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Distributed Observers for Linear Time-Invariant
Systems With Time-Varying Delays:
A Switching Event-Triggered Approach

Shuqi Li*, Feng Xiao

Abstract—The state estimation problem of linear time-
invariant (LTI) systems is investigated in this article. Distributed
observers are designed to estimate the complete states of
LTI systems under time-varying delays. A class of edge-based
switching event-triggered mechanisms (SETMs) are designed for
distributed observers to continuously estimate the states of the
target system by the discrete relative state information, reduc-
ing the consumption of communication/computation resources
significantly. The positive lower bounds of intersampling times
are guaranteed, which further avoids Zeno behaviors. A unified
framework for the stability analysis of the estimation error
system under the SETM is presented, and the sufficient conditions
for the asymptotic state estimation of the distributed observer
are derived. Finally, numerical simulations are given to illustrate
the effectiveness of the proposed method.

Index Terms—Distributed observers, linear time-invariant
(LTI) systems, switching event-triggered control, time-varying
delays.

I. INTRODUCTION

ISTRIBUTED state estimation for linear time-invariant

(LTI) systems has attracted significant attention due to
its extensive applications in multiagent consensus control,
power system security estimation, attack detection and recon-
struction, and so on [1], [2], [3], [4], [5], [6], [7]. Two
primary approaches are widely employed for distributed state
estimation: the Kalman filter-based approach and the observer-
based approach. The Kalman filter-based approach aims to find
an optimal estimator with minimum covariance under noisy
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measurements, while the observer-based approach focuses on
stability issues of estimation error systems, and has been
widely used in distributed control. See [5], [8], [9], [10], [11]
for distributed Kalman filters and [4], [7], [12], [13], [14],
[15], [16], [17], [18] for distributed observers.

Distributed observers provide an effective solution to the
problem of local undetectability in LTI systems [19], [20],
[21], [22], [23]. However, the existing studies typically
assumed continuous communication among local observers,
leading to significant communication and computational
resource consumption. Furthermore, frequent communication
in distributed observer networks may lead to network con-
gestion and packet loss, degrading estimation performance
significantly. Event-triggered mechanisms (ETMs) have been
proven effective in reducing redundant data packets [24],
[25], [26], [27], and several related work on event-based
observers has been reported in [28], [29], [30], [31], [32],
[33], [34], and [35]. However, most of the existing event-
triggered schemes in continuous-time frameworks are prone
to the Zeno behavior [28], [29], [30], [31], [32]. A viable
solution is to introduce a minimum interevent time (MIET)
in the ETMs, which guarantees that there is a time lower
bound between consecutive events [35], [36], [37]. It should
be pointed out that continuous monitoring of state information
is required in the above ETMs, resulting in a consumption
of communication/computation resources. The switching-like
ETMs have been proposed as an alternative solution to
avoiding the Zeno behavior [38], [39]. In [38], a switching-like
ETM was designed utilizing a periodic sampling mechanism
and an ETM. The periodic sampling was designed to switch
to the ETM after one period &, guaranteeing a positive lower
bound on the interevent times. However, events may occur
periodically as states are close to the origin, which is a
notable drawback of this approach. Moreover, most studies
focused on the synchronous data sampling and transmission
in networked systems, which is challenging to implement
in heterogeneous and large-scale systems. In this article,
we propose an asynchronous switching ETM (SETM) that
comprises multiple ETMs and a switching mechanism. The
Zeno behavior is inherently avoided due to the switching
between triggering mechanisms. Additionally, a threshold-
based approach is proposed to solve the problem that events
occur frequently when states are close to the origin.

Moreover, most results on distributed observers are based on
the assumption that communication between local observers
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is instantaneous. This assumption is difficult to be satisfied
since time delays are unavoidable in applications [18], [40],
[41], [42]. In this article, we consider the case where time-
varying delays exist in distributed observers and analyze the
effect of time-varying delays on the stability of the estimation
error system.

Motivated by the above observations, this article considers
the design and stability analysis of distributed observers with
SETM for continuous-time LTI systems. The main contribu-
tions of this article are summarized as follows.

First, different from the existing results on distributed
observers designed with ETMs [3], [32], [33], [35], an
edge-based asynchronous SETM is proposed for distributed
observers, avoiding synchronous communication among
neighboring local observers at the triggering instants. Unlike
the switching-based approach proposed in [38] and [39], our
proposed switching mechanism focuses on the switching
between multiple types of ETMs, which could be periodic
ETMs (PETMs), static/dynamic ETMs, periodic/aperiodic
data-sampling mechanisms, and so on.

Second, we propose a unified discrete-time framework for
the stability analysis of the system under asynchronous data
sampling and multichannel time-varying delays, and prove
that the distributed switching event-triggered observer with
time-varying delays can achieve an asymptotic state estima-
tion for the continuous-time LTI systems with incompletely
measurable local outputs. Different from the LMIs and the
Lyapunov-Krasovskii approaches employed in [20], [38], [39],
and [41], an integral-based approach is presented to analyze
the relative state information among local observers in discrete
times, which relaxes the requirement of negative definiteness
for the derivatives of Lyapunov functions. The proposed
analysis approach is applicable to the multiagent systems
(MASs) with synchronous/asynchronous sampling and time
delays.

Third, we drive the sufficient condition for the asymp-
totic state estimation in terms of inequalities related to the
system state matrix and the distributed observer parameters.
In contrast to the existing researches on distributed observers
with time-varying delays [18], [40], the tradeoff between the
coupling gain of local observers and maximum allowable time
delays is analyzed in this article, and the impact of minimum
event intervals and time-varying delays on the performance of
the distributed switching event-triggered observer is explored.

The novelties of this article are as follows. First, rather
than finding a “waiting time” for continuous-time ETMs
(CETMs) by a switching approach, we consider the switch-
ing mechanism between different types of ETMs. Such a
switching mechanism can be compatible with different types
of ETMs and can be extended to general event-triggering
conditions. Second, in the stability analysis, we build a virtual
discrete-time detection by introducing virtual data-sending
times into continuous-time event detection. Using this method,
the continuous-time event detection can be compatible with
periodic sampling, and even with periodic event detection with
multiple detection periods. Third, large time-varying delays
are allowed in distributed observers, and we analyze the effect
of maximum allowable delays and minimum event intervals
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on the estimation performance of distributed observers. As
far as we know, there are no results for the performance
analysis of distributed observers with asynchronous ETMs and
multichannel time-varying delays.

This article is organized as follows. In Section II, Model
setup is given. In Section III, a class of SETM is designed
and the stability analysis of the proposed distributed observer
is given. Simulations and summary are provided in Sections V
and VI, respectively.

Notation: I, denotes the n-dimensional identity matrix; A
denotes the largest eigenvalue of (1 /2)(AT + A); o4 denotes
the largest singular value of A. ¢™* (resp. (pX‘i“) denotes
the largest (resp. smallest) eigenvalue of matrix A. col{a;}?_,
denotes the column vector with entries a;, i = 1,...,n in
sequence, and col{Ai};’=1 denotes the concatenated matrix, i.e.,
colfA}r, = [A]....,A]1T. A = diag{A;, ..., A,} denotes
the block diagonal matrix with A;, i = 1,...,n as diagonal
elements. max,{f(v)} (resp. min,{f(v)}) is the maximum
(resp. minimum) value of f(v) in the domain of v. |||
represents the Euclidean norm. “Vv” denotes disjunction, “A”
denotes conjunction, and \/}-, F(i) = F(1)VF(2)V---VF(m),
AL F(i) = F()AF2)A- - -AF(m). “=" denotes implication
and “—” denotes negation.

II. MODEL SETUP

Consider a continuous-time LTI system with multiple mea-
surement outputs

%) = Ax(0), vi(H) = Hix(t), i=1,...,n (1)

where x(r) € RY is the state vector, and y;(f) € R/ is the
local measurement output with output matrix H; € RPi*N,
Throughout this article, the pair (col{H;}}"_,, A) is supposed to
be detectable.

Remark 1: With the observability decomposition, matrices
A and H;, i = 1,...,n, can be transformed as TI-TAT,- =

‘3;‘6’ A(y)'u]’ HT; = [H, 0], where A;, € R"™*™" A; €
ROV=mi)x(N=mi) - 7;. e RWN=mxmi [, e RP>*™ and T; is
an orthogonal matrix. m; is the dimension of the observable
subspace of the pair (H;, A).

The objective of this article is to design a distributed switch-
ing event-triggered observer, comprising n local observers, for
the LTI system given by (1). Local observers cooperate with
each other to ensure that the state of each local observer
asymptotically estimates the state x(¢) of the target system, i.e.,
lim;— oo ||X; (1) —x()|| = 0 for i = 1, ..., n, where X;(¢) denotes
the state of the ith local observer. The communication topology
among the observers is represented by an undirected graph
G=W,E. N ={1,2,...,n} is the node set, where node i
represents the ith local observer. £ = {(j, i) € N' x N|i #j} is
the edge set representing the communication links among local
observers. N; = {j € N|(j, i) € £} denotes the set of neighbors
of node i; & = {(j, i) € E|j € N;} denotes the set of all edges
that are incident on node i. Assume that there are m edges in
the graph G. The edges are indexed by 1,2,...,m. For the
sake of presentation, an arbitrary direction is assigned to each
edge in the graph G and the incidence matrix is defined by
D = [d;;] € R"™"™, where d;, = 1 if node i is the head of the
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Fig. 1. Design scheme of local observer i on edge r with the SETM.

oriented edge r, d; = —1 if node i is the tail of the oriented
edge r, and d; = 0 otherwise.

The design scheme of the ith local observer is shown in
Fig. 1. The dynamics is designed as

Xi(t) = A%(0) + Li(yi(0) — 5i(0) — yMi Y dig?, (1)
re&-

yi(t) = Hix;(t) 2

where %;(f) € RN and y;(f) € RP are the state vector and the
output vector; y € R is the coupling gain; L; and M; are gain
matrices to be designed; z,(¢) is the relative state on the edge
r; 2-(H) € RN is the sampled-data of z,(r) with time-varying
delays. z,(t) = z,(t}), t € [t} + T/, few1 T Tip)s Where 1 is the
kth data-sending time and 7, is the time-varying delay with
respect to r, satisfying the following assumption.

Assumption 1: Fork=0,1,2,...:

D+ <+ 71:+11;

2) 0 <t/ < t’, where t” is a positive constant number,

i.e., an upper bound of the time-varying delays.

Remark 2: For the rth edge (j, i), if the orientation is from
node i to node j, then dj, = —1, Z,(t) = Xj(1p) — Xi(1}), t €
[t,z + r,: , tz gt r,f +1); if the orientation is from node j to node
i, then djy = 1, 2,(t) = Xi(t) =% (1), t € [+ T, 1 + T )-
Therefore, the value of d;,Z,(¢) in (2) is only associated with
node i and edge r, and is independent of orientation.

Remark 3: For the distributed state estimation approach
proposed in this article, the following challenges exist:
1) only the relative state information among neighboring local
observers and local output y;(7) are available for local observer
i; 2) time-varying delays exist in the feedback channels; 3) the
stability analysis of the distributed observers is complicated
due to the presence of multiple event triggers.

III. MAIN RESULTS
A. Design of the Switching Event-Triggered Mechanism

In this section, a SETM consisting of a PETM and a
CETM is proposed for local observers to reduce both the
communication frequency and the update frequency of z,(¢).

Suppose that #; is a data-sending time generated by the
CETM, define Ty = f; as a starting time of the Kth switching
loop, where K = 1,2,...,and Tp C {t; : k=0,1,2,...},

1Under the condition 1), larger time delays are allowed to exist in the
distributed switching event-triggered observer, i.e., it may happen that t]'; 11 <
o+

—» : continuous-time signal

---+ : discrete-time signal

Tg pr th+n"h" Th,
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Fig. 2. Schematic of the SETM.

see Fig. 2 as an example. Starting from the Kth switching
loop, the proposed SETM first perform the PETM n” times
with time period 4", where n" is a preset positive integer. The
periodic event-triggering condition is designed as

lar(Th +¢'1") = 2 (1) = Vol ()] ©)

where w > 0, ¢" =1,2,..., and ¢" < n". If Condition (3) is
satisfied at the instant t,i +ph", 1 < p <n"—1, the instant is the
next data-sending time #; | = f;+ph" and the sampled relative
state is updated. Correspondingly, Condition (3) is updated
as o (Tg + W) 2, DI = Volat, )l = p+
1,...,n"—1.2 The PETM is still performed and data-sampling
time and event-triggering condition are updated in a similar
way until the instant T + n"h". Then the PETM switches
to the CETM. The CETM is performed until the following
continuous-time event-triggering condition is satisfied

lzr(®) — 2 ()| = Vollzr ()] (4)

where 7, is the latest data-sending time. The algorithm is given
in Algorithm 1.

It should be noted that the execution of CETM (4) requires
continuous information of z,(¢). To relax this requirement, we
propose the following edge-based event-triggering condition
for the rth edge (j, i)

local observer i:  [|Xi(f) — X;(1,)|| = “/Tallzr(t,:,)ll (5a)
local observer j:  [IXj(f) — %;(1)|| = \/Tallzr(t,@)ll (5b)

2There may exist multiple events during periodic event detection. At each
data-sending time, the sampled relative state and the event-triggering condition
are updated accordingly.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:59:19 UTC from |IEEE Xplore. Restrictions apply.



4444

Algorithm 1: Edge-Based SETM for Edge r
Initialization: n": the preset positive integer; /": the
period of the PETM; T%: the starting time of each

switching loop; 0 the total simulation time.
k=0 K=1, t6 =0,Ty = t,i. Update zr(t(’)).

1 while Ty < T;yy do

2 c"=1;t=Tg+h". Update z,(Ty + h").

3 while t < Ty +n"h" do // perform the PETM
4 if t < Ty then

5 if Condition (3) returns TRUE then

6 | k=k+1; 1, =Tk +c"h", update z,(1}).
7 end if

3 ="+ L t=T+ "N

9 Update z,(Tx + c"h").

10 else

11 End simulation.

12 end if

13 end while

// the switching action is performed at t = Ty +n"h’.

14 do // perform the CETM
15 Check Condition (4).
16 t is incremented with simulation time.

17 until Condition (4) returns TRUE or t > Tiptar;
18 if t > T}y then

19 ‘ End simulation.
20 else
21 k=k+ 1L =6K=K+1, T =1.

22 Update z,(t;).
23 end if
24 end while

An event occurs when either of the two conditions in (5) is
satisfied. Only the states of local observers i and j connected
by edge r are sampled, and the sampled data of relative state
is updated, as shown in Fig. 2. In this case, the inequality
lzr () =z, @)l < \/5||zr(t,€)|| holds for all data-sending times.
Moreover, the continuous communication among neighboring
local observers is avoided since only sampled values of
neighboring local observer’s states are required in the event-
triggering conditions.
The next data-sending time is given by

. ~ ~ r w
i1 = mf{t > Ty + 0"l | 50 — %) = %nzr(r,:/)n

VIE(6) — %(1) 1 = ?Hzr(t,ﬁ,)ll}- ©)

The satisfaction of Condition (4) implies that at least one of the
conditions in (5) is satisfied, which means the CETM with (5)
may generate a higher frequency of events. However, it has the
advantage of avoiding the continuous monitoring of relative
states z,-(#) and reducing the communication frequency among
neighboring local observers.

Remark 4: Note that if the value of |[z.(#)|l is close
to zero, there exists frequent switching between triggering
mechanisms. A feasible solution is proposed to deal with this
and detailed contents can be seen in Section III-C.
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B. Stability Analysis

In this section, the concept of virtual data-sending times is
first introduced to establish a unified discrete-time framework,
and then the stability analysis of the estimation error system
is given in this framework. We take n" =1, r=1,...,m, as
an example in the following discussion.

The SETM proposed in this article is a hybrid ETM
including CETM and discrete-time ETM. To analyze the
stability of the distributed observer in a unified framework,
we introduce virtual periodic data-sending times, which was
previously used in [26], into [f, + K", 1, +1) with A" as the
period. This results in a time sequence #;, + 4", ..., t; +c;h’,
with ¢; being a positive number such that #; + c;h" < | <
tp + (¢, + DA, Each virtual data-sending time is assigned
with a corresponding virtual delay, which is described as 7 +
gh" (v — 1)/ — 1),qg = 1,..., ;. Gathering all the
actual and virtual data-sending times in ascending order, we
denote them and their corresponding delays by s; and gy,
k = 0,1,... Then, the stability analysis of the estimation
error system can be performed in the unified discrete-time
framework. By Assumption 1, the properties:

(i) sp + 0 < Sty + Chyrs

(i) 0<spy—sp <h"s
(i) 0<gp =7"
hold for all i.

Note that the condition ||z,(t) — z- (sl < \/5||zr(s2)||
always holds for all instants s,’{, k=0,1,2,...

Denote the estimation error vector of the ith local observer
as e;j(f) = x;(t) — x(r). By (1) and (2), we have that

éi(t) = Xi(1) — x(1)

= (A — LiH)ei(t) — yM; Y _ di%e(0). (7)
re&;

The matrices L; and M; are designed as

T b0
Li=Ti{Ll 0], M;= Ti[ io Iv }T,T (8)
—m;
satisfying
Iy; + 2pily, A,'TcPiu -
PiyAic Mo + 20ilN—m; 9
0 <p <mincnr  {p}
where

;i = PioAio + Al Pio —
Mo; = PiuAiu + A}, Piu;
Wio = PioLio;
Ao, Aic, Ay, and Hj, are matrices obtained by the
observability decomposition of the matrices A and H;,
see Remark 1;
T; is an orthogonal matrix;
Pi, € R">mi p, e RWV=mi)x(N=mi) gre positive definite
matrices;
p and p;, i € N are positive numbers.
Remark 5: Using the Schur complement lemma, the first
inequality in (9) is equivalent to

{ Iy + 2pily, <0
—1
i + 2pilN—m; — PiAic(Tii + 2pil;) ALPy < 0.

WioHio — HL, W,

10°
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The matrices L; and M; can be calculated by solving the above
inequalities.

Denote e(t) = colfe;(1)}?_, and z(r) =
error dynamics is described as

col{z, ()}, the

é(t) = Ae(t) — yM(D ® Iy)2(1) (10)

where A = diag{A — L1H;,...,A — L,H,}. The distributed
observer (2) is said to achieve asymptotic estimation if and
only if the error system (10) achieves asymptotic stability.

Define d, = (di,, ..., dn), D, = dd,, ®| = PM, &, =
LH, and k, = h"+1". The main result is given in the following
theorem.

Theorem 1: Suppose that (col{H;}} ,,A) is detectable and
G is an undirected and connected graph. The distributed
switching event-triggered observer (2) with (6) and (9) under
Assumption 1 achieves the asymptotic estimation if k¥ =
max,cg{k,} is small enough such that

% max, s {Of)

{ eyloboy Y O < u —ce (1n

8)/2 Zf:;l e2MK,@£ <u

holds for positive numbers w, ao, &/,
Y2 E =1 and >3 97 =1, where
@5 = aA K2/ET +w/€3 + (1 + )20, K7/ (E507)
= (PP /&5 + 0, KPS/ (6795)eP 4
@5 — /8] + 03 pSe N g (6505):
= ypg(1 = 1/2a9), & = aoy g /2.
Parameters o0y, A @y and (p?f"“ have been defined in
Notation.
Proof: Choose a Lyapunov function candidate as V(¢) =
(1/2) Y1 ei(t) T Prei(t), where P; = T, [Fie ) 1T

v/ with ag > 1/2,

V(1) = e(t) " PAe(t) — ye(t) ' PM(D ® Iy)i(F)
= () PAe(t) — ye(t) PM(D ® Iy) (2(1) — z(1))

—ye)TPMD @ In)z(1). (12)

From (9), we get that
diag{Uy, ..., Un} + 2pl,ny <O (13)
where U; = l'hgilem,- HZ:QTCZZV,W ] Then, we get the

following inequality:

V() < — pe(t)Te(®) + yopz(t) " (2(1) — 2(1))
— y@erz(0) " 2(1)
< — pe(®) e(t) — yogi"a(n) T2(1)

+ Yol (2) — 20)) ' 200)

min

<~ pe(Telt) = ye"0 20 + 20 TE0)
y(pmm
DP9 (2 — 20) (z<z>—2<r>)
< —pe(t) e(t) — 20z
+e(zn —20) ' (20 - 20). (14)

For t € [sj + 0y, Sp1 + 0py1)> using z,(1) = (dr ® In)e(1),
we have that

4445
Zr(t) = Az (1) — (dr Q In)Pre(t)
— y(dy @ INYM(D  In)Z(1). (15)
Integrating (15) yields that
t
2 (0) = A0z, (s) — / A (d, @ Iy) Dae(s)

s;

+ ey (d, @ INM(D ® Iy)3(s)ds. (16)

Then we have that

zr() — Er(l‘) = (eA(Z_Sk) — IN) (Sk + Qk) + ¢ A(r— Sk)n

t
- / (€7 (d, ® In) Pae(s)
s

+ ey (d, @ INMD @ In)i(s)ds  (17)

where z,(1) = 2r(s/r{ + Q]’;)? 77]2 = Zr(S]r() - Er(S]C + Q]Z)? and
Il < ﬁllﬁr(s; + op)ll if s; is a virtual data-sending time;
Zr(1) = zr(sp) and n; = 0 if 5} is a data-sending time. By
Jensen’s Inequality, we have that

: L (s
ler() = 20 < gu(e/‘(’ D — Iy )2(sf + )1

1 1

597y :

1 T r

Er 77 (eA(t—Sk)) eA(t—Sk) 77]’; (18)

where A7 = | fs,; ANd, ® Iy)Dre(s)dsl, A, =
I [y €47 (dr @ INMD ® I)z(s)ds]. By 0 < s,y — s <
A" and 0 < Q,: < t’, we have that r — s,’C < k. Using
the [43, Lemma 1], we have the following inequality for the

first term on the right-hand side of (18)

(0 = 1y )2(si + o) 112

oj(e“(’_slrc) _ 1)2

~ Ta
s e )+ )
< oRi; e 2(s] + 0f) 2(sf + of)- (19)
Suppose that ), = s}, tp, = S, + 0p, tpy < t < 41 <
Skt T Qg
t
e(r) = M=V e(sh) — f ye (D @ Iy)z(s)ds
Sk
— Al Z/ A(1-9) g
_Pl 1
x yeA U= (D @ In)2(n)
t
- / ye U dsM(D @ In)3(ty, )
t,,3
p3—1
< eA(FS;;)e(s,Z) - Z l(e)\A(tHl*tl) _ 1)eA(t*tl+l)
- )
1=p; *4
x M(D ® Iy)i(1) — xl (eM“—’pa) - 1)
A
x M(D Q In)Z(1p;) (20)
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and thus
t
/ A9 (d, @ In)Pre(s)ds
5

t
< / A4 ® IN)CIDQeA(S_S;)e(s,C)ds
S

7
“k

p3—1
_/ A(r— S)(d ® Iy) D Z ( erali=n) _ 1)
sk I=p1 A

x A~ J(D ® Iy)3(t))ds
—/ A9, ®IN)<D2—< Aals=ipy) 1)
A

Sk

xM(D ® Iy)2(1p;)ds. 21

Introducing positive numbers 9, 93, ¥ with Z?:l o = 1.

By [43, Lemma 1] and Jensen’s Inequality, we have that

1y ([ , 2
AT < W” / e (d, @ Iy) Dre D (s ds
1" s

p3—1

/ﬂ A0 (d, @ Iy) @) Z 4

B 2
% (eAA(t1+1—tt) _ 1)eA(S_”+1)M(D ®IN)2(fl)d5H

1
o1

L /teA(ts)(d ® Iy) Dy
ﬁg s ' N 2)LA
) 2
x (0 — 1)M(D®IN>2(tp3)dsH : (22)

Consider the first term on the right side of inequality (22)
t . 2
”/ A9, ®IN)CI>2eA(S_Sk)e(s;)dsH
s

t , 2
=| / 09 (d, @ Iy) Do~ dse =D g 57
5k

t . 2
o[ eroraen 01 )

Sk

1 , , 2
2 Aa—2a)(t—s}) Aa(t—sy
< U®2<m(e ATAA Sk l)e A( Sl‘)zr(s;;))

<02 (t — 55) e D7, (57) T2, (sf).

Consider the second term on the right side of inequality (22)

H / 1) (d, ® Iy) P2 Z (mzm—m -1)

_ 2
xeAG~) J(D ® Iy)3(t))ds

p3—1
<2, (/ Ca=h)0=9)4s 3 (1141 — e 010
S I=pi

_ 2
x(d; @ IM(D ® )21

p3—1
< 7/20_42)2 ([ _ slyc-)zeZ()»Af)\A)(tf_Y;) Z (tl-‘rl _ tl)zez)»/\(tftl)
I=p,
x50 T (DT ® IN>A7IT (D, & )M (D @ In)3(1)).

"5
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Consider the third term on the right side of inequality (22)

13
H / eA(t—S) (dr ® IN)CDZL(e)LA(S_Zp_g) _ 1)
s,’( A

xM(D ® IN)z(t,,3)dsH2

< 2031 S 1) P DBl

x2(1,) " (DT @ )M (D, & LMD ® (1),

Then, we have that

252 ,
= 5P =) D ] + o) (] + o)
1

T 1 2 2 22 _ _
+ g ) + 57V 03, (1 — ) e** P (i)
2
p3—1 1
x Z(tl+l _tl)2 2hA(t— t/)rr Fr+ ]/20—%2
I=p1
% (I . S]’;)z(t . IPS)ZeZAA(t—s,’()-i-ZAA (t_tPS)F;; FII;

(23)

p3—1

1
/L </ I+1 eA(”+'_”)dseA(’_”+1)

S W — 1)
_ T
X (d: ® IVM(D  Iy)2(n) )

‘
8 /’“ eA(tzH—fl)dseA(t_tl“)(dr ® IN)
1

_ hr r t
% M(D @ Iy)a(t) + ;tt ( / A=) g
1,

tp3+1 —'p3 P3

_ T
x (dr ® IN)M(D ® IN)E(tps))

t
x f X ds(d, @ IN)M(D ® In)2(13)
lp3
p3—1
h+ 7" (e)»A(lHl—f/) _ 1>2e2)»A(f—ll+1)
2
(41 — 1Ay
r r 2
W+t <e)\A(t7tp3) _ 1) Ig ;3
o5 (tm+1 tl’z)

(24)

XFI Fl+

where I} = (d,®Iy)M(D®Iy)z(t;) and I = (d,QIN)M(DR
IN)z(t,3). Combining (19), (23) and (24), we have that

llz () — 20>

2.2 2hakra

1
< groaKre 2(s; +0f) "2(sk + of)
1

1 204 . Ts
+§ (ﬁ—rz/cfez’\/*"’(l + 0)2r(s; + o) 2r(sk + of)
i

2
p3—1

1
+_y o3 KZeZ()»A AA)Kr Z(tl-i-l l1)2 2xA(t—17)

19}’
l=pi

T 1
XFlr Flr+ —y O' K4 2)\.A+2)\.AKrFr ;3)
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-1
1 Fs _ T
+§V2( D et — e T T
2

I=p1
kr 2 20A(t—tps) pr T or
—(t—1p;)7€ ETD I R
Ips+1 — Ips ( 3) per
1 . T,
+ e D2+ o) 2(si + oF)

&
and thus

t
/ (2r(5) — 2(9)) T (2r(5) — ()l

Hok

(25)

. 1
< O4(1 = tp) (s + QDI + £7v 0%,
2
K? rl T
2haky 2
X<l9_rr(t — 1, )€« Z (t1 — 1)°T) T
2 I=p1
K;‘ 2()LA+)\A)KrFrTFr 1 2. 2. 20aky
+1?_§e p31p3 +§__£)/ K, €
p3—1 - T
X( Z(Im — )L} T] + (1= 1p,)T )3 F{ﬁ)
I=pi
where ©f = 0ik%/E] + w/&] + (1 + )204 k7 /E1D]. Let
to = max,c¢{t;+1y}. For the rth edge, let p, be the index such
that slf)r > to +max e {t7} + max e {h?}. Let tyr = Szr‘)r’ ty, =
s[fjr + Q[gr, and t,, = maxreg{sgr + ngr}. By inequalities (12)
and (26), we have that V(¢) is in the following form:

(26)

t
V(t) < V(to) +Vo+Vi—p / e(s) Te(s)ds 27)

fo

Iy m l‘pr
[T+ Y ([ et - 20)T
fo

r=1 fo
po—1
X (2(5) = 29)ds + (O™ 3 (1141 — 1)2(0) "
I=p}

2 po—l
y2K3e2AAKV Gq)z 2pr!
—a > " (t111 — 1)’} T
2 2 l=pq

x z() +

po—1 po—1
T T

DR RVED NG i)

I=p} I=p}

p3—1 i

Vi=) (g1 - tz)( — i+ ek Hleé}czﬁ{@(r)} +ey’opoy

I=po "
oézxﬁ‘gog‘j‘x)
% &

m

<3 0B+

r=1

ez)LAKr

JEORO

m eZAAK,KZ 5y s
r
—— L+ og K

2
i) (- nter Y

r=1
2 2 _max
s TP i) )

Inequalities (11) and (27) imply that

t
V() < V(o) + Vo — ,01/ e(s) " e(s)ds. (28)

fo
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Thus, e(?) Te(?) is uniformly continuous, ftto e(s) Te(s)ds has a
finite limit as t — oco. By Barbalat’s Lemma, V(¢) converges
to 0 as t — oo, and e(f) converges to 0 as t — oo. The
distributed observer (2) with switching-triggered condition (6)
and parameter conditions (11) achieves asymptotic estimation.
Since there is no sampling action for 7 € (17, #; + /"), the time
interval between event detections is not less than 4. The Zeno
behavior is avoided. |

Inthe caseof v > 1,r=1,..., m, PETM (3) is performed
in t € [Ty, t; +n"h"), and then CETM (5) is performed in
telf+n"h", Ty ). In the stability analysis, virtual periodic
data-sending times, separated by A", are introduced into (#; +
n'h", Ty +1). Then, we obtain a new time sequence 5, k =
1,2,... Under conditions (3) and (5), [lz,(f) — z-(SpIl <
Jolz (5|l still holds for all 5;. Thus, the distributed observer
achieves an asymptotic state estimation for LTI systems.

Remark 6: It can be observed that if there exist y > 0 and
ap > 0 such that y(pgi“(l —1/2ag) < 0, then the derivative of
the Lyapunov function candidate is always negative definite.
This indicates that the system is stable with any sampling
interval, which is not possible for the systems with ZOH. Thus,
only the case of u > 0 is discussed in Theorem 1.

Remark 7: In the case of " = 1" =0, r € £, we have that
©( = w/&;. Then, the first inequality in (11) is rewritten as

1
comax {—jy < U.
re€ {é_-’;'} H

Thus, we can always obtain a maximum value of «,, and the
larger the time interval A" is, the smaller the allowable t” is.
Moreover, by k = max,cg{«,} and (11), we get the following
inequalities:

,22e2)»A'?@3 + 12462)”4/?@4 + weZAA/?
m 1 -2 2 m 1 12
x(S7s & +20%3, Tty gy ) <

2R N L 25020 +h )R Jag=1
ic2e? Z,:lg—zr—i—xe(/* V@5 < Vi

where ©3 = y2o505 Y Il (0p™ /&3)+ 205, Y (1/E597),
Oy = y 050506, X111 (P /8505 +ai YL (1/6]), ©s =
05,0500 Yoret (P /E505). ©3, B4, Os, and p/e are all
positive constants. It can be observed that there is also a
tradeoff between w and «,. The larger «, is, the smaller the
o can be, and the smaller the y is, the larger the allowable

value of « is.

C. Compound Event-Triggering Conditions

Note that Condition (5) is designed based on the assumption
that there is no communication among neighboring local
observers in the time period (Ty + n"h", T ;). Compared
to Condition (4), Condition (5) is conservative. As illustrated
in Fig. 3, to reduce the conservatism of the event-triggering
condition proposed above, we assume that there exists commu-
nication among neighboring local observers at discrete instants
TI’QU, v = 1,2,... Under this assumption, Condition (5) is
updated at the time instant T,’QU as follows:
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o : Discrete event detection instants A : Switching instants

Fig. 3. SETM with compound event-triggering conditions.

15:() — %(T% )1 > [1/2(/ollz TRl
—lzr(Tg) = 2T
I%(0) = %(Tk )1 = [1/21(Vollz(Tg)|
—llzr(Tk ) — 2 (TR)ID.  (29b)
An event occurs when either of the conditions in (29) is
satisfied.

For convenience, the event-triggering conditions updated at
instants Tlr(,v is indexed by F(K,v), v = 1,2, ... Note that
the updated event-triggering condition F(K, v) is based on the
sampling information at the corresponding time instant, and
is still conservative. To further reduce the conservatism, the
information from previous discrete instants is utilized to revise
the event-triggering conditions. The revised event-triggering
condition is designed as follows:

(29a)

v
(52) v (5b) A ( NFK, s)). (30)

s=1
Condition (30) is an edge-based event-triggering condition.
An event occurs only when (5) and F(K,v), v = 1,2,...,
are satisfied simultaneously, and then local observers i and
j connected by edge r update the sampled relative state
information simultaneously. Moreover, if there exists commu-
nication after time instant T,’(’U, the updated conditions are
combined in the form of Condition (30). As the frequency
of update of the event-triggering condition increases, the
compound event-triggering conditions can be approximated to
the continuous-time event-triggering condition (4).

With the compound event-triggering condition (30), the
following property holds for all edges.

Lemma I: If ||z,(t))]l # O, the condition ||z,(¢) — z, ()l <
Jollz- (1) || always holds for all event instants 7;, k =0, 1, . ..
under the compound event-triggering condition (30).

Proof: Condition (4) is true implies that Condition (5) is
true, which is equivalent to —(5) = —(4). This implies the
condition ||z,(t) — z-(f) | < /wllz-(1})|l always holds during
the CETM under Condition (5). Condition (4) is true also
implies that the condition F(K, v) is true, which is equivalent
to F(K,v) = —4), v = 1,2,... Then, we have that
\/f=1 —F(K,s) = —(4). With the De Morgan’s laws, we have
that

v v
ﬁ< NF, s)) =\/-FK.s)
s=1 s=1
which implies that under conditions A;_, F(K, s), the condi-
tion ||z,(t) — z-(t)Il < ﬂ||z,(t£)|| always holds. Therefore,
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under the compound event-triggering condition (30), ||z,(¢#) —
()| < Jllz (1) always holds for all event instants when
lzr @Il # 0. u

The proposed unified discrete-time framework is also appli-
cable to the stability analysis of the error system under the
SETM consisting of PETM (3) and compound ETM (30).
Using Lemma 1, we have the result that the distributed
observer (2) with the SETM consisting (3) and (30) is stable,
and achieves an asymptotic state estimation for the LTI system.
The proof is similar to Theorem 1 and is omitted here.

It should be noted that if the value of ||z,(#)]| is close to
zero, both event-triggering conditions (5) and (30) are easily
satisfied, resulting in frequent switching between triggering
mechanisms. A feasible solution is that we first make a
judgement on the sampled relative state ||z,(Tf + n"h")|| at
the switching instant, rather than forcing a switch from PETM
to CETM at this instant. If ||z,(Tx 4+ n"h")|| < §,, where §,
indicates the threshold, we perform PETM again. Otherwise,
it switches to CETM.

IV. APPLICATION

In this section, we apply the distributed observer (2) to the
leader-following consensus control of MASs.

Consider a jointly observable MAS with the dynamics the
of the leader given in (1) and the dynamics of the followers
given as fellows:

Xi@®) =Aixi(®) +Bu;(t), i=1,...,n

Vi) = Cy xi(0) €19

where x;(r) € R" and y,,(r) € RP, p=Y"7_, p;, are the state
vector and the output vector, u;(f) € R™ is the control input.
The communication topology among agents is represented by
an directed graph G = (.A7, 5). N = {0,1,2,...,n}is a node
set, where node O represents the leader system and other nodes
represent the follower systems. &€ € N x A is an edge set
representing the communication links of the MAS.

Only the local output y;(#) of the leader is available to the
follower i. The control objective is to design a distributed
control strategy for each follower such that the outputs of all
followers satisfy lim; o0 [yy, () —yo®Il = 0,i =1,...,n,
under any initial conditions.

The following assumptions are given.

Assumption 2 ([44, Assumption 3]): The solutions Y;, Q; of
the following linear equations:

AiYi+ BiQ; = YA
CXiYi = H, H = COl{Hi}l'-lzl

exist for each follower.

Assumption 3: The pairs (A;, B;), i = 1, ..., n are control-
lable.

With the distributed observer (2), the control strategy is

designed as follows:
ui(1) = Kiixi(#) + KaiXi(1) (32)

where K7; is the gain matrix such that A; + B;Kj; is Hurwitz,
and K7; = Q; — K1;Y;. Then we have the following result.
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Fig. 4. Communication topology among local observers.

Theorem 2: Consider the MAS (1) and (31) with the com-
munication topology G, and the distributed observer (2) with
the communication topology G. Suppose that Assumptions 1-3
are satisfied, the controller (32) solve the leader-following
consensus problem for any initial conditions x;(0) € R™.

Proof: Denote ey, (t) = x;(t) — Yix(?). Then, we have that

ey (1) = Aixi(t) + Bi(K1;xi(t) + K2i%;(1))

— YAx(1). (33)

By K> = Q; — Kj;Y; and Assumption 3, we get that

ey () = Aixi(t) + BiK1;xi(t) + B;QiXi (1)
— BiK1;Yixi(t) — A;Yix(t) — B;Q;x(¢)
= (A; + BiK1j)ey, (1) — BiKy;(xi(1) — Yixi(1))
+ BiK1i(xi(t) — Yi%i(1)) + BiQjei(t)

= (A; + BiK1i)ey, (1) — (BiK1;Y; — B;iQpei(r). (34)

Note that A; + B;Kj; is Hurwitz, and lim;_,  |le;(#)|| = O by

Theorem 1. Then, we obtain that lim;_,  |ley;(H)]| = 0. By
C,.Yi = H, we have that y,, (1) — yo(t) = Cyey, (). Thus,
limy o0 [y, () —yo@®| =0fori=1,...,n |

V. SIMULATION

Consider a distributed observer composed of four local
observers, where the communication topology is given by an
undirected and connected graph in Fig. 4.

The incidence matrix of the communication topology is

-1 0 0 1
given by D = (1) _11 91 8 . The parameter matrices of
o 0 1 -1
-08 0 2 O
: _ 0 001 0 —1
the target system (1) are given as A = o o0 o -1l
0 0 1 0
H = Hy =[02050], H = [} ' 3] and Hy =
[05 0 0 2]. The threshold is chosen as w = 0.6. The

coupling gain is computed as y = 4.2. The initial state of the
target system is given as x(0) =[1 0 —2 —1]" and the initial
state for each local observer is taken as zero. The observer
gain matrices L;, M;, i € N are obtained by solving the LMI

in inequality (9).
—0.0086 —0.0017
0 0 . _
00251 —0.0079 |» M2 —|:
—0.0079  0.0241

0.2201  0.0013  —0.3678
—0.0014 —0.1071

0.0281 0
_ 0 1
My = | _0086 0
| —0.0017 0

[ 0.7500
Mz = 0.2201

[=lelelwe)
[=lelel]

[=lelele]
S

oo —

0.0883
- 0.0013  —0.0014 0.0223  0.0017
0.2001

L —0.3678 —0.1071 0.0017
0.0338 0 0.0066 0.0277
0 1 0 0 :|

0.0066 0 0.0316 0.0046
L 0.0277 0 0.0046 0.0427
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Fig. 5. States estimation of the target system under Conditions (3) and (5).
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Fig. 6. States estimation of the target system under Conditions (3) and (30).

—0.3239 0 0.1792  0.1436 0.5478
0 0.6885 —0.3956 —1.0720 O
1.3520 0.0300 0.4432 1.3547 0.6506
—0.6761 —0.9273 0.1210 —0.3563 0.4822

The parameters are chosen as ap = 0.8, 4" are chosen as
0.0255s, 0.03s, 0.025s and 0.03s. &£ = 0.052s, 7! = 0.01s,
2 = 0.015s, T° = 0.027s, t* = 0.01s. [»] o) 0]] =
[02 02 o6], [07 03 93] = [»} »3 »3] = [o1 01 08],
[of o3 9] = [01 02 07]. [ & &1 =[05 02 03] for
1,2,3,4. In our paper, let TI’(’UH = TI’CU + 0.14" for
v =1, 2, ... The state estimation results of the local observers
under conditions (5) and (30) are given in Figs. 5 and 6. Each
local observer can asymptotically estimate the actual states of
the target system under multichannel time-varying delays.

Fig. 7 shows the number of events of all four edges under
CETM (4), (5), and the compound conditions (30). Fig. 8
shows the trajectories of ||z,(#)||, r = 1, ..., 4, under different
SETMs. As observed from the system state trajectories, the
values of ||X;(1) —x;(t;)l, i € N, may increase in time periods
(T +n"h", Ty, 1) since X;(1},) cannot be updated during these

r =

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:59:19 UTC from |IEEE Xplore. Restrictions apply.



4450

—&— Conditions (3) and (4) —+— Conditions (3) and (5)
5 T T T T

Conditions (3) and (30)
T T

W
OQ’— PRIV NEPSN A o —b o o y
2 4 6 8 10 12 14 16 18 20
50 T T T T T T T T T

Event number
L o
R
o @
n

Event number

o e
2 4 6 8 10 12 14 16 18 20
50— T T T T T T T T
W
0 — - A A B A S b o o y el
2 4 6 8 10 12 14 16 18 20
50— T T T T T T T T
Edge 4 —
0 ot 6l DOt S |
2 4 6 8 10 12 14 16 18 20
time

Fig. 7. Number of events of all four edges every 1 unit of time under different
switching event-triggering conditions.
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‘ ‘ ‘ ‘ Conditions (3) and kﬁ) with
1 m the switching condition
0
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20
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‘= 0 5 10 15 20 25 30 35 40
S : : : ‘ :
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l M |
0
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time
Fig. 8. Trajectories of ||z-(¢)|| under different SETMs.

time periods. Consequently, although the SEMT consisting of
PETM (3) and CETM (5) avoids continuous monitoring of
relative states information z,(f), it generates a larger number
of events compared to the SEMT consisting of (3) and (4). As
a solution, the introduction of compound conditions (30) sig-
nificantly reduces the frequency of event occurrence without
degrading estimation performance of the distributed observer.
Additionally, as the update frequency of the event-triggering
conditions in the compound condition (30) increases, the
simulation results of data transmission approximate to that
under the coninuous-time event-triggering condition (4).
Additionally, Fig. 9 shows the number of events of all edges
under Conditions (3) and (5), respectively. As the value of
lz-(®)|| asymptotically converges to zero, the SETM behaves
approximately the same as the PETM due to the frequent
switching between mechanisms. From Fig. 9, it can be seen
that the introduction of the switching condition significantly
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—o— With the switching condition —+— Without the switching condition
T T T T

50

T
Edge 1

5 10 15 20 25 30 35 40
time

Fig. 9. Number of events of all four edges every 1 unit of time under
Conditions (3) and (5).

reduces the switching frequency between mechanisms as well
as the frequency of event occurrence.

VI. CONCLUSION

In this article, a class of edge-based SETMs were proposed
for the design of distributed observers, which guarantee the
estimation performance while reducing the communication
frequency among local observers. The impact of minimum
event intervals, time delays and the coupling gain on the
performance of distributed observers was explored. A discrete-
time unified analysis framework was presented for the stability
analysis of the estimation error system under the proposed
SETM, which can be applied to the stability analysis of a
class of MASs with time-varying delays and asynchronous
data sampling.

REFERENCES

[1] P. Duan, J. Qian, Q. Wang, Z. Duan, and L. Shi, “Distributed state
estimation for continuous-time linear systems with correlated measure-
ment noise,” IEEE Trans. Autom. Control, vol. 67, no. 9, pp. 4614-4628,
Sep. 2022.

[2] G. Lyu and X. He, “Distributed secure state estimation and attack
detection for dynamical systems with attacks on a time-varying
sensor set,” IEEE Trans. Cybern., early access, Apr. 22, 2025,
doi: 10.1109/TCYB.2025.3557269.

[3] L. Wang and S. Chen, “Fully distributed observer-based leader-following
consensus of linear multiagent systems by adaptive dynamic event-
triggered schemes,” IEEE Trans. Cybern., vol. 55, no. 1, pp. 332-342,
Jan. 2025.

[4] R. Gao and G.-H. Yang, “Distributed state estimation for linear systems
in networks with antagonistic interactions,” IEEE Trans. Cybern.,
vol. 54, no. 12, pp. 7354-7367, Dec. 2024.

[5] C. Kwon and I. Hwang, “Sensing-based distributed state estimation for
cooperative multiagent systems,” IEEE Trans. Autom. Control, vol. 64,
no. 6, pp. 2368-2382, Jun. 2019.

[6] J. Wang and T. Li, “Distributed multi-area state estimation for power
systems with switching communication graphs,” IEEE Trans. Smart
Grid, vol. 12, no. 1, pp. 787-797, Jan. 2021.

[71 S. Weng, P. Weng, B. Chen, S. Liu, and L. Yu, “Distributed secure
estimation against unknown FDI attacks and load deviation in multi-
area power systems,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 69,
no. 6, pp. 3007-3011, Jun. 2022.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:59:19 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCYB.2025.3557269

LI et al.: DISTRIBUTED OBSERVERS FOR LTI SYSTEMS WITH TIME-VARYING DELAYS

[8]
[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27

(28]

[29]

[30]

I. Matei and J. S. Baras, “Consensus-based linear distributed filter-
ing,” Automatica, vol. 48, no. 8, pp. 1776-1782, 2012.

B. Lian, F. L. Lewis, G. A. Hewer, K. Estabridis, and T. Chai,
“Robustness analysis of distributed Kalman filter for estimation in sensor
networks,” IEEE Trans. Cybern., vol. 52, no. 11, pp. 12479-12490,
Nov. 2022.

V. Vahidpour, A. Rastegarnia, A. Khalili, and S. Sanei, “Partial dif-
fusion Kalman filtering for distributed state estimation in multiagent
networks,” IEEE Trans. Neural Netw. Learn. Syst., vol. 30, no. 12,
pp. 3839-3846, Dec. 2019.

X. He, C. Hu, Y. Hong, L. Shi, and H. Fang, “Distributed Kalman filters
with state equality constraints: Time-based and event-triggered com-
munications,” IEEE Trans. Autom. Control, vol. 65, no. 1, pp. 28-43,
Jan. 2020.

A. Mitra and S. Sundaram, “Byzantine-resilient distributed observers for
LTI systems,” Automatica, vol. 108, Oct. 2019, Art. no. 108487.

T. Kim, C. Lee, and H. Shim, “Completely decentralized design of
distributed observer for linear systems,” IEEE Trans. Autom. Control,
vol. 65, no. 11, pp. 4664-4678, Nov. 2020.

L. Wang and A. S. Morse, “A distributed observer for a time-
invariant linear system,” IEEE Trans. Autom. Control, vol. 63, no. 7,
pp. 2123-2130, Jul. 2018.

D. Zhou, W.-H. Chen, and X. Lu, “Leader-following consensus of linear
multiagent systems with aperiodically sampled outputs: A distributed
impulsive-observer-based approach,” IEEE Trans. Cybern., vol. 55,
no. 1, pp. 161-171, Jan. 2025.

Y. Lv, J. Fu, G. Wen, T. Huang, and X. Yu, “Distributed adaptive
observer-based control for output consensus of heterogeneous MASs
with input saturation constraint,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 67, no. 3, pp. 995-1007, Mar. 2020.

H. Zhang, Y. Zhou, Y. Liu, and J. Sun, “Cooperative bipartite
containment control for multiagent systems based on adaptive dis-
tributed observer,” IEEE Trans. Cybern., vol. 52, no. 6, pp. 5432-5440,
Jun. 2022.

C. Bi, X. Xu, L. Liu, and G. Feng, “Consensus of multi-agent
systems under unbounded communication delays via adaptive distributed
observers,” IEEE Trans. Control Netw. Syst., early access, Jan. 7, 2025,
doi: 10.1109/TCNS.2025.3526704.

T. Kim, H. Shim, and D. D. Cho, “Distributed Luenberger observer
design,” in Proc. IEEE 55th Conf. Decision Control (CDC), 2016,
pp. 6928-6933.

W. Han, H. L. Trentelman, Z. Wang, and Y. Shen, “A simple approach
to distributed observer design for linear systems,” IEEE Trans. Autom.
Control, vol. 64, no. 1, pp. 329-336, Jan. 2019.

S. Park and N. C. Martins, “Design of distributed LTI observers for state
omniscience,” IEEE Trans. Autom. Control, vol. 62, no. 2, pp. 561-576,
Feb. 2017.

X. Ge, Q. Han, X. Zhang, L. Ding, and F. Yang, “Distributed event-
triggered estimation over sensor networks: A survey,” IEEE Trans.
Cybern., vol. 50, no. 3, pp. 1306-1320, Mar. 2020.

X. Wang, G. Jiang, H. Su, and Z. Zeng, “Consensus-based distributed
reduced-order observer design for LTI systems,” IEEE Trans. Cybern.,
vol. 52, no. 7, pp. 6331-6341, Jul. 2022.

G. Guo, L. Ding, and Q. Han, “A distributed event-triggered trans-
mission strategy for sampled-data consensus of multi-agent systems,”
Automatica, vol. 50, no. 5, pp. 1489-1496, 2014.

B. Wei, F. Xiao, and M. Dai, “Edge event-triggered control for multi-
agent systems under directed communication topologies,” Int. J. Control,
vol. 91, no. 4, pp. 887-896, 2018.

F. Xiao, Y. Shi, and T. Chen, “Robust stability of networked linear
control systems with asynchronous continuous- and discrete-time event-
triggering schemes,” IEEE Trans. Autom. Control, vol. 66, no. 2,
pp. 932-939, Feb. 2021.

B. Cheng, Y. Lv, Z. Li, and Z. Duan, “Discrete communication and
control updating in adaptive dynamic event-triggered consensus,” I[EEE
Trans. Autom. Control, vol. 69, no. 1, pp. 347-354, Jan. 2024.

X. Meng, L. Xie, and Y. C. Soh, “Event-triggered output regulation
of heterogeneous multiagent networks,” IEEE Trans. Autom. Control,
vol. 63, no. 12, pp. 4429-4434, Dec. 2018.

Y. Qian, L. Liu, and G. Feng, “Cooperative output regulation of linear
multiagent systems: An event-triggered adaptive distributed observer
approach,” IEEE Trans. Autom. Control, vol. 66, no. 2, pp. 833-840,
Feb. 2021.

W. Xu, W. He, D. W. Ho, and J. Kurths, “Fully distributed
observer-based consensus protocol: Adaptive dynamic event-triggered
schemes,” Automatica, vol. 139, May 2022, Art. no. 110188.

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

4451

Y. Sun and G. Yang, “Event-triggered distributed state estimation for
multiagent systems under DoS attacks,” IEEE Trans. Cybern., vol. 52,
no. 7, pp. 6901-6910, Jul. 2022.

R. Zhang and J. Huang, “Fully event-triggered practical leader—
following consensus of multiple euler-lagrange systems over switching
networks,” IEEE Trans. Cybern., vol. 54, no. 12, pp. 7566-7575,
Dec. 2024.

H. Jin, Z. Zuo, Y. Wang, L. Cui, and Z. Gao, “Event-triggered interval
observer fault detection and isolation for multiagent systems,” IEEE
Trans. Cybern., vol. 54, no. 7, pp. 4063—4073, Jul. 2024.

S. Wang, Y. Pan, and M. Guay, “Distributed state estimation for linear
time-invariant systems with aperiodic sampled measurement,” [EEE
Trans. Control Netw. Syst., vol. 11, no. 4, pp. 1835-1844, Dec. 2024.
D. Zhou, “Dynamic event-triggered distributed observer for linear
systems,” ISA Trans., vol. 137, pp. 87-97, Jun. 2023.

M. Mazo and P. Tabuada, “Decentralized event-triggered control over
wireless sensor/actuator networks,” IEEE Trans. Autom. Control, vol. 56,
no. 10, pp. 2456-2461, Oct. 2011.

X. Wang, Z. Yin, Y. Lei, T. Huang, and J. Kurths, “Secure consensus for
switched multiagent systems under DoS attacks: Hybrid event-triggered
and impulsive control approach,” IEEE Trans. Cybern., vol. 55, no. 5,
pp. 2400-2410, May 2025.

A. Selivanov and E. Fridman, “Event-triggered Hoo control: A switching
approach,” IEEE Trans. Autom. Control, vol. 61, no. 10, pp. 3221-3226,
Oct. 2016.

Z. Wu, Y. Wang, J. Xiong, and M. Xie, “Switching periodic event-
triggered Hoo control for NCSs and its application to UAVs,” [EEE
Trans. Veh. Technol., vol. 73, no. 4, pp. 5078-5088, Apr. 2024.

S. Luo, X. Xu, L. Liu, and G. Feng, “Leader-following consensus
of heterogeneous linear multiagent systems with communication time-
delays via adaptive distributed observers,” IEEE Trans. Cybern., vol. 52,
no. 12, pp. 13336-13349, Dec. 2022.

H. Silm, R. Ushirobira, D. Efimov, E. Fridman, J. P. Richard, and
W. Michiels, “Distributed observers with time-varying delays,” IEEE
Trans. Autom. Control, vol. 66, no. 11, pp. 5354-5361, Nov. 2021.

H. Silm, R. Ushirobira, D. Efimov, J.-P. Richard, and W. Michiels, “A
note on distributed finite-time observers,” IEEE Trans. Autom. Control,
vol. 64, no. 2, pp. 759-766, Feb. 2019.

F. Xiao, Y. Shi, and W. Ren, “Robustness analysis of asynchronous
sampled-data multiagent networks with time-varying delays,” IEEE
Trans. Autom. Control, vol. 63, no. 7, pp. 2145-2152, Jul. 2018.

T. Liu, S. Wang, and J. Huang, “An adaptive distributed observer for a
class of uncertain linear leader systems over jointly connected switching
networks and its application,” IEEE Trans. Autom. Control, vol. 69,
no. 11, pp. 7340-7355, Nov. 2024.

Shuqi Li received the B.S. degree in automation
from the North China Elecitric Power University
Science and Technology College, Baoding, China,
in 2018, the M.S. degree in control science and
engineering from the Northeast Electric Power
University, Jilin, China, in 2021. She is cur-
rently pursuing the Ph.D. degree in control science
and engineering with the School of Control and
Computer Engineering, North China Electric Power
University, Beijing, China.

Her current research interests include distributed

state estimation of linear systems and event-triggered control.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:59:19 UTC from |IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCNS.2025.3526704

4452

Feng Xiao (Senior Member, IEEE) received the
B.Sc. and M.Sc. degrees in mathematics from Inner
Mongolia University, Hohhot, China, in 2001 and
2004, respectively, and the Ph.D. degree in systems
and control from Peking University, Beijing, China,
in 2008.

In 2008, he joined the School of Automation,
Beijing Institute of Technology, Beijing, China,
as a Faculty Member. From June 2010 to May
2013, he worked as a Postdoctoral Fellow with the
Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB, Canada. From January 2016 to January
2017, he served as a Visiting Professor with the Department of Mechanical
Engineering, University of Victoria, Victoria, BC, Canada. He was also a
Professor with the Harbin Institute of Technology, Harbin, China, and is
currently a Professor with the School of Control and Computer Engineering,
North China Electric Power University, Beijing, China. His current research
interests include distributed control and optimization, networked systems, and
power systems.

Dr. Xiao was honored with the Izaak Walton Killam Postdoctoral
Fellowship and the Dorothy J. Killam Memorial Postdoctoral Fellow Prize at
the University of Alberta in 2010. He was awarded twice the State Natural
Science Awards (Second Prize) from China’s State Council in 2014 and
2017, respectively, and was awarded twice the Natural Science Awards (First
Prize) from the Ministry of Education, China, 2014 and 2016, respectively.
Furthermore, he was a recipient of the Program for New Century Excellent
Talents in University, China, and the Excellent Young Scientists Fund of
NSFC, China. He is a Member of the IFAC Technical Committee on Discrete
Event and Hybrid Systems.

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 55, NO. 9, SEPTEMBER 2025

Aiping Wang received the Ph.D. degree in applied
mathematics from Inner Mongolia University,
Hohhot, China, in 2006.

From 2006 to 2012, she was an Associate
Professor with the Mathematics Department, Tianjin
University of Science and Technology, Tianjin,
China. From 2013 to 2018, she was an Associate
Professor with the Mathematics Department, Harbin
Institute of Technology, Harbin, China. She is cur-
rently a Professor with the School of Mathematics
and Physics, North China Electric Power University,
Beijing, China. Her research interests include ordinary differential equations
and dynamical systems.

Yuanshi Zheng (Senior Member, IEEE) was born
in Jiangshan, China. He received the B.S. and
M.S. degrees in applied mathematics from Ningxia
University, Yinchuan, China, in 2006 and 2009,
respectively, and the Ph.D. degree in control sci-
ence and engineering from Xidian University, Xi’an,
China, in 2012.

He is currently a Professor with Xidian University.
His research interests include coordination of
multiagent systems, game theory, and collective
intelligence.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on January 07,2026 at 01:59:19 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


