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Edge-Event-Triggered Sliding Mode Consensus
Control of Heterogeneous Multi-Agent System with
Unknown Disturbance

Shuangsi Xue, Huan Li, Junkai Tan, Zihang Guo, and Hui Cao

Abstract—This paper proposes a novel edge-event-triggered
sliding mode control strategy to achieve consensus of
heterogeneous multi-agent systems (MASs) consisting of the first-
order and second-order agents under the influence of unknown
disturbances. The edge-event-triggered mechanism (EETM) is
uniquely defined and differs from traditional node-based
approaches by focusing on individual edges rather than nodes,
resulting in more efficient communication. The edge-event-
triggered mechanism utilizes the relative positions between an
agent and its neighbors, independent of global coordinates. The
designed controller has two components. First, the sliding mode
control strategy enables heterogeneous MASs to reach and
maintain their states on the sliding mode surface despite unknown
disturbances. Subsequently, the equivalent control strategy,
combined with the edge-event-triggered mechanism, guarantees
the consensus of heterogeneous MASs while avoiding Zeno
behavior. Triggering functions are developed for agents that form
the same edge, allowing asynchronous mechanisms triggered by
events of the edge. By employing the Lyapunov stability theory,
sufficient conditions for the proposed control strategy are given.
Simulation results demonstrate the effectiveness of the theoretical
results, showing significant communication reduction compared
to traditional event-triggered approaches.

Index Terms—Heterogeneous multi-agent  system, consensus
control, sliding mode, edge-event-triggered control, disturbance

1. INTRODUCTION

HE control of multi-agent systems (MASs) has
garnered significant interest in various fields,
including robotics, sensor networks, and smart grids,
due to their potential for coordinated tasks. Consensus control,
which aims to synchronize the states of multiple agents to a
common value through distributed algorithms, has been
extensively investigated [1-6]. However, while considerable
progress has been made in homogeneous MASs, the control of
heterogeneous MASs presents unique challenges due to the
diverse properties of individual agents.
Heterogeneous MASs more accurately represent real-world
scenarios where system components may have varying
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capabilities and complexities. Systems with different order
dynamics are particularly important in practical applications,
such as mixed ground and aerial vehicle coordination or
collaborative control of robots with different actuation
capabilities. Recent research has explored various aspects of
heterogeneous MASs control, including output formation
tracking [7], average tracking [8], and output consensus [9].
Much of this work focuses on the first-order heterogeneous
MASs with different state dimensions but the same output
dimension, where heterogeneity is manifested in state matrices
and dimensions. However, real scenarios often involve
heterogeneous MASs with mixed orders of dynamics. In Ref.
[10], the consensus of the second-order heterogeneous MASs
is studied. Nevertheless, there remains a significant need for
effective control protocols for heterogeneous MASs with
mixed first-order and second-order dynamics, especially in the
presence of external disturbances and communication
constraints.

Continuous information transmission among agents,
required by many classical control methods, can be
impractical or inefficient in real-world applications due to
limited communication resources [11-14]. Event-triggered
control (ETC) addresses this limitation by updating control
inputs only when necessary, based on specific triggering
conditions, rather than at fixed time intervals [15-20]. Various
ETC strategies have been proposed, ranging from centralized
to distributed approaches, including periodic ETC [16] and
combined communication/controller update triggers [20].
However, many conventional methods employ neighbor-based
transmission, requiring each triggered agent to communicate
with all its neighbors, which can be inefficient in dense or
large-scale networks due to redundant information exchange.

Reducing communication is crucial for energy saving,
bandwidth conservation, and network scalability. It is also
advantageous to design control laws that require no global
information, meaning that the control strategy should be fully
distributed. While secure ETC protocols have been designed
[21], some may still require global information like Laplacian
eigenvalues, hindering fully distributed implementation.
Therefore, significant research effort has focused on fully
distributed control protocols, indicating that each agent makes
decisions based solely on local information without requiring
centralized coordination [22, 23]. Although these approaches
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achieve distributed implementation, many still rely on
neighbor-based information transmission at trigger instants.

To address these limitations, edge-event-triggered control
(EETC) has been introduced, where triggering is based on the
state of individual communication edges rather than nodes
[24-30]. This approach allows agents to selectively
communicate with specific neighbors only when needed,
leading to more efficient, fully distributed control protocols
that operate independently of global network topology
information. EETC has been applied to leader-following
consensus [24], output tracking [28], and average consensus
[29].

Sliding mode control (SMC) has emerged as a popular
control technique for MASs owing to its inherent robustness
against uncertainties and external disturbances [31-34]. SMC
enhances system performance by forcing the system trajectory
onto a predefined sliding surface where the system becomes
insensitive to matched disturbances and parameter variations
[35-37]. Despite advances in applying SMC to MAS:s,
including event-based SMC [35, 37] and decentralized SMC
for heterogeneous MASs [36], the integration of SMC with
edge-event-triggered mechanism (EETM) for heterogeneous
systems remains relatively unexplored, particularly in
addressing the trade-off between communication efficiency
and disturbance rejection. Given the potential of SMC to
enhance robustness, this paper utilizes integral SMC to tackle
unknown disturbances in heterogeneous MASs under an
EETC framework.

The primary motivation for this work stems from the
practical need for robust consensus control in heterogeneous
multi-agent systems characterized by agents with mixed first-
order and second-order dynamics, which are prevalent in real-
world applications like robotic team or vehicle coordination.
Existing control strategies often struggle with the combined
challenges of agent heterogeneity, unknown external
disturbances, and the need for communication efficiency in
resource-constrained networks. Traditional node-based event-
triggered methods can lead to unnecessary communication
overhead, while ensuring robustness against disturbances in
heterogeneous systems requires specialized control techniques
like SMC. This paper aims to bridge this gap by proposing a
novel edge-event-triggered sliding mode control (EET-SMC)
strategy.

This paper concentrates on heterogeneous MASs consisting
of the first-order and second-order agents subject to unknown
disturbances. To decrease resource consumption and
implement the control protocol in a fully distributed manner,
an edge-event-triggered mechanism is designed. Varying
agent dynamics make designing triggering conditions
challenging. Drawing inspiration from the above discussions,
we propose an EET-SMC consensus strategy. The primary
contributions of this paper are summarized as follows:

(1) A new edge-event-triggered mechanism is proposed,
specifically designed for heterogeneous MASs comprising the
first-order and second-order agents, enabling selective,
asynchronous communication between connected agents to

significantly conserve communication resources compared to
node-based approaches.

(2) The proposed control strategy, leveraging the EETM and
relative state information, is designed to be fully distributed,
requiring no global information about the network topology or
centralized coordination for its implementation.

(3) Integral sliding mode surfaces are designed for both
first-order and second-order agents and are incorporated into
the control protocol to ensure robustness against unknown
matched disturbances and achieve finite-time convergence to
the sliding manifold.

(4) The control law relies only on locally available relative
position and velocity information, enhancing practical
applicability in scenarios without global positioning. Rigorous
analysis confirms consensus achievement and Zeno-free
operation.

The rest of this paper is organized as follows. Some basic
preliminaries and the problem formulation are provided in
Section II. Section III proposes the edge-event-triggered
sliding mode control protocol. Section IV presents the main
theoretical results of the proposed control strategy. A
numerical simulation example validates the feasibility of the
proposed protocols in Section V. Finally, some conclusions
are provided in Section VI.

Notation R denotes the set of real numbers. |||
represents the Euclidean norm (2-norm) for vectors, while ||
denotes the absolute value for scalars. Q = diag{q,q2,...,qn}
represents the diagonal matrix with diagonal elements
q1:925---qn- D*(-) denotes the right-hand derivative of a
function.

II. PROBLEM FORMULATION AND PRELIMINARY

A. Graph Theory

The communication topology of N agents can be modeled
by an undirected graph G = (V,E,A). We use v; to denote
node i. The node set V = {v|,vy,...,vy} represents the agents
and the edge set EC VXV describes the interaction
relationship of the MAS. For any two different agents, if an
undirected path exists between them, the undirected graph
is connected. The adjacency matrix is denoted by
A =[a;;] e RMN If an edge (i, j) € E, then a;; > 0, otherwise
a;j =0. When the communication topology G is undirected,
a;j=aj, Yi,j€ V. Due to the requirement of no self-edges,
a;; =0. The neighbor set of the node v; is defined as
N; ={j€ V|(j,i) € E}. The in-degree of node i is represented

N

by d; =Zaij, and we denote the in-degree matrix as
j=1
D = diag{d;,ds,...,dy}.
Assumption 1  The undirected graph G =(V,E,A) is
connected.

B. System Description
Consider a heterogeneous multi-agent system consisting of

S second-order agents and N—S (N >§) first-order agents.
The dynamic is described by
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{Xi(f) =vi(1), M
vi(®) = gi(xi, vi, Dui () + fi(xi,vi, 1) +6i(0), i € Is

Xi(1) = gi(xi, Dui () + fi(xi, 1) +6i(1), i € In-s 2)
where s; is the time instant. I ={1,2,...,S} and

In_s ={S +1,5 +2,...,N} represent the sets of second-order
and first-order agents, respectively. x;(f), vi(¢), and u;(f) e R
are the position state, the velocity state, and the control input
of agent i. fi(x;,v;,t) and fi(x;,t) € R are the known nonlinear
dynamics of agent i. The functions g;(x;,v;,f) and g;(x;,7) € R
represent control input gains that modulate the control effect.
They are assumed to be non-zero with known signs (typically
positive) to ensure controllability of the system, allowing for
the existence of their inverse functions &;'(Xi,vi.?) and
g7 (xi,1). 5:(f) € R is the unknown disturbance affecting agent
i.

Definition 1 The heterogeneous multi-agent system in
Egs. (1) and (2) is considered to achieve consensus if its
position and velocity states satisfy the following conditions

Im xi(6) —x; (01 =0, i, j € Iy
tlglolo|vi(l)| =0,i€ly-s; 3)
lim (0] =0, i€ Is

Assumption 2 The unknown disturbance §;(f) affecting
each agent i is bounded. Furthermore, it is assumed that an
upper bound & exists such that |6;(f)| <6 for all i€ Iy and
t >0, and this bound 0 > 0 is known or can be conservatively
estimated for the purpose of control design (specifically for
choosing parameter o in Eq. (11)).

Definition 2 Zeno behavior refers to the phenomenon
where an infinite number of events occur within a finite time
interval. In the context of event-triggered control, it describes
a situation where the triggering condition is met infinitely
often in a finite time period, making the implementation of the
control strategy impractical.

Lemma 1 [38] Considering a system modeled by
x=F(x) with F(0)=0, x(0) = xo, and x e RV, assume that
there exists a positive definite function V(x) defined in the
vicinity of the origin. The system is finite-time stable if V(x)
satisfies that

V(x)+BVY(x) <0 @
where 8> 0 and 0 <y < 1. The upper limit of the setting time
T complies with

V(xo)'
< Yao) 7 5)
B=v)

Lemma 2 [39] For x;€R,i=1,2,..,n,and0<r<1,

then
(Zm) <l ©6)
i=1 i=1

III. DESIGN OF EDGE-EVENT-TRIGGERED SLIDING MODE
CONTROL

This section presents the design of our novel edge-event-

triggered sliding mode control strategy for heterogeneous
multi-agent systems. We first introduce the control protocol,
then design the integral sliding mode surfaces, and finally
propose the edge-event-triggered mechanism.

A. Control Protocol Design

To enable control based on relative information rather than
absolute positions, we define &;;(f) = x;(t) —x;(t), i, j € Iy as
the relative position state difference between agents v; and v;.

El-j(tfj) represents the sampling value of &;;(¢) at time t;;j .
& j(t,i{j ) is sampled by agent v; and it is only available to v;.
The sampling value of vi(r) (for i€ lg) at f;] is denoted as
vi(t)). By using a zero-order holder (ZOH), the discrete

signals fij(f;f) and Vi(l,lcj) are converted to continuous signals
& () and ¥;;(¢), which are defined as

& =&, reld! 1)) @

bij(n) = vir)), te (.0l ®)

Our control protocol is designed with a two-component

structure to address both the consensus objective and the

disturbance rejection challenge. The control input u;(f) can be
presented as

i) = g7 (xi,vi, D () + ul(1), i € Is
ui(t) = g7 ' (e WSO + (1), i € Iy_s

)

where u?q(t) is the equivalent edge-event-triggered consensus
control function and u](7) is the sliding mode control function,
which are given as

530 == Y a0+ Tt 0)-

JEN;
filxi,vi,t), i€ I (10)
w0 == ) a4 0) - i, i€ Iy
JEN;
ul (1) = —wlsii*sgn(s;) — osgn(s,), i € Iy (11)

where s; is the integral sliding-mode surface, u, @, 4, and
o >0 are designed parameters, and sgn(x) is the sign
function, which is commonly described by (for scalar x € R)

1, x>0;
sgn(x) =40, x=0; (12)

-1, x<0

The rationale behind this control design is twofold. (1) The
equivalent control u?q(t) drives the system towards a
consensus based on the relative positions and velocities of
neighboring agents. (2) The sliding mode control u}(7) ensures
robustness against unknown disturbance 9;(#).

It should be noted that the inclusion of the sign function in
the sliding mode control component may lead to chattering
phenomena. This can be alleviated by replacing the sign
function with continuous approximations such as the
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saturation function sat(s;/&) = min(1,max(—1,s;/g)) or the
hyperbolic tangent function tanh(s;/g), where € > 0 is a small
constant that determines the boundary layer thickness around
the sliding surface.

B. Integral Sliding Mode Surface Design

The sampling errors of relative position and velocity are
denoted as

&ij(1) = &) — &;(D) (13)

n:j(1) = V() = vi(?) (14)

We design integral sliding mode surfaces, which offer

several advantages over conventional sliding surfaces,

including enhanced robustness against disturbances and
reduced steady-state errors. These surfaces are described by

s5i(®) = vi(t) = vi(0)+

r o1 . (15)
fo Zaij(fij(tH Z#Vij(t)) dr,ielg
JEN; !
i) = x50 -5+ [0 aidijodr, ielys  (16)

JEN;
Once the system states reach these sliding surfaces
(si(t) =0), they become insensitive to matched disturbance
0(t), eliminating their influence on the system dynamics.

C. Edge-Event-Triggered Mechanism Design

The edge-event-triggered mechanism represents a practical
application scenario where communication resources are
limited, and agents need to selectively communicate with
specific neighbors only when necessary. This is particularly
relevant in applications such as large-scale sensor networks,
drone swarms, or mobile robot teams operating with battery
constraints. N

The triggering time instant l;(] is determined by the edge-
event-triggered mechanism
t) | =inf(t> /|0 > 0, i, j € Iy (17)
where h;j(t) represents the triggering function, which is
designed as

hij(0) = ke (1) +§§in,~2j(t) - (dﬁ - %)v?m, iely (18

2
hij(1) = vyei (1) ‘(Z )¢%<t>, i€lys (19)

1
i
where « and y are positive constants to be specified and
{, 1> 1 are constants to adjust the triggering frequency. ¢;(¢)
is given as

N
¢i(H) = Z a;j&ij(1)

J=1

(20)

Note that while the parameters in the triggering functions
incorporate the in-degree d;, they are local network
parameters that each agent can compute based on its own
neighborhood information, without requiring global

knowledge of the network topology. The constants « and y
can be designed according to local information to satisfy the
conditions in Formula (29). The proposed control method is
detailed in Algorithm 1.

Algorithm 1 Edge-event-triggered sliding mode control for agent i

1: Initialization: Set initial state x;(0) (and v;(0) if i€ ls), control
parameters y, @, A, and o, triggering parameters «, y, £, and ¢, and last
trigger time 1/ =0 for all jeN;. Initialize £,(0) = x;(0)— x;(0) and
9;j(0) = v;(0) (ifiels).
2: Loop (at each control time 7):
3:  For each neighbor je N;:

Calculate current relative position &;;(r) = x;(1) — x;(1).

Calculate sampling error &;;(r) = & (1) = &ij(0).

4
5
6: Ifagent iels:
7 Calculate sampling error ;;(1) = ;;(t) — vi(t).
8

Check triggering condition:
9: hij() = LD+ G2 = (5 = 1)v2 ).

J
10: Else (agent i € Iy_g ):

11: Calculate ¢;(t) = 3 apéiu(t)-
keN;

12: Check triggering condition:

13: hij(n) = et (- (7 - 1) 2.

14: End If

15: Ifh,‘j(l)?OZ

16: Update sampled value: &;(t) « &;(0).

17: Ifagent i € Is: 9;;(1) < vi(r). End If

18: Record trigger time t;;/;rl =t. Send updated information if
necessary.

19: End If

20: End For

21:  Calculate integral sliding variable s;(r) using Eq. (15) or Eq.
(16).

22:  Calculate equivalent control u}%(¢) using Eq. (10).

23:  Calculate sliding mode control u{(¢) using Eq. (11).

24:  Calculate total control input ;(r) using Eq. (9).

25: Apply u;(r) to agent i.

26: End Loop

Remark 1  The triggering conditions are different
according to the types of agents. When £;;(f) > 0, agent i will
update é,»,- (and ¥;; if i € Iy ), and &;; (and 7;;) is reset to zero.
If ielg, the triggering condition A;; involves the position
error &;; and velocity error 7;; relative to its sampled state
Vi(t;f), enabling point-to-point communications triggered by
edge-specific state deviations. If i€ ly_s, due to the first-
order dynamics, the triggering condition £;; is independent of
velocity sampling error and depends on the local consensus
error ¢;(7).

Remark 2 The constant parameters { and ¢ in triggering
functions can adjust the triggering frequency. With larger «
and ¢, the triggering frequency for agents with the second-
order dynamics will increase. Similarly, larger y and ¢ will
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lead to the increase of triggering time of the first-order agents.
With the increase of triggering frequency, controller will
update sampling instances more frequently.

Remark 3 By analyzing the edge-event-triggered
consensus control function in Eq. (10), it is evident that the
relative positions, rather than the absolute positions, of the
heterogeneous MASs are utilized. This indicates that the
consensus control protocol designed here does not require the
absolute position of each agent. Every agent can possess its
own independent local coordinates to accomplish the
consensus control goal.

In Section IV, we will provide a rigorous theoretical
analysis of the proposed control strategy, demonstrating its
effectiveness in achieving consensus for heterogeneous MASs
under unknown disturbances.

IV. MAIN RESULT

Stability analysis of the consensus of heterogeneous MASs
under the SMC-based edge-event-triggered control protocol is
provided in this section. First, we need to demonstrate that
heterogeneous MASs can attain the sliding mode surfaces
within a finite time period.

Theorem 1 With Assumption 2 and the control protocol
in Egs. (9)—(11), the states of heterogeneous MASs in Egs. (1)
and (2) will reach the sliding mode surface in Egs. (15) and
(16) in a finite time when o > 6 and 0 < A < 1. The condition
o > ensures that the sliding mode control component has
sufficient control authority to overcome the worst-case
disturbance. Besides, the setting time T has an upper bound
given by

1-1/2
< M 1)
B -2/2)
where 8 = 22w,

Proof Consider the following positive-definite Lyapunov

function

1< 1<
Vi) = 5 Dist= 3 D sk (22)
i=1 i=1

Based on Egs. (15) and (16), the derivative of V(¢) is
described by

Vs(t) =

1 JEN;

N s
5i8i = Z si(vi(0) + Z aij(&;(O+
-1 i=1
. v (23)
TGO+ D s+ ) aikij(o)
! =S +1 JEN;

By combining Egs. (1), (2), (9), and (10), and substituting
Vi = gill; +ﬁ +0; and X = gil; +fi +9;, along with
ui = g7 (u;" +u) and the definition of u;" in Eq. (10), one has

N
V()= > sioi(t) +ui(®) =
i=1
N

D si6i()—wlsil'sgn(s) - osgn(s)

i=1

24

With the condition s;sgn(s;) = |s;|, |6;(£)] <6, and Lemma 2,
we acquire

N N
V(@) < Y Usillsio)l - wlsi ! = olsi) < Y Isil(G - )=
i=1 i=1

N N N

D alsit < - ) Isit < —W(Z lsif?

i=1 i=1 i=1

~@ V)R = VIRV = ~w(2v) Y =
/2

-V

+1)/2
) <

(25)

where B=2"2>w is a positive constant. Formula (25) is
rewritten as

Vi +BVI* <0 (26)

By Lemma 1, since 0 <A< 1 implies 0 < 4/2 < 1, we can
conclude that V(f) meets the requirements of finite time
stability. Thus, s;(f) = 0 in a finite time for all i € Iyy. The
upper limit for the setting time can be calculated using
Formula (5). [ ]

Remark 4  Theorem 1 suggests that s;,=0 (and
consequently §; =0 can be achieved on the surface) will be
attained within a finite time. When heterogeneous MASs
reach the sliding mode designed in Eqs. (15) and (16), the
disturbances are suppressed by the sliding mode control.

Remark 5 The SMC function uj(#) contains the sign
function of s; as well as the power term of s;. The item @]s;|*
varies according to the value of s;. As |[s;| increases, the
strength of the control signal wui(s) will also increase,
accelerating the convergence speed of s;. When s; approaches
zero, this item is almost zero, contributing less to chattering.
Additionally, the item osgn(s;) guarantees the convergence of
s; for small s; values and counteracts the disturbance.
Moreover, to alleviate the chattering phenomenon that can
occur with the sign function, smooth approximations such as
tanh(s;/e) can be employed, where & is a small positive
constant. This replacement creates a boundary layer around
the sliding surface, within which the control varies
continuously rather than discontinuously, significantly
reducing chattering at the cost of a small tracking error.

Remark 6 As required by Assumption 2 and Theorem 1,
the selection of the SMC gain o requires knowledge of the
disturbance upper bound 6 (o > ). In practical applications,
estimating & can be challenging. Several approaches can be
used. (1) Based on the physical modeling of the system,
analyze possible disturbance sources (friction, wind, etc.) and
conservatively estimate their maximum magnitudes. (2) Use
adaptive techniques where o is not fixed but adjusted online
based on state information or estimation of disturbances [31].
(3) Implement a disturbance observer to estimate the actual
disturbance 6;(¢) and adapt o or use the estimate in the control
law [6].

Once Egs. (1) and (2) attain the sliding mode surface in Egs.
(15) and (16) within a finite duration, considering g,(s) =0,
the equivalent dynamics under the equivalent control part can
be reformulated as
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xi(1) = vi(0)
. 1
vi(t) = _jeZN- aij (fij(t) + d—i,uf/ij(l)), i€l @7
Xi() = - Z a;jéij(t), i € Iy_s (28)

JEN;

By analyzing Eqgs. (27) and (28), it is obvious that the
influence of matched disturbance 6;(¢) has been eliminated by
the sliding mode control component u(7). Then, we will
prove the validity of the proposed edge-event-triggered
mechanism for heterogeneous MASs consensus using the
Lyapunov stability theory.

Theorem 2 Assume that Assumption 1 is satisfied. With
the edge-event-triggered mechanism defined by Eq. (17) and
the triggering function in Eqgs. (18) and (19), the consensus
problem of heterogeneous MASs with the dynamics in Egs.
(27) and (28) can be solved if the positive parameters satisfy
the following conditions

1

5——>0,ielg;

7 =
Z_2s0/iel

d y i N-S

where « and y are positive constants. Note that these
parameters can be determined locally by each agent based on
its own in-degree d;, without requiring global network
information.

Proof The Lyapunov function is chosen to incorporate
both position consensus error and velocity terms, allowing us
to analyze the overall system stability. The positive-definite
Lyapunov function V is selected as

V() =5 ZZa,,<x,<r) x,<r>>2+2v ® (0
i=1 j=1
Differentiating V(z) yields
N N
V() =D > ) = x () Gil) = s, (0)+
i=1 j=1
N
22 viHwi() =
N
D ai ) = x )il - v )+
i=1 j=1
S N
D0 @y = xjO)win) - x(0)+ (31)

i
KN
~
M
5}
7
z

s
D i uit) = )0 ~ v D)+
Jj=1
N
Z a;j(x;i(t) — x () (i) — x () +

S+1

M= £

W
9
¥

5

Dt\%(/}

vi(1)vi(r)

1l
—

Due to the symmetry of the adjacency matrix A, Eq. (31)
can be transformed into

V() = 2Zv<r><v,<z>+2a,,<x,<r> xj(O)+

j=1

2 Z xi<r>2aij(xi<t>—x,~(t>>
i=5+1 =
In light of Egs. (13), (14), and (27) and the Young’s
inequality (xy < «xx?/2+y?/(2«) for any positive constant ),
we have

(32)

j=1
N
22 v,-<r>(
i=1 j=
N
Zaijfij(f)) =

2 Zvl(r)(v,(r) * Z aij(xi(t) = (1)) =
Zatj(fu(t) + /«‘WJ(O)"‘
=1

~.

S N
23> apviE(n-&;0)- (33)

i=1 j=1

DHw

i=1 j= !

vi(£)(17i(0) +vi(1) <

N
S _N
Z Z az,(KS,,(t) + n,,(t)—

i=1 j=1

| )
(d_, K)Vl-(l))

For the second term in Eq. (32), combining Egs. (13) and
(28) and the Young’s inequality, we can obtain

2 Z x,(r)Zal,(x,m xj(1) =

i=S+1
N N
-2 Z (Za,,f,,(o)(Zaikfik(t)) =
i=S+1" j= k=1
-2 Z (Zaij(fij(t)+8ij(t)))¢i(t) =
i=S+1
N N N
—2 3 @ 0-2 > > aenein < (34)
i=S+1 i=S+1 j=1
-2 Z 70+ Z Zal,(ys”(m ol ¢,(r>>2)
i=S+1 i=S+1 j=1
N
-2 Z Za,, Zo0+ Z Za,,(ye,,<z>+ ¢ <r>)
i=S+1 j=1 i=S+1j=1

N N 2 1
> Zaij[ys?jm - (Z - ;)aﬁ?(t)]

i=5+1 j=1
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This results in the inequality

2 Z xAr)Zau(xl(r) xj(0) <
i=S+1 j=1
1
Y
N

Z Zau [78110) (
where ¢i(1) = Z a;j&;j(?) and vy is a positive constant.

i=S+1 j=
J=1

Substituting Formulas (33) and (35) into Eq. (32) yields

N
V() < Z D aij [Kgfj(z)+§ngj(t)_(§ -

i=1 j=1

N N 1
> Za [w,,(r) (——;)qﬁ?(t)]
+1 j= di

=S +1

In light of the edge-event-triggered mechanisms in Egs.

(17)~(19) (which ensuring the terms involving vl.2 and ¢l.2 are

upper bounded by the error terms at trigger instants), we can
further obtain

(35)

l)v%(t) +
K

(36)

V() <

S N
DN 1)(Ka 0+ = n,](t))

i=1 j=1

N N
DL D a-yen<0

i=5+1 j=1

(37

Utilizing the Lyapunov stability theory and Formula (37),
V(t) < 0. By the LaSalle’s invariance principle, the trajectories
converge to the largest invariant set where V(f) =0, which
implies &;;(#)=0 and 7;;(t)=0 (for i€ ls). This means
éij(t) =¢&;j(®) and 9;;(r) =vi(1). Substituting these into the
equivalent dynamics in Eqgs. (27) and (28) and analyzing the
resulting closed-loop system shows that }LI?O|Xi(f)—xj(l)| =0
for all i and j if the graph is connected (Assumption 1), and
lim [vi(0)] =0 for iels. The control objective in Eq. (3) is
satisfied. [ ]

Theorems 1 and 2 demonstrate that heterogeneous MASs in
Egs. (1) and (2) attain consensus with the control strategy in
Egs. (9)—(11). Then, we need to exclude the Zeno behavior.

Theorem 3  The utilization of edge-event-triggered
mechanisms and triggering functions eliminates the Zeno
behavior (as defined in Definition 2).

Proof We analyze the Zeno behaviqr of edge (i,j) by
showing that the inter-event time k e ;{j is lower bounded
by a positive constant. This is done in four cases according to
the different types of the agents making up the edges.

Case 1: When iels and jels, we let ¢;;(1) = Vkleij()l+

N |77u(l‘)| For te[t” 111) the right-hand derivative of

e; j(t) satisfies

D™ (e;j(1) < Vkl&ij(0)| + \/glf]ij(fﬂ =
Vil xi(r) — x(0)] + \/gl\"i(l)l =
Vilvi(t) = v (0] + \/gh'/i(f)l <

Vi)l + v () +

\/g | > aip@ipn+
PEN;

dﬁifz,-p(t)) +ul () +6; (1)l

(38)

According to Theorem 2, the states x;(r) and v;(¢) are
bounded. Since é,-j(t) and ¥;;(r) are sampled values from
bounded states, they are also bounded between events. The
sliding variable s;(f) is bounded (converging to zero), thus
u;(t) defined in Eq. (11) is bounded. The disturbance 6;(¢) is
bounded by Assumption 2. Therefore, D*(e;;(f)) is upper

.. 1
bounded by a positive constant T, f j).

D*(eyj(n) <)) (39)

Integratmg Formula (39) from tk to ¢ (l<tk+l) gives
e;j(1) —e;j(t; ) <T(1)(f—fj) Since el](t =0 (errors are reset
f'.,l-)(t kj). At the next
trigger time = t;ir!? the trigger condition in Eq. (18) must

at trigger time), we have e;;(f) <

hold, implying %ij(t;, ) = 0. This gives

Ks ( (40)

Ifu 1
ok n,,a,zan/z(gi——) S

Using the inequality (a +b)? > a® + b* for a,b > 0, we have

ij ij ~ ij
et ) = kel )+ d; "tj(’k+1) >

—.(—{i—;) (t;irl)_cij" (tk]+1)>()

1 1
where Cij=- E_")>o0 by condition in Formula (29).
i\d; «
4
Comblnmg e,,(thrl)\T(l)(thrl t,ij) and eij(tf{{rl)> Cij
|Vz(lk+1)| we get
i i eijltd) _ VCilvit,))) 4
k1~ 'k 7 (1) z (1) (42)
lj 1]

If vi(r) does not converge to zero instantaneously, the inter-
event time is lower bounded by a positive value. A more
rigorous argument shows that e;;(f) must grow to a positive
value to trigger the event, guaranteeing k 1 l” >0. The
triggering interval has a positive lower bound.

Case 2: When i€ Is and j € Iy_g, similar analysis applies.
D*(e;j(1)) involves x;(f) instead of v;(f). Since x;(r) is
bounded (depending on control u; and disturbance ¢;),
D*(e;j(1)) is bounded by some T ) > 0. The trigger condition
is in Eq. (18), leading to the same form of lower bound as
Formula (42).

Case 3: When i€ly_g and define

jels, we
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e,-j(t) = Wlsi‘j(t)l. Then D+(€l‘j(l‘)) < \/’)_/|8”(t)| = \/’ﬂf(,‘([)—
x| = \fylxi(®)—v;@®)|. Since % and v; are bounded,

D*(e;j(1)) is bounded by some 7 S) >0, The trigger condition
is in Eq. (19), hij(t,,) > 0, which means

21 .
(G-5)e
1

. 2 1 oA, .
Thereore, ¢f,)> 1 (7~ |16, 2 il >0

. 1
Yeitin) > - (43)

L

Combining with ei.,'(t;;{rl) < TS)(I;;];r 1= t,i{j ), we get

iy [CLg )
.. . e,'/'(t ) i N K+ 1
ijoo_ SN k+1 44
tha-t>—73—> 5 >0 (44)
Tij Tij

Case 4: When i€ ly_s and je Iy_g, similar analysis as
case 3 is applied. D*(e;;(t)) < yl%i(t) —%;(®)|, which is
bounded by some T Ej) > 0. The trigger condition and lower
bound have the same form as Formula (44).

By summarizing the proof in four cases, a positive lower
bound exists for the triggering interval of all types of edges.
Therefore, there is no Zeno behavior in the edge-event-
triggered mechanism protocol designed in this paper. [ ]

V. SIMULATION RESULT AND ANALYSIS

In this section, we present comprehensive numerical
simulations to validate the proposed edge-event-triggered
sliding mode consensus control strategy for heterogeneous
MASs. The simulations demonstrate the performance,
robustness, and communication efficiency of our approach for
a system consisting of both the first-order and second-order
agents under unknown disturbances.

A. Simulation Setup

The heterogencous MASs considered in the simulation
comprise ten agents (N = 10), with five second-order agents
(S =5, agents 1-5) and five first-order agents (N-S =5,
agents 6—10). The communication topology is shown in Fig. 1.
The initial position of the ten agents is set as
x(0) =[20,15,10,5,0,-5,-10,-15,-20,-25], and the initial
velocity of the second-order agents is v(0)=[4,-3,2,-1,
0]. For the baseline simulation, the unknown disturbance is
modeled as 6;(r) = 0.12sin(0.3r+i/3) for ie g ={1,2,...,5},
and 6;(r) =0.1sin(0.2¢+i/5) for i€ Iy_g =1{6,7,...,10}. This
implies a disturbance bound 6 = 0.12.

@0 06006
CROROROSD

Figure 1 Communication topology of the heterogeneous MASs with 10

First-order agent

Second-order agent

agents.

The controller parameters are set as u=3, @w =2, 1=0.8,
and o = 0.8. The edge-event-triggered mechanism parameters
are chosen as k=16, y=15, (=1, and ¢ = 1. These values

satisfy the conditions in Formula (29) (e.g., for d;=3,
uldi—1/k=3/3-1/16>0, and 2/d;—1/y=2/3-1/15>0)
and o >0, ensuring theoretical guarantees. The simulation
uses a step size r = 0.005 s.

B. Consensus Achievement

The position trajectories of all agents under the proposed
EET-SMC strategy (with sinusoidal disturbances) are
displayed in Fig. 2. Despite the heterogeneous nature of the
system and the presence of unknown disturbances, all agents
converge to a common position value, confirming the
effectiveness of our approach in achieving consensus. The
system exhibits a smooth convergence behavior.

30
20 —— Agent | —— Agent 2 —— Agent 3 —— Agent 4 Agent 5
Agent 6 Agent 7 Agent 8 Agent 9 Agent 10
o 10
=] =
=
£
—-10
—20
730 1 1
0 5 10 15
Time (s)

Figure 2 Position trajectory of agent (EET-SMC with sinusoidal disturbance).

Figure 3 presents the velocity trajectories of the second-
order agents. In accordance with the control objectives in Eq.
(3), these velocities asymptotically converge to zero, aligning
with the static consensus condition. This demonstrates the
capability of our control protocol to coordinate agents with
different order dynamics. The consensus error evolution is
illustrated in Fig. 4, where the consensus error is defined as

N N
Z Z (xi(t) = x;())*. The error decreases rapidly and
i=1 j=i+]
approaches zero, providing quantitative confirmation of
consensus achievement and validating the theoretical analysis.

—— Agent 1
=

Agent 2 —— Agent 3

Agent 4 Agent 5

Velocity

0 5 10 15
Time (s)

Figure 3 Velocity trajectory of the second-order agent (EET-SMC with

sinusoidal disturbance).

C. Edge-Event-Triggered Mechanism Analysis

The triggering instants for all communication edges under
EET-SMC are depicted in Fig. 5. Each point indicates an
event where an agent samples the state of its neighbor due to
the edge condition in Eq. (18) or Eq. (19) being met. The
distribution of events across time confirms the absence of
Zeno behavior, with finite positive intervals between
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consecutive triggers for each edge, as proven in Theorem 3.
Notably, the triggering frequency adapts to the system state,
meaning that more frequent triggering occurs during the initial
transient phase and gradually reduces as the system
approaches consensus.

150

100

Consensus error
Wi
S
:

0 5 10 15
Time (s)

Figure 4 Consensus error evolution (EET-SMC with sinusoidal disturbance).
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O
—
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Communication edge
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Figure 5 Triggering instant for communication edge (EET-SMC).

D. Robustness to Stochastic Disturbance

To evaluate the performance of controller under stochastic
disturbances, we simulate the system using the proposed EET-
SMC but replace the sinusoidal disturbance ¢;(f) with band-
limited white noise. The noise is generated by passing zero-
mean Gaussian white noise through a first-order low-pass
filter and scaling it such that its magnitude is effectively
bounded by d,0isc = 0.15. The controller parameter o = 0.8
remains larger than this bound. Figure 6 shows the position
trajectories and Fig. 7 shows the consensus error evolution
under these noise conditions.

30
20 Agent 1 Agent 2 Agent 3 Agent 4 Agent 5
Agent 6 Agent 7 Agent 8 Agent 9 Agent 10
2 10
i =
= -
£
-10
—20
_30 1 1
0 5 10 15
Time (s)

Figure 6 Position trajectory under band-limited white noise disturbance
(EET-SMC).

As observed, the positions of agents still converge towards a
common value, and the consensus error converges to a small

150

(=
(=]

4
(=]
T

Consensus error

0 2 4 6 8 10 12 14 16
Time (s)
band-limited white noise

Figure 7 Consensus error evolution under

disturbance (EET-SMC).

residual set around zero. This demonstrates that the proposed
EET-SMC maintains practical consensus and robustness even
when disturbances are stochastic, providing that their effective
bound is handled by the SMC gain .

E. Control Signal Evolution

Figure 8 displays the control input signals u;(f) for
representative agents (agent 1, second-order and agent 6, first-
order) under the EET-SMC with sinusoidal disturbances.

—Agent 1 (second-order)
— Agent 6 (first-order)

Control input
L
S

—100
—120

0 5 10 15
Time (s)

Figure 8 Control input signals u; () and ug(f) (EET-SMC with sinusoidal
disturbance).

Figure 8 shows the control activity required to achieve
consensus and reject disturbances. The initial phase exhibits a
larger control effort. The effect of the sliding mode
component u; is visible. Some high-frequency switching
(chattering) associated with the sign function in u; may be
observed, which can be mitigated in practice using
approximations as discussed in Remark 6. The event-triggered
nature means that the control signal changes based on sampled
information updated only at trigger instants.

F. Comparative Analysis

To further demonstrate the advantages of the proposed
EET-SMC strategy, we conduct a comparative simulation
against two baseline methods under the same sinusoidal
disturbance setup.

(1) Node-based event-triggered SMC (NBET-SMC): Use
the same SMC law but employ a standard node-based
triggering mechanism where agent i triggers communication
to all neighbors jeN; if a node-level error exceeds a
threshold.

(2) Continuous-time SMC (CT-SMC): Use the same SMC
law but assume continuous communication, i.e., & (D) =&
and ;;(f) = v;(¢) at all times.
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The results in Fig. 9 indicate that while all methods achieve
consensus, the proposed EET-SMC significantly reduces
communication compared to NBET-SMC while achieving
comparable convergence speed and control effort to CT-SMC,
demonstrating its effectiveness and efficiency. The NBET-
SMC requires much more communication than EET-SMC for
a similar performance.

150
— EET-SMC sinusoidal disturbance
5 \ NBET-SMC sinusoidal disturbance
5100 H — EET-SMC noise disturbance
2 \ — CT-SMC sinusoidal disturbance
g 50t
Q
\}
0 5 10 15

Time (s)

Figure 9 Consensus error comparison.

G. Communication Efficiency

Detailed communication statistics from this specific
comparison reveal substantial efficiency improvements with
our edge-event-triggered approach. The total number of
communications (sum of triggers over all edges) for the edge-
based mechanism is 5902, compared to 15304 for the node-
based approach (sum of triggers per node times node degree).
This represents a communication reduction of 9402 messages
or 61.31%. The average number of triggering events per edge
is 368.88 for EET-SMC, while the estimated average
communication event triggered per node is 1530.40 for
NBET-SMC. These results quantitatively demonstrate the
superior communication efficiency of our approach. Table 1
summarizes the key communication metrics for this
comparison.

Table 1 Communication efficiency comparison.

Average Average ——
Total A -5~.  Communication
Method A communication communication -
communication reduction
per edge per node
e 5902 368.88 590.00
NBET- 9402 (61.31%)
SMC 15,304 — 1530.40

H. Discussion

The simulation results validate the theoretical findings and
demonstrate several key advantages of the proposed EET-
SMC strategy.

(1) Consensus achievement: The approach successfully
achieves consensus for heterogencous MASs with mixed first-
order and second-order dynamics, even in the presence of
unknown disturbances.

(2) Disturbance rejection: The sliding mode control
component effectively suppresses the influence of unknown
matched disturbances, as evidenced by the stable consensus.

(3) Communication efficiency: The edge-event-triggered
mechanism significantly reduces communication overhead
compared to a comparable node-based approach, achieving
61.31% reduction in communication events in the simulation.

(4) No Zeno behavior: The positive intervals between
consecutive trigger events confirm the absence of Zeno
behavior, validating Theorem 3 and ensuring practical
implementation.

These results highlight the effectiveness of our integrated
approach, which combines the robustness of sliding mode
control with the efficiency of edge-event-triggered
mechanisms to achieve consensus in heterogencous MASs
while minimizing communication requirements.

VI. CONCLUSION

In this paper, the consensus control problem of
heterogeneous MASs with unknown disturbances is
addressed. A novel edge-event-triggered sliding mode control
law is designed to achieve consensus of heterogeneous MASs
consisting of the first-order and second-order agents. Using
SMC, unknown disturbances are effectively addressed, and
the heterogeneous MASs states are driven to the designed
sliding surfaces in a finite time. The proposed edge-event-
triggered approach offers significant advantages over
traditional node-based methods by enabling selective
communication between specific agent pairs, resulting in
substantial reduction (61.31%) in communication frequency
as demonstrated in our simulations. Comparisons with
continuous-time control and alternative event-triggering
schemes further highlight the efficiency and performance
benefits of the proposed EET-SMC. Considering higher-order
heterogeneous MASs with more complex dynamics is an
important direction for future research.
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