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In the consensus problem, the communication network describing the interactions between agents may change due to
link failures and environmental conditions, which plays an important role in the stability and overall performance of
the system. Also, faster convergence is always of interest in some practical engineering applications. For this purpose,
the design of a fixed-time controller is of interest, because for this type of controller, the convergence time of the system
states does not depend on the initial conditions of the agents. This paper investigates the problem of leaderless
consensus control for second-order linear multi-agent systems (MASs) under a switching topology with link failures.
To address this problem, we proposed an improved fixed-time distributed controller for second-order consensus in
MAS:s with velocity and position coupling that guarantees convergence within a specified time interval. Compared to
previous studies, the effects of simultaneous switching topology with link failures on second-order linear MASs are
considered, so that the communication graphs are considered piecewise fixed and undirected jointly-connected ones.
The stability of the proposed controller is proven based on graph theory, Lyapunov theorem and bi-limit homogeneity
method. Finally, the effectiveness of the proposed method is demonstrated through numerical simulations, considering
different periodicity for changes between topologies.
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1- Introduction

Within the past two decades, MASs have grown into an important area
of research because of their extensive applications in robotics, sensor
networks, autonomous vehicles and power systems. These systems
consist of multiple agents interacting by sharing their local
information for mutual objective execution without any centralized
control [1]. A classic problem in such a setting is the consensus
problem, where one has to devise appropriate control protocols such
that all agents agree on some key variables [2]. While most of the
classical consensus algorithms achieve such an agreement
asymptotically, there is a growing interest in fixed-time consensus
where agents reach an agreement within a guaranteed time frame [3].
It is particularly effective in areas where fast, reliable results have to
be achieved.

In practice, MASs are rarely static. Typically, agents operate in
dynamic environments where the communication links between
agents may vary with time. For instance, agents communication due
to obstacles or temporary failure of network connections [4, 5]. The
topologies would then be switching, which means that the interaction
network between agents is changed. Changes like these introduce new
difficulties when designing consensus algorithms, because they may
cause delays in consensus or instability [6]. Various methods have
been advanced to handle the issue of switching topology, but reaching
consensus in a fixed time remains an open problem [7, 8].

With the emergence of the idea of using network communication in
consensus control, related issues such as network changes and cyber-
attacks in fixed-time consensus have been the subject of many studies
in recent years. In [9], a finite-time consensus controller is proposed,
using which the leader-follower consensus under a fixed directed and
undirected communication network is implemented for a nonlinear
second-order system by applying the Laplacian matrix. A robust
distributed finite-time controller is proposed for the tracking problem
of nonlinear high-order systems in the presence of external
disturbances and model uncertainties under a fixed communication
network, which is based on a terminal sliding mode controller that
ensures that the states of the agents converge to the virtual leader [10].
n [11], a local finite-time consensus approach is presented for linear
second-order systems under a fixed communication network with the
help of the Lyapunov function and bi-limit homogeneity method. A
distributed algorithm for the consensus of nonlinear second-order
multi-agent systems in the presence of external disturbances and
system uncertainties under an undirected communication network is
presented, which ensures the convergence of the system in a fixed time
[12].

Moreover, link failures caused by disruptions in communication or
various types of attacks are relatively common [13]. Such link failures
make the process of information exchange between agents difficult,
further complicating the process of ensuring that all agents in the
network can reach consensus. A significant challenge for multi-agent
systems has been handling link failures while ensuring fixed-time
consensus.

To deal with this problem, a fixed-time control approach is proposed
for the nonlinear first-order system under switching topology, which
finally admits an upper bound independent of the initial conditions of
the agents [14]. Then the proposed algorithm, [14], was extended for
linear second-order systems under fixed topology for leader-following
case [15]. A fixed-time consensus method is presented by defining the
sliding surface for nonlinear second-order systems under fixed
topology, which has proved the stability of the proposed method by
using a Lyapunov function and bi-homogeneous property [16], and
then with a similar approach, the robust second-order consensus
control and fixed-time fault-tolerant consensus control were
developed for high-order nonlinear system [3, 13]. A fixed-time
control approach has been developed for both leaderless and leader-
follower cases in the presence of external disturbances, where the
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settling time is bounded uniformly according to the initial conditions
[17].

The effect of switching topology in fixed-time consensus is presented
in [8], where the selection of the controller gain is also done using the
design of a fixed-time output observer. Ref. [18] presents a control
approach that makes the second-order linear system reach consensus
in finite time under both fixed and switching topologies for leader-
follower case. In [19], a finite-time controller for a linear first-order
system is proposed, which guarantees the consensus of agents under a
variable communication network with a Markov process. Two finite-
time and fixed-time controllers are proposed for the consensus of
linear first-order systems, which guarantee the convergence of the
system to the average of the initial conditions under a variable
connected communication network [20]. In [21], the finite-time
adaptive tracking conditions for nonlinear second-order multi-agent
systems with unknown parameters under a variable communication
network are presented in the form of finite-time Lyapunov stability
and the dwell time method.

On the other hand, the consensus problem of MASs under cyber-
attacks has attracted much attention. However, a review of previous
research shows that there are few results on the secure fixed-time
controller for MASs under cyber-attacks. In [22], the problem of
fixed-time consensus for MASs under denial-of-service (DoS) attacks
is investigated, but in this work, attack detection algorithms are
needed. A secure consensus controller in the presence of malicious
agents is proposed, which is done by using an iterative learning
algorithm to solve the problem of repelling attacks resulting from the
disconnection and reconnection of communication links in a finite
time [23]. In [13], a secure consensus controller is proposed, which
guarantees convergence under a variable communication network and
a DoS attack for general linear dynamics. In [24], a finite-time
consensus controller for general linear dynamics under a DoS attack
and a fixed communication network is also investigated, where all
links are down and each agent is left alone. First, a time-varying
dynamic model is proposed that describes the DoS attack in terms of
attack frequency and duration. An intuitive relationship between
attack parameters and feedback gain is also presented. An event-based
consensus controller for a nonlinear first-order system under a DoS
attack is presented, which guarantees reaching consensus in finite time
under a fixed directed communication network [25]. In [26], a control
algorithm is proposed that makes the linear system achieve a finite-
time consensus under fixed topology with link failure, which is
assumed that the link failure is done through a special case DoS attack.
In this paper, an improved fixed-time consensus control is proposed
for linear second-order MASs operating under switching topology and
link failure. Communication topologies are considered as undirected
jointly-connected and also, according to the above-mentioned papers,
after each topology change, failure occurs for some links, which in
this paper is caused by DoS attack. The aim of this approach is to
provide a possibility for the agents to reach a consensus in a finite
time, regardless of the initial conditions or the number of times the
communication network changes. The effectiveness of this approach
is demonstrated through numerical simulations and the effects of
changing the topologies periodicity are also investigated using
simulations. Compared to previous research, the main innovations of
this paper are as follows:

. Designing an improved fixed-time consensus controller
for second-order linear multi-agent systems that
simultaneously  considers two common network
disturbances: (a) topology switching with average dwell
time (b) communication link fails caused by DoS attacks.

. Considering a more realistic model of link failure, such
that after each topology change, a DoS attack is
probabilistically applied to the edges, but the overall graph
connectivity is maintained at certain time intervals. This
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model is more complex than similar works that have

considered only one of these factors [8, 13, 18].
The rest of the paper is organized as follows: Section 2 presents the
general concepts and the problem formulation; Section 3 proposes the
design of a fixed-time consensus controller considering variable
topology and link failures. The results of numerical simulations are
shown in Section 4. Finally, the discussion and conclusion are
presented in Section 5.

2- Problem Statement

2-1- Graph Theory

We look into a MAS which includes N agents, that have the capability
for communication and interaction. In this section, we represent the
structure of communication among agents using graph theory. The
behavior of the agents is represented by an undirected graph
G(V,E,A), where V = {1,2, ..., N} indicates the vertices (agents), E
indicates the edges that represent the connected pairs of agents, and
A = [a;;] € R¥V is an adjacency matrix of the graph. The value a;;
equals 1 ifand only ifthe edge (j, i) € E, representing that agent j has
the ability to send information to agent i. For the undirected graph G,
the symmetric matrix A is considered, where a;; = a;;. From this type
of graph, when a;; = a;; > 0, this implies that agent i is allowed to
communicate with agent j both by sending and receiving
simultaneously. The set of neighbors of each agent i is represented as
N; ={jlj eV:(,i) € E}[27].

2-2- Switching Topology
We consider a multi-agent system wherein the communication
topology switches between a set of undirected graphs {G,, G,, ..., G }.
The switching signal is defined by a(t): [0,0) — L = {1,2, ..., 1}, and
Gy denotes the communication graph that is active at time t. There
is a strictly increasing sequence {£,, ,m > 0} such that for every t €
[én) Emer), 0(t) = m, where m € L [28].
Definition 1: The average dwell time, 7,, for the switched topologies
are bounded by:

N0, 1) < L )

Ta

where N(0,t) denotes the number of topology changes occurring in

time interval (0, t) [29].

2-3- DoS Attack

DosS attacks occur by impeding communication between neighboring
agents, which in turn obstructs the flow of data among them. This
paper deals with the fixed-time consensus in MASs for scenarios
where some communication channels are made unavailable by DoS
attacks.

Let a; and A represent the start time and duration of the k-th DoS
attack, with A, = 0. As shown in Fig. 1, the k-th attack interval is
defined as Ay = [ay, ai + A). The "attack-free" time interval is
defined as £(t) = [0, t]\O(t), where O(t) = Uyey Ay represents the
whole attack period in the interval [0, t] [24].

The intensity of the DoS attacks is characterized by two factors:
frequency and duration. We make the following assumptions
regarding these parameters. Since attackers are always limited by
accessible resources, these assumptions can be reasonable [13].
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Fig. 1 DoS attack signal [13].
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Assumption 1 (Frequency [30]): There are positive constants & = 0
and 7; such that for all t > ¢,:

ﬂ%ﬂgq+:;9 @)
f

where n(t, t) is the number of attacks falling in the interval [t,, t].
Assumption 2 (Duration [30]): There are exist positive constants £; =
0 and 74 such that for all t > t,:

t—t,
0] < &4 +

(3)
where |0(t)] is the total attack duration within the interval [¢,, t].

2-4- Problem Formulation
The second-order linear dynamic model is chosen because it is widely
used to describe the dynamic behavior of physical agents such as
mobile robots and autonomous vehicles. This model provides a
convenient simplification for the theoretical analysis of the main
challenges of this paper, namely achieving fixed-time consensus
under switching topologies with link failure. Furthermore, many
nonlinear systems can be approximated around the equilibrium point
by such a linear model. Assume that the agents follow a second-order
linear dynamic model [15]:

{ii(t) =1;(t) )

v;(t) = w; (t)

where x; € R™ and v; € R" represent the state of each agent where,
i=12,..,N.u; €R" is the acceleration level input that depends
only on the states of agent i and its neighbors. In other words, agent i
updates its states only based on information from its neighbors. Hence,
u; must be a local rule that can also be considered as a state feedback
controller. The main task is to design a control law u; for each agent
such that consensus among all agents is achieved within a fixed time,
for arbitrary any initial condition.

2-5- Useful Lemmas and Definitions
Let us consider the system described by the equation:

x=fx) , x(0)=x )
the nonlinear function f: R™ - R™ is defined such that f(0) =0,
implies that x =0 is the equilibrium point (5). The standard
definitions now follow.
Definition 1 (Global Finite-Time Stability): The equilibrium point of
system (5) is said to be globally finite-time stable if it is globally
asymptotically stable and there exists a settling-time function T :
R™ - R,y such that for every initial condition x, € R™ , the
solution x(t, x,) satisfies x(t,x,) = 0 forall t > T(x,) [12].
Definition 2 (Fixed-Time Stability): The equilibrium point of system
(5) is said to be fixed-time stable if it is globally finite-time stable and
the settling-time function T (x,) is bounded by some constant Ty, >
0,i.e., sup T(xy) < Tpax [12].

XoERM

Lemma 1: Assuming that the interaction graph G has a spanning tree
or an undirected and connected graph, then the set of equilibrium
points of the system (4) under the consensus protocol is equal to S, =
{k1 : k € R} which is a linear spanning space span(1) [31].

Lemma 2 (Non-smooth Lassalle invariance principle): Consider the
system x = f(x), where x(t) is a solution to the initial condition
x(0) = x, € R™ and the function f : U —» R™ is continuous on an
open subset. Assume that V(x) : U — R is a local Lipschitz function
such that its derivative on paths is less than or equal to zero
(D*V(x) < 0). Then, the positive limit set A*(x,) N U lies in the

Volume 26, Issue 04, April 2026



275 An Improved Fixed-Time Consensus Control for Linear Multi-agent Systems under Switching Topology with Link Failure

union of all solutions remaining in the invariant set S ={x €
U:D*V(x) = 0} [32].

Lemma 3: The following system is considered:

i=f() ©)

where x = [x;,%;, ..., X,]7 and f(x) = [f1(x), ,(x), ..., [ (O]T. If
the system (4) has a degree of homogeneity o; with the dilation
(ay,ay,...,a,) and a degree of homogeneity o, with the dilation
(by, by, ..., by) and a continuous function f, then the equilibrium point
is asymptotically stable. If ¢; < 0 in the 0 — limit and o, > 0 in the
oo — limit, then the system is called homogeneous in bi-limit and
when such a property is satisfied, the equilibrium point is globally
fixed-time stable [33].

3- Controller Design

Let a multi-agent system be comprised of n nodes. Inter-agent
communication is modeled by an undirected graph G, where an edge
between agents i and j, denoted by a symmetric weight (ai ;= aji),
establishes a bidirectional information channel. The neighborhood of
an agent i is defined as N;(E). For a set of m graphs {G,, G, ..., G}
sharing the common vertex set V/, the union graph G;_,, is constructed
such that its edge set is the union of the edge sets of all constituent
graphs. The weight of an edge in G,_,, is given by the summation of
The set
{G1,G,, ..., G} is deemed jointly-connected if and only if the
resultant union graph G, _,, is connected.

the corresponding edge weights from G, to G, .

Consider an infinite sequence of contiguous, bounded time intervals
denoted by [tg, tsy,) for s =0,1,2,..., with t; = 0 and a uniform
upper bound t,,; —t; < T for some constant T > 0. Each interval
[ts, ts41) is partitioned into a finite number mg of non-overlapping
subintervals, [tST, t5r+1) forr =0,1,..,mg — 1, where t;, = t; and
t

smg = Ls+1- The dwell time on each subinterval is bounded below

t

Sr

such that t >T', where 0 < T' < T. The communication

r+1
topology is governed by a switching signal a(t) : [0,0) - P =
{1,2, ..., M}, which is piecewise fixed on these subintervals. Here,
M = [T/T'] provides an upper bound on the number of possible
topology switches within any single interval [t,, t;,,). The graph at
time t is denoted G ;). Assuming all graphs are undirected, the union
graph over any interval [tg, ts,,) is also undirected and contains a
cycle. This connectivity property ensures persistent information flow
and provides redundant communication paths, guaranteeing that the
loss of any single link does not isolate any agent.

The ensemble of possible communication topologies is denoted by
Q ={G,,G,, ..., G,}. When subjected to a DoS attack, a subset of
communication links may be compromised. The resulting degraded
topologies are contained within the set ® = {G,, G,, ..., G,,}, where
each G, c G, represents the graph remaining after the attack has
dropped a number of edges. The attack is characterized by its
maximum duration, Tp,s, and its maximum frequency, Fp,s, defined
as the greatest number of attacks within any interval [t,, tg ).
During any subinterval [ts o bs, +1)’ an edge may be independently
dropped with probability p € [0,1]. A higher value of p induces
greater network degradation. However, the union graph over the
interval [t,, ts,4) is assumed to remain undirected and connected
(containing a cycle), ensuring persistent information flow.

To maintain network stability, which depends on a minimum dwell
time T’ for each topology, the attack duration per subinterval must be
bounded. This is formalized by the constraint Tp,s < nT', wheren €
(0,1) is an attack rate parameter [34]. A larger 1 permits longer
attack. Furthermore, reflecting the adversary's limited resources, the
cumulative attack time within any interval [t ts,,) must be
constrained. The total sleep time is shown as:

me—1

= ) Tossm 9
r=0
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Consequently, the number of sustainable attacks per interval is
bounded by Npos = T/1s.
To achieve consensus in fixed time, the consensus algorithm proposed
in this paper is as follows:

n
u(t) =1 Z a,-j(t)[sign(xj - x,-)|x,- - xl-|0‘1
JEN;(t)
+sign(xj - x,-)|x,- - xl-|'31
+sign(v; = vy)|v; = v = x| ™ ®)

+sign(v; — vi)|v; - Vi|ﬁz]

n
e Y ay [y - x) + (v - )]
JENi(t)

where 0 < ay,a,,a3 <1 and f,8, >0 with the relation 8, =
2B1/(1+ By) and 2(a; —a3) = (1 +ay)a, and k,1 > 0 are the
control gains. The goal is to design a distributed control rule u; that
guarantees that all agents reach consensus in both position and
velocity states in a finite time, i.e., x;(t) = x* and v;(t) - v* for all
i in a finite time T < oo. In the proposed protocol, sign(z) is the sign
function, which guarantees that the state of each agent tends towards
the state of its neighbors. Also, a;;(t) denotes the element of the time-
varying adjacency matrix associated with the communication graph
Gy and N;(t) represent the set of neighbors of agent i at time ¢. The
communication topology switches at discrete instants t;, .. The set of
all possible graphs is finite and given by Q,®. A fundamental
assumption is that the union graph (or community graph) over any
interval [t,, ts44), for s = 0,1,2, ..., remains connected. Furthermore,
the edge weights are fixed over time; if a communication link exists
between agents i and j, (j € N;(¢)), its weight is a positive constant
a;;(t) > 0. Under these conditions, the system dynamics from (4) can
be expressed over any interval [t,, ts, ) as follows:

%(8) = v (6)
n
v () =1 Z a;O[sign(x; — x;)|x — xi|a1
JEN; ()
+sign(x,- — x,-)|x]- - xi|ﬁ1

|113 (9)

+sign(v; —v;)|v; — vi|a2|xj —x;
+sign(v,- - vi)|v]- - 17,-|BZ

n
+k Z ai]-(t)[(x,- - x,-) + (v,- - vl-)]

JENi(t)
where the weight of the neighborhood matrix a;;(t) = aiSJT is a

constant value at each t € [tST, t5r+1)’ forr=0,1,..,m—1.

Theorem 1: Let G be an undirected and jointly-connected variable
communication graph. Then, algorithm (8) solves the fixed-time
consensus problem for system (4) with the stated conditions under the
switching topology and link failures.

3-1- Proof

The system considered as (4) has the state X; = [x;,v;]7 € R?".
Without loss of generality in the consensus analysis, m =1 is
assumed in the following, and it can be generalized to any dimension
using the Kronecker multiplication.

According to the above, there is a sequence of non-overlapping
subintervals [tSO, tsl), [tsl,tsz), s [tSms_l,tSms) in each time
interval [tg, ts,,) with the conditions te,q —t; < T,ty = 0, ts) = t;
and tom, = Lss1 where mg >0 and T' > 0 holds in the relation
t

network G, changes in ¢y, and remains fixed during each subinterval

, _ _ L
Sppq — sy = T' forr =0,1,...,mg — 1, so that the communication

[tSr, t5r+1)' Also, in each time interval [tg, t;,,) there are at most
M = [T /T'] subintervals. Given that the graph is undirected, for each
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i,j € {1,2,...n} the relation a;; = a;; holds. In this case, the relation

ij
1 u;(t) = 0 holds, which, according to Lemma 1, yields x* =
(1/n) ¥ x;(t) and v* = (1/n) ¥I=, v;(t) which are constant over
time. According to the above, the disagreement vector is defined as
follows:
{Z’v‘;i_i . i=12..,n (10)
by derivation of equation (10), we have:
{e.’” ~ ,  i=12,..,n (11)
€y =1y
In each interval [tg, t;,,) fors = 0,1,2, ...,
onsidered as follows:

ZZ f aij(t)[Sign(z)|z|a1

=1 = (12)

the Lyapunov function is

1 k
+sign(z)|z|P]dz + Eegev + EefL,,ex

by derivation of equation (12), we have:

n n
. . ay
V= lzz a;(t)ey, [szgn (exi - exj) |exi — ey
=1 j=1
. B1
+sign (exl. - exj) |exl. — ey, ]
n
+ Z ey,6y; +kelle,l
n n
ay
lzz a;; (t)evl sign (exl exj) €x; ~Ex;
i=1 j=1
_ B
+sign ey, — exj) |exl. — ey, ]
n n
. al
+Z Z a;; [szgn (ex]. - exl.) €xj ~ ey
i=1
B
+sign (ex] exl) |exj — ey
az as
+szgn( eyl) e ~ eyl |ex; —ex
B2
+szgn( e,,l) A ]
+kz al-j(t) exj - exl.) + (evj - evi)]
=
+kellge, o)
n n
i B2
= lz Z a;;(t)ey, [stgn (e,,j - e,,i) ey~ €y,
=1 j=1

az

ey, — €| |ex; — ey

ag]
+kzz a;(t)ey, [(exj - exl.) + (e,,]. - e,,i)]

+sign (e,,j - e,,i)

=1 j=1
+kellge,
n n
1
=" (ay© + au®) e,
i=1 j=1
) B2
X [SLgn (e,,j - e,,l.) €y — ey
i 2 as
+sign (e,,} e,,l) v ~ eyl |ex; —ex ]
1 n n
+Ekz Z alj(t) + aji(t)) €y; [(ex}' - exi)
i=1 j=1
+(ev] )] +kejLe,

B2

ey; = ey

X [sign (ev]. - evl.)

+sign (e,,j - e,,i)

az

]

€p; ey |ex; — ey
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+%kz Z a;(t) (e,,i - e,,j) [(exj - exl.)

i=1 j=1
+ (e,,]. - e,,l.)] + kellge,

= —%IZ]Z:; u(t)[
IR

i=1 j=1
+ (e,,j - e,,i) (exj — exl.)] + kellL,e,
using the relation x"Ly = ¥ y; Y a;;(x; — %) = 1/2) L ¥ a;; (x; —
x%;)(y: — ¥;) and the relation 2a"Pb < a"Pa + b"Pb, for V we have:

ax+1 as

ey — ey,

1;] €y; xj

€y; = ey

az+1 asg
V———lZZa”(t)[e,,] ey, €x; ~ ey
i=1 j=
Bat+1
+ ey, — ey ] kelL e,
—kelL e, + kellL e, (14)
n n
1 az+1 as
=_§lzzaij(t)[ev,-_evi €xj ~ €x;
=1 j=1
B+l
+ev; — ey, ]—ke,fL,,e,, <0

According to equation (14), V < 0 always holds. From Lemma 2 is
the invariant set is considered asS = {(xl, Vyy s %, V)|V = 0}.
Given that the graph is undirected and connected, it can be seen from
equation (14) that V = 0 when, for each i # j, ey =€y, which
shows that u;(t) = u;(t). Therefore, from equation (6) it follows:

n

az

u(t) = l;a”(t) [sign(exj —exl.)|ex]. — ey 5

+sign (exj — exl.) |er — ey . +k (exj - exl.)]

given that a;; = a;;, we can conclude that Y7, u; = 0, which implies

u = 0:
n
1Y i () ey e
=t (16)
+sign (e"i - exl.) |ex]. —ey; " +k (ex]. - exi)] =0

like the previous relations, we can write:

n n

lz ey Z a;(t) [sign (e"j — exl.)
=1 j=1

. +k (e"i - exl.)]

n n
1 a+1
=_El Za,,(t)“exl ey;
=1 j=1

i

ay

az

exj —€x;

+sign (ex]. - exl.) |ex]. — ey

amn

B1+1

+k (exj - exl,)Z] =0

Since the topology is connected in every interval [ts o ts, +1) forr =

+|exj—exl.

0,1, ..., mg — 1 and the graph contains a cycle, so for every agent i €
{1,2, ...,n}, there is at least one r € {0,1, ..., mg — 1} and one agent
j €{1,2,..,n} such that a;;(t) > 0. So, when t tends to infinity,
ex; — ex; > 0and e, —e,; — 0 hold, which yields the expressions
x; — x; = 0 and v; — v; - 0, and the expressions x; = x; = v*t + x*
and v; = v; = v" are obtained.

The system (4) with variables [xy, ..., X, Vy, ..., 7,]" has the degree of
homogeneity o0, =a; —1<0 with the dilation (2,..2,1+
ay, ...,1 + a;) and the degree of homogeneity o, = f; — 1 > 0 with
the dilation (2,...2,1+ By, ...,1 + B;) because the system (11) is
asymptotically stable and bi-limit homogeneous. Therefore, by
Lemma 3, the system is globally fixed-time stable and consensus can
be achieved in fixed time. |
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4- Numerical Simulations
In this section, two examples are performed for simulation.

Example 1 (Fixed-time consensus for 10 agents for two scenario):
In example 1, we consider a system with n = 10 agents, described by
the undirected graphs G,_, shown below:

Gs
Fig. 2 Undirected and connected graphs to describe 10 agents.

In the simulation, a; = 0.7, @, = 0.6, ; = 1.2 and consequently,
using the obtained relations for the degree of homogeneity of the
system, a3 = 0.19 and 8, = 1.0909 are selected. The control gains
are considered as k =1 = 1. The initial conditions are chosen as
follows:

Table 1 Initial conditions of the agents
1 2 3 4 5 6 7 8 9 10
x 0 1 3 2 5 -3 4 -5 -1 -2
-1 0 -2 1 4 -5 -3 3 2 -4

At each time step, the graph is randomly selected from the four
networks shown in Fig. 2. At every T = 1s, the communication
network is randomly changed. In the first scenario, this change is done
by selecting one of the four predefined networks to satisfy the
conditions assumed in Section 3. Then, at each network change
interval, an edge-based DoS attack is applied to the network with a
probability of 50%. In the event of an attack, the system is subjected
to this attack for a duration of Tp,s = 0.5 s, Fig. 3. It is assumed that
when the attack occurs, the system randomly disconnects some of the
communication links to simulate the destructive effects of the attack.
The probability of each connection being disconnected is assumed to
be 30%, but this disconnection is done in such a way that the
communication network remains undirected and connected so that the
conditions of Theorem 1 hold. Then, in the second scenario, as shown
in Fig. 4, the change period in the communication network is
considered to be T = 0.5 s and the attack duration is considered to be
Tpos = 0.2 s to examine the effect of changing the period on the
performance of the proposed controller.
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Switching Signal
T T

Graph Index

t (sec)
DoS Attack Signal
T T

Attack Status

t (sec)

Fig. 3 Switching topology signal and attack signal in the first scenario.

Switching Signal
T T

Graph Index

t (sec)
DosS Attack Signal

Attack Status

o

t (sec)

Fig. 4 Switching topology signal and attack signal in the second scenario.

The numerical results presented in Fig. 5 and Fig. 6 demonstrate the
effectiveness of the proposed consensus control for the agents’
positions. According to Lemma 1 and the description presented in
section 3, the agents first converge to the average initial position of
the agents and then continue to move at a constant velocity that is
equal to the average initial velocity of the agents. Also, according to
Fig. 7 and Fig. 8, it can be seen that the velocity of the agents at the
time of reaching consensus is equal to the average initial velocity of
the agents.

According to Fig. 9 and Fig. 10, it can be seen that the control input
of the agents in both scenarios has become zero in a finite time.
Finally, according to the above results, it is evident that the system
states have reached consensus in a finite time, which confirms the
validity of Theorem 1. Also, as shown, as the periodicity of the
topology change increases, the convergence speed decreases.
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Positions of Agents Velocities of Agents
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Agent 1 Agent 1
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Agent 3 Agent 3
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Fig. 5 The position of the agents in the first scenario. Fig. 7 The velocity of the agents in the first scenario.
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Fig. 6 The position of the agents in the second scenario. Fig. 8 The velocity of the agents in the second scenario.
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Control Inputs

40 T
Agent 1
Agent 2
30 - Agent3 |7
Agent 4
Agent5 | |
20 Agent 6
Agent7
— 10 Agent8 |4
2 Agent 9
= .:h - & . Agent 10
s o0 rﬁ#—
c
Q
© 10 1
-20 1
-30 1
40 . . I L
0 5 10 15 20 25
t (sec)

Fig. 9 The control input of the agents in the first scenario.
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= “b&l Agent 10
8 0
S |
I}
6]
-20 1
-40 4
60 . . I L
0 5 10 15 20 25

t (sec)

Fig. 10 The control input of the agents in the second scenario.

Example 2 (Fixed-time consensus for 6 agents):
In example 2, we consider a system with n = 6 agents, described by
the undirected graphs G;_s shown below:

G,
Gy Gs

Fig. 11 Undirected and connected graphs to describe 6 agents.

Gy

~Q
w

G

In this example, a; = 0.65, a, = 0.55, ; = 1.3 and consequently,
using the obtained relations for the degree of homogeneity of the
system, a3z = 0.1963 and 5, = 1.1304 are selected. The control
gains are considered as k = 1.2, [ = 0.8. The initial conditions are
chosen as follows:

Table 2 Initial conditions of the agents

1 2 3 4 5 6
x 1 3 2 4 5 4
v 2 0 -1 2 1 3
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In this case, the controller is assessed under more intricate network
dynamics. The attack probability per switching interval is raised to
60% and the topology switching period is shortened to T = 0.25 s in
order to replicate a highly dynamic environment. As required by
Theorem 1, up to 40% of the active communication links are
randomly disconnected during an attack that lasts for Tp,s = 0.3 s
while maintaining the undirectedness and connectivity of the graph.
Fig. 12 displays the attack and switching signals.

Switching Signal

milivin |

IS

w

Graph Index
~
T
!

0 2 4 6 8 10 12 14 16 18 20
t (sec)
DoS Attack Signal
T T

Attack Status

| . . L .
0 2 4 6 8 10 12 14 16 18 20
t (sec)

Fig. 12 Switching topology signal and attack signal in the example 2.

The suggested controller successfully brings all agents to consensus
in spite of these more difficult circumstances, which are marked by
four times faster topology changes and a 20% higher attack probability
than in Simulation Case 1. The positions of the agents converge to a
common trajectory, as seen in Fig. 13. According to Lemma 1, Fig. 14
verifies that their velocities likewise reach agreement and stabilize at
the average of their initial velocities. The control inputs converge to
zero in finite time, as shown in Fig. 15. The outcomes show how
resilient the controller is and how it guarantees fixed-time
convergence even in the face of abrupt and disruptive network
changes.

5 Positions of Agents

T T T
Agent 1
Agent 2
Agent 3
Agent 4
Agent 5
Agent 6

Position
/

t (sec)

Fig. 13 The position of the 6 agents in the example 2.
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Velocities of Agents

T
Agent 1
Agent2 ||
Agent 3
Agent 4 |
Agent 5
Agent 6 | 1

Velocity

R . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
t (sec)

Fig. 14 The velocity of the 6 agents in the example 2.
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Fig. 15 The control input of the 6 agents in the example 2.

Simulation results show that the proposed algorithm not only achieves
consensus under difficult network conditions, but also, due to its
fixed-time structure, it is possible to adjust the parameters to achieve
optimal and even shorter convergence times in practical applications
(such as fast communication networks or fast-response robotic
systems).

5- Conclusion

In this paper, the problem of leaderless consensus control for second-
order linear MASs under a switching topology with link failure is
investigated. To address this problem, an improved fixed-time
distributed controller for second-order consensus in MASs with
velocity and position coupling is proposed, which guarantees
convergence in a finite time. Compared with previous studies, the
effects of the simultaneous switching topology with link failure on
second-order linear MASs are considered, so that the communication
graphs are considered as piecewise fixed and undirected graphs. The
stability of the proposed controller is proven based on graph theory
and Lyapunov's theorem. Finally, the effectiveness of the proposed
method is demonstrated through simulations. It is also concluded that
the convergence time improves with the decreasing of the topology
change period. In future studies, the consensus problem in nonlinear
MASs under variable topology in the presence of external
disturbances will be investigated.
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