H, JF;} H.F)
- 3 4
:fiwi = * ;zwz F;fz;dz
5
| * * Ffiwq‘, i
(U HF, HFY,
= _ (3) RO
=wifi x fiwi fiwi
| * * IF&SL i
in which
FSA = Ape—(L+M)® (Br,cKr,x)
ngl = _(L + M) ® (BmcKrm)
(1) _ 1) w2 _
]Ffiwi - ]Ffiwi’FfiWi - Ffiwi
FQ = Bue—(L+ M) @ (BuycK i)
IF‘EJQz)fz = _(L+M) ®(BwiCKfiH)

Proof: Firstly, give the asynchronous constraints as fol-
lows

|pwi_hwz‘ < Xwiavwi:]-v"'aq

ho, = 0wp,, (22)

Additionally, by letting the lower and upper bounds of o, as
wl “ and w‘g, respectively, it can be inferred that

X<, <14 XS — g (23)
Pt Pf;

wt=1-
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Subsequently, define
min{w?
R L

w5
max{w' }
With that, one has

max{w;" }
——
min{w }

o,
G t<g (24)
Then, it can be elicited from (24) that
qg—1 q oy
Z Z OwiPf;Puw; [E‘fiwi + e - Ewifi]
fi=lw;>f; wi
q
+ Z a-fipfipfiEfifi
fi=1
< 0 (25)
which implies
a q
Z Z OwiPfPu, [Efiwi] <0 (26)
fizl w¢:1
| |

Theorem 3: For given scalars v;, v;, u; > 0, gy > 0,
system (8) is SS, if there exist matrices U, > 0, Q. > 0,
matrix ), symmetric matrix P, > 0, for Vc € S1, Vk € So,
condition (11) and the following inequalities hold for f;,

wi,ri =1,2,...,q, fi <w;
O, <0 27
Gfiwi + ,Ltl@wifi <0 (28)
Gfiwi + MQ@wifi <0 29)
where )
U D, HE,
@riri = * Fglb nglz‘l
* * IF‘S’;
efiwz: - * F;?wl H}%Lz
| * * IF‘SSL)U? i
[ U HCF(li)fi HCFL(U%)L
G)Wifi = * IF‘S? 4 H}ii)fz
L * * f)f ]
in which
]Fy(&% = Amcynf(L + M) Y (Bmcf(rm)
]ngg = ~(L+M)®(BrcKrr)
FO = (L+M)'TO)EL+Med+IQ.lT"
~He{TVi}
FY = (L+M)"T () (L+M)ed,
FO). (L+M)"T @) (L+M) oo, -,
1?53217 = Apde—(L+M)® (Bfickwm)
s _
Fg‘z‘)dq = _(L + M) ® (BfiCKwiH)
" _
FSJl)fq = A‘*’i‘:)}“_(‘[’ + M) ® (BwlCKfiK/)
]Fggy = _(L + M) ® (BwiCKfiH)
w(3) w(3)  _ m(3)
Ffiwz - Fwifi - Frm
T(4) _ w4 m@)
Ffiwz Fwifi - Frm

] —
4 «————

Fig. 2.  One possible communication topology.

7o IS - ()

fiwe T wi fi TiTi

I
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Moreover, the controller gain matrices are given by

A 1o -1
Krika = Krinyn

(30)

Proof: Defining matrix ), 2Iv® Yﬁ_l, imple congru-
ent transformation (with regard to pre- and post-multiplying
(27)—(29) by diag{I,...I,Y;1,Y-'} and its transposition.)

——

2
Then, together with inerauality

“VuQui Vi < TQLT" = He{ TV}
(27)—(29) insures that (19)—(21) hold immediately. The proof

is completed.

IV. SIMULATION

In this part, for IT2 fuzzy MASs, the validity and merit of
the developed asynchronous event-triggered control strategy
are demonstrated by two examples.
Example 1: The switching topology among agents (N = 4)
of the IT2 fuzzy multiagent systems with two modes is
assumed in line with Fig.2. Accordingly, the Laplacian matrix

is described as

1 0
-1 1
L= 0 -1
0 0

-1

0
0
1

-1
0
0
1

In addition, the station keeping weighting constants is consid-

ered to be b; = 1, for i € {1,2,3,4}.

The parameters of system (8) are given by

Mode 1 : .A11 = 161 ?8;
(11 002 ]

Az = | 01 11
[ 1. 2]

Mode 2: Ay = 85 88
[ 1.05 01 ]

Az = | 0.01 0.8

) 311 = diag{l, 11}
, Bia = diag{1, 1}
, Bay = diag{1,0.9}

5 822 = diag{l, ].}

and in the asynchronous case, transition probability matrices

II and A are selected as

|

0.6 04

0.65 0.35
0.15 0.85

Moreover, the LGM and UGM are chosen as

p(ny (z (K)) =

1 gt pln (@ (1) 21— 5o

plns (@ (K)) 2 e, By (2 (1) 2 5o

L o
27"
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and nonlinear weighting functions about the IT2 T-S fuzzy set
are taken as

o (m (@) 2 sin®(ai(k))
Sr(m (2 (k) & 1—gp (m (x(k)))
Consider the saturation levels being p; = 0.8, gy = 1.25.
Then, we set vy, = 0.005, v; =8, ¢, =1 (i = 1,2,3,4) in
dynamic event-triggered condition (4). Furthermore, solving

inequalities (11) and (27)—(29) in Theorem 3, the desired
controller gains K, are computed as

Ko [ 01727 0.0058 ]

T 0.0064 0.1467 |

Ko = [ 0.1712 0.0064 ]

27 100113 0.1541 |

Ko = [ 0.1597 0.0334 ]

7 1 0.0056 0.1185 |

Koo = [ 0.1679 0.0261 ]

7 ] 0.0039 0.1183 |
Under the initial conditions of the isolated agents, z; =
[1;0.8],20 = [~1;1],25 = [0.5;0.6], 74 = [—0.5;1.2], the

state responses of the open-loop multiagent systems under
DETM is depicted in Fig. 3. Based on the calculated K,
the state responses of the closed-loop multiagent systems are
presented in Fig. 4, from which one can obtained a fact that
the controller design method is feasible. Moreover, the event-
triggered instants of each agent are given in Fig. 5. From the
simulation results, the triggering rates (TRs) of four agents are
listed in Table I.
The number of the transmitted data
packages of ¢th agent

TRs of agent 7 =
The total number of sampled data

packages of ith agent

TABLE I
TRs OF FOUR AGENTS UNDER DETC IN EXAMPLE 1

Agent 1 2 3 4
24% 26% 25% 28%

TRs

Example 2: (Mass-spring-damper system model) In this
example, we consider a modified mass—spring—damper sys-
tem borrowed from [37], which can be characterized by the
following equation

Mzzy2+Ff+FT:ul(t)7z:1327374 (31)
where notations M, and y; symbol mass and the displacement
of agent i, respectively. The spring friction force is defined
as Ff~: 7;9; with 7; > 0, and the spring restoring force
F,. = k(1 + v*y?)y;. u;(t) stands the force input.

Thus, (31) can be described as

M + T30 (t) + kiai + k*ad = wi(t),i=1,2,3,4.

. T —ki—k;v%2®
Donate z;(t) = [ vyl (1) y;’:(t) ] , W(t) = W,
x(t) € [-2,2], M; = 1 kg, k; € [5,8] N/m, i € {1,2,3,4}.
v =0.3m™'. Then, one has t,,,, = —5 with k; =5, z () =
0. ¥, = —10.88 with k; = 8, x (¢) = £2.

Amplitude

Amplitude

Fig. 3.

Amplitude

Amplitude
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t(s)
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L L L L f
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t(s)

State responses of the open-loop systems in Example 1.

100

T T T
Ty —h— T T3 - F- Ty

0 10 20 30

I
40

\
50 60 70 80 %
t(s)

fnd
®

o
o

Fig. 4. State responses of the closed-loop systems in Example 1.

100

Similar to [38], we obtain the following LGM and UGM

p(n ( (K)))

p(m (z (k)
p(nz (z ()))

p(nz (z (K)))

>

4

4

4

— _|_ max ~
'l/}mZax _Z¢min ’ kl =0
— _|_ max ~
wzax ;¢min ’ kl =°
wgax ’l_/)rf;;in 7 kl =°
wmax _r;a;in 7 kl =0

and the following IT2 T-S fuzzy model

i(t) = D gn.(m (@) As (s (0)ai (6) +

fi=1

By, (s (¢))ui (¢)]

(32)
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Fig. 5. The triggering intervals in Example 1.

I I
Ty —h— Ty T31

1 T * = - ]
* %x
f - He Ty ‘
o 05¢
T
=
b1
Z 0
g
g
<
05
L pup
" * il 5 EE L i oo
0 10 20 30 40 50 60 70 80 % 100
t(s)
1 T T T T T T T T T
o5t ‘ T1y —k— Ty T3 - H- —mz‘i
g o f\fx
3
=
a -0.5
5
g af oo B
— %
_____ *=
—w.sjf . i W
2 L L
0 10 20 30 40 50 60 70 80 % 100
t(s)

Fig. 6. State responses of the open-loop systems in Example 2.

where
0 1 0
A c = T ’ B c =
' |: wmin _-/\/11 :| ! |: ./\ilb :|
A2c - O 17'-; ) B2C - ?
wmax T M; M;

selecting 7, = 2 N-m/s for mode 1 and 7; = 1.5 N-m/s for
mode 2.

Besides, nonlinear weighting functions are chosen as
g (m (z (k) £ 0.6sin®(z;i(k))
Sr(m (@ (R) & 1—gp(mn (x(k)))

i

The system parameters of discrete-time system model in the

8

1 T T T T T T T T T
‘ L1 —H— Ty T3 - Ty
° 0.5¢- q
°
=
h-1 e
20 o »?tt‘_ o
E *
<
-05
*
4 I I I I I I I I I
0 10 20 30 40 50 60 70 80 % 100

T T T
Ty —k— Ty T3a - HK-Taz| |

Amplitude
5 8 o
ey
;
.
.
’
L : i
'
'
'
L ' i
'
'
'
'
]
s
»
»

L L L L
0 10 20 30 40 50 60 70 80 20 100

Fig. 7. State responses of the closed-loop systems in Example 2.

form of equation (32) can be acquired as

1.0000  0.0010

Mode 1: A;; = [ —0.0109 0.9980 }
A B 1.0000 0.0010
2= | _00109 0.9985

. [ 0.0005

Bii = Bi2=10 3*[09992}

1.0000 0.0010

Mode 2: Ay = [ —0.0050 0.9980 }

A _ 1.0000  0.0010
2 [ —0.0050 0.9985 }
0.0005
0.9992 }
By solving (11) and (27)—(29), one obtains the corresponding
controller gains as

Bar = Bag = 1073 * |:

Ki = 10"« [ 10325 0.0159 |

Kz = 10*%[ 1.0670 0.0164 |

Ky = 10" [ 1.0858 0.0167 |

Ky = 10" [ 1.1065 0.0170 |
After given the initial conditions of four agents, z; =
0.68;—1.2],z0 = [0.92;0.6],z3 = [0.50.6], 24 =

[—0.86;1.68], we can acquire that the state responses of the
open-loop MASs under DETM as shown in Fig. 6. The
state responses of the closed-loop MASs and event-triggered
instants are drawn in Figs. 7 and 8, respectively. These figures
demonstrate that the proposed DETM is beneficial for reducing
needless communications. Analogously, the TRs of four agents
are exhibited in Table II.

V. CONCLUSION

In this paper, the IT2 fuzzy asynchronous controller design
problem has been explored for discrete-time Markov jumping
MASs with constrained communication bandwidth. Under

Page 8 of 10
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Fig. 8. The triggering intervals in Example 2.

TABLE I
TRs OF FOUR AGENTS UNDER DETC IN EXAMPLE 2

Agent 1 2 3 4
TRs 35% 43% 40% 34%

the opened network environments, the distributed dynamic
event-triggered mechanism depended on the dynamic thresh-
old parameter has been adopted to ulteriorly improve the
communication efficiency. The IT2 T-S fuzzy model with
mismatched MFs has been synthesized to depict the nonlinear
characteristics of MASs. With the aid of introduced HMM,
the phenomenon of incomplete accessibility of system modes
in regard to the designed event-triggered controller modes has
been fully considered. Besides, by virtue of stochastic analysis
methods and other theory knowledge, the stochastically stable
criteria and event-triggered controller design method have
been deduced. Ultimately, two illustrative examples have been
provided and the corresponding simulation results which can
manifest the superiority of the designed controller have been
given.
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