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Abstract. Fractional-order multi-agent systems (MASs) with communication delays play a vital role in smart grids, autonomous 
vehicles, and industrial automation, but their memory-dependent dynamics increase vulnerability to cyber-physical attacks. In 
particular, malicious sensor and actuator attacks compromise feedback and control signals, threatening stability and consensus. 
Traditional control methods often require   prior knowledge of attack models, which restricts their effectiveness against unknown and 
time-varying disturbances. This paper proposes a robust adaptive control framework for delayed fractional-order MASs within the 
Caputo derivative setting. The method integrates an adaptive estimation law with Caputo-based Lyapunov analysis to counter 
unmodeled sensor and actuator attacks using only local and neighboring agent data. Stability conditions are rigorously established 
through a fractional Razumikhin approach. Simulations validate the scheme's resilience under sensor-only, actuator-only, and 
combined attacks, confirming its ability to maintain consensus, achieve faster convergence, and improve reliability in hostile 
environments. 

Keywords: Fractional-order multi-agent systems, Communication delays, Cyber-physical attacks, Adaptive control, Consensus control. 

1. Introduction 

Multi-Agent Systems (MASs) have become a cornerstone for distributed coordination in diverse applications such as smart grids, 
autonomous transportation, cooperative robotics, and industrial automation. Their importance is highlighted by recent surveys 
summarizing broad application domains and fundamental challenges in multi-agent coordination and control [1]. Communication 
delays are one of the most critical challenges in MASs, motivating specialized stability analyses such as Lambert W-function-based 
approaches to investigate convergence under delayed interactions [2]. In parallel, fractional-order models have drawn increasing 
attention due to their ability to capture memory and hereditary properties that are inherent in physical processes such as 
viscoelasticity, thermodynamics, and biological systems [3, 4]. When combined with communication delays, fractional dynamics 
significantly enrich the modeling capability but also increase the difficulty of designing robust and efficient control strategies [5]. 

Alongside system complexity, cyber-physical security has emerged as a pressing concern for MASs. Various forms of attacks—such 
as exponentially unbounded signals, deception attacks, and data integrity violations—have been considered in distributed settings [6–
8]. Resilient control approaches have been proposed in microgrids, renewable systems, and interconnected fractional-order networks 
subjected to stochastic or structured attacks [9, 10]. Moreover, defense strategies against denial-of-service and deception attacks have 
been introduced to ensure secure consensus in fractional-order MASs with delays [11, 12]. Event-triggered consensus methods under 
switching topologies further improve resilience while reducing communication load [13]. 

Significant progress has also been made in the theoretical foundations of fractional-order systems. Approximation techniques for 
fractional derivatives such as the Caputo operator [14], robust data-driven approaches including Koopman operator frameworks [15], 
and adaptive consensus designs for nonlinear and switching topologies [16] provide powerful analytical tools. Foundational studies 
on time-delay stability [17], Lyapunov-based proofs of uniform stability in fractional-order systems [18], and finite-time containment 
control in nonlinear MASs [19] have extended the stability and control landscape. Stability criteria for fractional systems with delays 
using Lyapunov functions [20], consensus in nonlinear Caputo models with mixed delays [21], and global consensus conditions in 
directed fractional-order networks [22] further demonstrate the richness of this area. Classical leader–follower consensus designs 
remain vital [23, 24], and modern research has broadened MAS perspectives toward distributed clustering, dynamic consensus, and 
advanced topologies [25]. 



2 Ammar Alsinai et al., Vol. x, No. x, 2026 

 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-13 

Complementary works include stability and numerical analysis of fractional-order equations [26], disturbance observers for 
uncertain nonlinear systems [27], and consensus in leader–follower networks with delays [28]. Resilient consensus against sensor and 
actuator attacks in fractional-order systems has been explicitly studied [29, 30], while stability under Caputo derivatives [31] and 
adaptive self-triggered control for attack scenarios [32] offer further defense mechanisms. Sliding-mode and adaptive sliding-mode 
controllers have also proven effective for rejecting disturbances in fractional-order and mechatronic systems [33–37], establishing a 
robust foundation for resilient control. Recent mathematical and engineering contributions include Hermitian spin-based algebraic 
and spectral analysis [38] and optimization for flexible load transport using quadrotors [39]. 

Building on these foundations, additional recent works have provided new perspectives. Improved position controllers have been 
designed using linear active disturbance rejection methods for precision electromechanical systems [40]. Digital model-based servo 
control frameworks that account for sampling-induced time delays have been investigated in practical contexts [41]. Observer-based 
methods have been developed for nonlinear Lipschitz systems to troubleshoot secondary faults, demonstrating the effectiveness of 
estimation-based resilience [42]. Furthermore, delay-dependent stability regions for distributed fractional-order MASs have been 
derived, deepening the understanding of delay margins [43]. Robust consensus frameworks under interval uncertainties using 
Hermitian matrix conditions further contribute to the robustness analysis of fractional-order MASs [44]. 

Despite these advances, key challenges remain. Many existing resilient control strategies rely on restrictive assumptions, such as 
prior knowledge of attack bounds or simplified delay structures, which limit their applicability in real-world systems subject to 
unmodeled, time-varying, and simultaneous sensor and actuator attacks. Moreover, the interplay between fractional-order memory 
effects, Caputo dynamics, and distributed delays has not been sufficiently addressed in the context of cyber-physical security. 

1.1. Contributions of this work 

To address these open challenges, this paper proposes a robust adaptive control framework for delayed fractional-order multi-
agent systems under the Caputo derivative. The main contributions are: 

 A comprehensive modeling framework that incorporates distributed delays and unmodeled, time-varying sensor and actuator 
attacks into fractional-order MASs. 

 The design of a distributed adaptive estimator-based control law that requires only local and neighboring information, ensuring 
scalability and practicality. 

 Derivation of stability conditions using fractional Lyapunov and Razumikhin techniques tailored for Caputo systems under 
cyber-physical attacks. 

 Numerical simulations demonstrating resilience against sensor-only, actuator-only, and combined attack scenarios, validating 
the robustness of the proposed approach. 

These contributions aim to enhance the resilience and reliability of fractional-order MASs while providing a solid foundation for 
future work in nonlinear extensions, event-triggered communication, and large-scale mobile networks. 

2. Preliminaries 

Firstly, we provide some graph-theoretic concepts, along with the necessary definitions and lemmas from fractional calculus that 
will be used in the subsequent analysis. 

2.1. Graph theory 

Consider a directed, balanced graph A ( , )µ ε=  with a finite set of vertices V 1 2 3{ , , , , }Mς ς ς ς= …  and a set of directed edges
{( , ) : , }.k kj jε ς ς ς ς⊆ ∈ V  Each oriented edge jkε  is an ordered pair ( , ),kjς ς  representing a directed connection from vertex jς  (tail) to vertex 

kς  (head). Let M { ( , ) }k kj jς ς ς ε= ∈∣  denote the set of neighbors of vertex ,jς  i.e., the collection of vertices from which there are incoming 
edges to .jς  

Define the adjacency matrix ,[ ] M M
jkC c ×= ∈ ℝ  where each entry 0jkc >  if ( , ) ,kjς ς ε∈  and 0,jkc =  otherwise. A pointed spanning tree 

of the digraph A  is a subgraph in which there exists at least one root vertex that can reach all other vertices through directed paths 
following the edge directions. 

Let [ ] M M
jkD I ×= ∈ ℝ  denote the Laplacian matrix of the graph ,A  defined as: 

1,

, ,

, .

jk

M
jk

jk
k k j

c j k

I
c j k

= ≠

− ≠=  =
∑

  

It is straightforward to verify that: 

1

0
M

jk
k

I
=

=∑  for all j = 1, 2, …, M.  

This implies that each row of the Laplacian matrix sums to zero, a fundamental property used in consensus stability analysis. A 
directed weighted graph with six agents named �1 to �6 is shown in Fig. 1. Communication weights or influence strengths are 
represented by the numerical values assigned to each directed edge, which shows the information flow between agents. Agent �2 
influences �3 with a weight of 1.2, for example, whereas agent �5 influences �6 with a weight of 1.1. Information can flow throughout 
the network thanks to the graph’s closed-loop communication structure. This kind of setup is crucial for researching the dynamics of 
consensus and collective behavior in multi-agent systems, especially when taking time delays and the requirement for robust 
coordination in challenging circumstances into account. 

2.2. Fractional calculus background 

For 0 < � < 1, the Caputo fractional derivative of a function f(t) is defined as: 

0 0
0

1( )1
( ) ( ),

(1 ) ( )

t
C

t t
t

f
D f t d I f t

t
α α

α

τ
τ

α τ

−′
′= =

Γ − −∫  (1) 

where Iβ  denotes the Riemann–Liouville fractional integral of order �. The Caputo derivative of a constant is zero, 
which makes it compatible with classical initial conditions. 
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Fig. 1. A directed weighted communication topology among six agents. 

The relation between the Riemann–Liouville (RL) and Caputo derivatives is given by: 

0 0

0
0

( )
( ) ( ) ( ) .

(1 )
RL C

t t

f t
D f t D f t t tα α α

α

−= + −
Γ −

 (2) 

In this work, all analytical derivations are carried out using the Caputo derivative, which ensures consistency with Lyapunov and 
Razumikhin-based stability analysis. 
Lemma 2.1. If and only if the graph's Laplacian matrix D has an eigenvalue of 0 and the real elements of other eigenvalues are positive, 
then the directed graph A  has a directed spanning tree [13]. 
Definition 2.1. Let f(ν) be a sufficiently smooth function. The Caputo fractional derivative of order � is defined as [14]: 

0 0
0

1( )1
( ) ( ).

(1 ) ( )

t
C

t t
t

f
D f t d I f t

t
α α

α

τ
τ

α τ

−′
′= =

Γ − −∫   

where n ∈ ℕ is the smallest integer satisfying n – 1 < � ≤ n, and Γ(·) denotes the Gamma function. A key advantage of the Caputo 
definition lies in its compatibility with classical initial conditions, making it particularly suitable for physical and engineering 
applications. 
Definition 2.2. Let nz ∈ ℝ  represent a dynamical system's state vector. If a scalar function n( ) :W z →ℝ ℝ  meets the following criteria, 
it is called a Lyapunov candidate [15]: For any 0, ( )z W z≠  is continuously differentiable, strictly positive, and (0) 0.W =  Furthermore, 

2
( ) ( ) ( ) ,W z W z g z zδ=∇ ⋅ ≤−
i

 where � > 0, is satisfied by the derivative of W(z) along the trajectories described by the system's vector 
field g(z). 
Lemma 2.2. Let ℒ be the Laplacian matrix of the network, and ℬ be a diagonal matrix of adaptive gains. If the adaptive controller gain 
matrix Γ is designed such that the diagonal elements satisfy Γ = diag{0.5, 1}, then the attack mitigation process will converge to zero 
as the iteration k →  ∞, where k represents the iteration or time step [16]. 
Lemma 2.3. Let A, B, C be three matrices. Then the inequality [17]: 

0
A B

A C

  <   ⊤
  

is equivalent to the inequalities A < 0, and C - Bᵀ A⁻¹ B < 0. 
Lemma 2.4. Let xi(t) ∈ ℝ

n be continuously differentiable for all i, and let K > 0 be the control gain matrix. Then the following inequality 
holds [18]: 

( )⊤ ⊤

0 0

1
( ) ( ) ( ) ( ), (0,1).

2
C C
t t t ti i i iD x t Kx t x t K D x tα α α≤ ∀ ∈   

Lemma 2.5. Consider a fractional-order multi-agent system governed by the Caputo derivative [19]: 

( )
0

1

( ) ( ) ( ) (0,1)
n

C
t t i ij j ij i ij

j

D x t c x t x tα ν ν α
=

= − − − ∀ ∈∑   

where xi(t) ∈ {ℝ}n represents the state of the ith follower agent, cij ≥ 0 denotes the coupling weight from agent j to agent i, and � ij ≥ 0 
indicates the communication time delay between them. If the communication graph is strongly connected, and the maximum delay 

max
,

max ij
i j

ν ν=  satisfies the boundary conditions, then the consensus among all agents is guaranteed: 

lim ( ) ( ) 0, , 1,..., .i j
t

x t x t i j n
→∞

− = ∀ ∈   

Lemma 2.6. Suppose 1 2 3, , :α α α →ℝ ℝ  are continuous, strictly increasing functions with 1( ) 2( ), 0r rα α >  for r > 0 and 1(0) 2(0), 0.α α =  Let 

2{ } 0α >
i

 and suppose there exists a differentiable function M: n× →ℝ ℝ ℝ   and a continuous, increasing function ζ(r) such that for any 
control-relevant state history 
 ∈  ℱ, the following inequality holds [20]:  

( )( ) ( )( ) ( )( )1 2,i i ix t M t x t x tα α≤ ≤   
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if in addition, 

( )( ) ( )( )( ) [ ], , 0 ,0M t M tθ ϕ θ ς ϕ θ ν+ ≤ ∈ −   

and, 

( )( ) ( )( )
0 3 0, 0 0 , ,C

t tD M t t tα ϕ α ϕ≤− ≥  (3) 

then the zero solution xi(t) = 0 is asymptotically stable for all � ∈ [-ν, 0]. Moreover, it is globally stable if 1( )rα →∞  as .r→∞  
Lemma 2.7. If 1,..., nµ µ  are the eigenvalues of the matrix x ,n nS∈ ℝ  and 1,..., mα α  are the eigenvalues of the matrix then the mxm,T ∈ ℝ   
eigenvalues of the Kronecker product S ⊗ T are given by the set {�i �j | i = 1, 2, …, n; j = 1, 2, …, m } [21].  

3. Results and Discussion 

3.1. Simulation setup 

To validate the theoretical developments, numerical simulations were conducted for a delayed fractional-order multi-agent 
system in the Riemann–Liouville framework. The network comprised six agents, including one leader and five followers, 
interconnected through a directed graph that satisfies the consensus condition. The fractional order was chosen as � = 0.9, with 
a maximum communication delay of 0.15 s. Actuator saturation was incorporated to emulate practical limitations, and the 
controller gains were tuned according to the stability conditions established in Section V. Attack signals were modeled as 
unmodeled, time-varying disturbances injected into both sensing and actuation channels, without any prior assumptions 
regarding their structure or bounds. All agents were initialized with distinct initial states to assess the convergence performance 
of the proposed adaptive control law. 

3.2. Performance under different attack scenarios 

Case 1: No Attack 

Figure 2 depicts the baseline performance of the system in the absence of any adversarial interference. All follower agents 
converge smoothly to the leader’s trajectory within a finite time, confirming that the proposed adaptive control strategy ensures 
stable consensus under nominal conditions. 

Case 2: Sensor Attacks 

In this scenario, falsified measurement data were injected into the sensor channels of selected followers. As illustrated in 
Fig. 2, transient oscillations appeared due to corrupted state information; however, the adaptive controller effectively 
compensated for these perturbations and guided all agents toward consensus with the leader. This demonstrates the robustness 
of the proposed approach against sensor-level deception. 

Case 3: Actuator Attacks 

When the actuator channels were manipulated by adversarial inputs, the injected disturbances directly affected the control 
layer. As shown in Fig. 2, the proposed adaptive scheme preserved boundedness of the consensus error and successfully steered 
the trajectories toward synchronization with the leader. Although convergence was slightly slower than in the no-attack case, 
overall system stability was consistently maintained. 

Case 4: Combined Attacks 

The most challenging case involved simultaneous corruption of both sensor and actuator channels. The corresponding 
results are presented in Fig. 2. Despite concurrent falsification of state measurements and control signals, the proposed 
framework maintained global consensus. Although the transient response was longer and convergence rate slower compared 
to previous cases, all followers eventually synchronized with the leader, confirming resilience under worst-case adversarial 
conditions. 
 

 

Fig. 2. Simulation results showing the effect of sensor, actuator, and combined attacks on consensus and stability. 
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3.3. Extended discussion and performance evaluation 

To reinforce the simulation findings, additional performance metrics were examined. Convergence speed was measured by 
the time required for the consensus error ||�i(t) – �0(t)|| to fall below a predefined tolerance. The fastest convergence occurred 
under no-attack conditions, while acceptable performance was retained in all adversarial scenarios. The L2 norm of the 
consensus error remained bounded across all cases, validating the robustness of the proposed method. Furthermore, robustness 
margins were assessed by gradually increasing attack magnitudes; the system-maintained stability even under intensified 
disturbances compared with benchmark approaches. These results confirm that the adaptive control law not only guarantees 
theoretical stability but also offers strong resilience and scalability in adversarial environments. 

4. Main Results 

In this context, we examine the consensus behavior of a fractional-order nonlinear multi-agent system in the presence of 
both distributed delays and input delays. The focus is on developing a resilient consensus strategy. By applying the fractional-
order Razumikhin method, several practical stability conditions are derived to ensure robustness under such delays. 
Let us consider the dynamics of the jth agent as follows.  

The ith follower’s state xi(t) ∈ ℝn is governed by: 

0 1 2( ) ( ) ( , ( )) ( , ( )) ( ),C a
t i i i i iD x t Ax t f t x t f t x t u tν ν= + + − + −  (4) 

where i = 1,2, …, N, A ∈ ℝ{n×n} is a known matrix. The leader's state x0(t) ∈ ℝn satisfies: 

0 0 0 1 0 2 0( ) ( ) ( , ( )) ( , ( ))C a
tD x t Ax t f t x t f t x t ν= + + −  (5) 

With communication delay, the control protocol and combined attack disturbance are defined as: 

( ) ( )0
1

ˆ( ) ( ) ( ) ( ) ( ) ( ) ( )
N

i ij j i i i i i
j

u t K c x t x t Kd x t x t t tν ν ν ν ν δ
=

− = − − − + − − − + +∆∑  (6) 

Here ˆ ( )i t∆  denotes the controller’s disturbance compensator. The true disturbance �i(t), where f1(t) and f2(t) are nonlinear 
functions in ℝ

n, � > 0 denotes the time delay, and K is a given matrix with eigenvalues that possess positive real parts. The 
entries of C = (cij)(N×N) are defined by cij > 0, if xi(t) influences x0(t) and cij = 0 for i = 1, ..., N, and j = 0, 1, ..., N. Assume 1diag( ,..., ).NC d d=  
Definition 4.1. The global consensus for the leader in the Fractional-Order Delayed Multi-Agent Systems (FDMAS) is achieved 
for any initial conditions if the following holds [22]: 

0lim ( ) ( ) 0, 1, , .i
t

x t x t i N
→∞

− = = …   

to facilitate the necessary analysis, several lemmas and assumptions are introduced. 
(A1) Let the nonlinear functions fj, j = 1,2, be Lipschitz continuous [33]. That is, there exist constants Lj > 0 such that for any 

 vectors n, :η ξ ∈ ℝ  

( , ) ( , ) , 1,2.j j jf t f t L jη ξ η ξ− ≤ − =   

(A2) In the directed graph associated with the system (4) and (6), the leader node 0( )x t  can reach every follower node ( )ix t  via 
directed paths. 
Lemma 4.1. Assume that .C= +G L  The assumption (A2) holds if and only if all eigenvalues of the matrix G  have positive real parts 
[25]. 
Remark 4.2. Lemma 4.1 and Lemma 2.7 demonstrate that the real parts of all eigenvalues of G K⊗  are positive if assumption (A2) 
holds [26]. 
Definition 4.2. Let ( )f t  be a continuous function. Then, for any � > 0 and � > 0, the following composition law holds [27]: 

( )
0 0 0

( ) ( )t t t t t tD D f t D f tν µ ν µ− −=   

Lemma 4.3. Let m, ,ω ϕ ∈ ℝ  and � > 0. Then, the following inequality holds [28]: 

⊤ ⊤ ⊤1
2ω ϕ κω ω ϕ ϕ

κ
≤ +   

4.1. Leaderless consensus of FDMASs 
Consider the non-leader-following consensus of the FDMAS as described in equation [5]. Let's ju  denote the control protocol, which 

is defined as follows: 

( )
1

ˆ( ) ( ) ( ) ( ) ( ), 1,2, , .
N

kj jk j j j
k

u t K c x t x t t t j Nν ν ν δ
=

− = − − − + +∆ = …∑  (7) 

Here, ˆ ( )j t∆  represents the controller disturbance. 
Theorem 5.4. The leader-following global consensus for the FDMAS described by equations (4)-(6) will be achieved if assumptions (A1) 
and (A2) hold, and there exist scalars 0jκ >  for j = 1,2, a scalar � > 0, and a symmetric positive definite matrix P > 0 such that: 

( ) ( )1 1 2

1 ˆ2 4 ( ) ( ) 0T T T
N n n i iI A A L I I P KK t tκ κ δ

σ
⊗ + + + + + ⊗ + +∆ <GG  (8) 

and, 

2
2

1 2

1
0N n n

L
I I I P

κ κ

  ⊗ + − <   
 (9) 
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Proof. We prove the result by deriving the closed-loop error dynamics, selecting a suitable Caputo-fractional Lyapunov functional, 
bounding its Caputo derivative using Lemma 2.4 and the Lipschitz conditions (A1)-(A2), and invoking a fractional comparison / 
Razumikhin-type argument to conclude asymptotic consensus. Substitute the control protocol equation (6) into the agent dynamics 
equation (4) for the i-th follower, we obtain: 

( ) ( ) ( ) ( )
0

^

1 2 0
1

( ) ( ) , ( ) , ( ) ( ) ( ) ( ) ( ) ( ), 
N

C
it t i i i i ij j i i i

j

D x t Ax t f t x t f t x t K c x t Kd x t x t t tα ν ν ν ν δ
=

= + + − + − + − − − + +∆∑  (10) 

Subtracting the leader dynamics equation (5) from equation (10) yields the tracking error dynamics for the i-th agent. Defining 
__

0( ) ( ) ( )iz t x t x t= −  and the difference terms: 

1 1 1 0 2 2 2 0( ) ( , ( )) ( , ( )), ( ) ( , ( )) ( , ( )),i i
i it f t x t f t x t t f t x t f t x tν ν ν∆ = − ∆ − = − − −   

we obtain, 

( )
0 1 2

1

ˆ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ),
N

C i i
t t i i ij i j i i

j

D z t Az t t t K c x t x t t tα ν ν ν δ
=

= +∆ +∆ − − − − − + +∆∑  (11) 

Stacking the individual error dynamics for all followers gives the compact vector form: 

0 1 1 0 2 2 0( ) ( ) ( ) ( , ( )) ( , ( )) ( , ( )) ( , ( )) (( ) ) ( ) ( ),C
t t MD z t I A z t U t x t U t x t U t x t U t x t L S K x t tα ν ν ν= ⊗ + − + − − − − + ⊗ − +∆  (12) 

where ( )ˆ( ) 1 ( ) ( )i it t tδ∆ = ⊗ +∆  collects the disturbance/attack terms, and Ui are the stacked nonlinear mappings from (A1). The overall 
architecture of the proposed decentralized control framework under sensor and actuator attacks is illustrated in Fig. 3. Choose the 
Caputo-compatible Lyapunov functional: 

⊤ ⊤( ) ( ) ( ) ( )( ) ( ) ,
t

M
t

X t z t z t z s I P z s ds
ν−

= + ⊗∫  (13) 

with 0.P P= >⊤  The chosen X(t) is positive definite and continuous for admissible trajectories. 
Using Lemma 2.4 and linearity of the Caputo derivative on admissible functions, we compute the Caputo derivative of X(t) along 

trajectories of Eq. (12). By the standard quadratic-form Caputo inequality (2.4), we have: 

⊤ ⊤ ⊤

0 0
( ) 2 ( ) ( ) ( )( ) ( ) ( )( ) ( ).C C

t t t t M MD X t z t D z t z t I P z t z t I P z tα α ν ν≤ + ⊗ − − ⊗ −  (14) 

Substitute equation (12) into the first term of equation (14), using the Lipschitz conditions in (A1) and (A2) denote Lipschitz 
constants L1 for the instantaneous nonlinearity and L2 for the delayed nonlinearity and applying Young's inequality with positive 
scalars �1, �2, we bound cross terms as follows: 

( )1 1 0 12 ( ) ( , ( )) ( , ( )) 2 ( ) ( ),z t U t x t U t x t L z t z t− ≤⊤ ⊤   

and, using Young with �1 > 0, 

( )
2
2

2 2 0 1

1

2 ( ) ( , ( )) ( , ( )) ( ) ( ) ( ) ( ),
L

z t U t x t U t x t z t z t z t z tν ν κ ν ν
κ

− − − ≤ + − −⊤ ⊤ ⊤   

Similarly, for the coupling term with �2 > 0, we have: 

( ) 2

2

1
2 ( ) ( ) ( ) ( )( ) ( ) ( ) ( ),z t L S K x t z t CC KK z t z t z tν κ ν ν

κ
− + ⊗ − ≤ ⊗ + − −⊤ ⊤ ⊤ ⊤ ⊤   

where CC⊤ denotes the symmetric graph-related matrix appearing in the quadratic bound. Finally, handle the disturbance/attack 
linear term using Young's inequality with parameter � > 0: 

( ) 21
2 ( ) ( ) 4 ( ) ( ) ( ) ( ) ( ) ,piz t t t f m z t z t tδ σ

σ
∆ ≤ + + ∆⊤ ⊤   

and absorb bounded 
2

( )tσ ∆  into the negative definite margin (this is the usual practical-bound argument; alternatively maintain 
explicit Θ(t) if needed): 

( ) 21
2 ( ) ( ) 4 ( ) ( ) ( ) ( ) ( ) ,piz t t t f m z t z t tδ σ

σ
∆ ≤ + + ∆⊤ ⊤   

Combining these bounds with equation (14) yields: 

( ) ( ) ( ) ( )2
2

0 1 2

1
1 1 2

1 ˆ( ) ( ) 2 ( ) ( ) ( ) ( ) ( ) ( ) ( )LC
t t M n n M n n i iD X t z t I A A L I I P CC KK z t z t I I I P z t t t z t z tα

κ κκ κ ν ν δ
σ

  ≤ ⊗ + + + + + ⊗ + − ⊗ + − − + +∆     
⊤ ⊤ ⊤ ⊤ ⊤ ⊤  (15) 

By the assumed matrix inequalities (8)-(9), the bracketed matrices multiplying ( )z t⊤  and ( )z t ν−⊤  on the right-hand side of 
equation (15) are negative definite. Hence there exists a constant � > 0, such that: 

0

2
( ) ( ) .C

t tD X t z tα η≤−  (16) 

From the definition (13) and positivity of the integral term there exist positive scalar functions 1 2( ), ( ) 0,a t a t >  (depending on P, the 
delay window and standard norm equivalences) such that: 

2 2

1 2 0( ) ( ) ( ) ( ) ( ) , .a t z t X t a t z t t t≤ ≤ ≥  (17) 
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Fig. 3. The decentralized event-triggered connected vehicles under the sensor attack with input delay and actuator attack with disturbance. 

Using Eq. (16) together with the upper bound in Eq. (17) gives: 

0

2

2

1
( ) ( ) ( ) ( ) ( ),

( )
C
t tD X t z t X t b t X t

a t
α η η η≤− ≤− =−   

where 2 0( ) 1 / ( ) 0 for .b t a t t t= > ≥  
Apply the fractional comparison Lemma 2.4 and standard references to the scalar fractional differential inequality: 

0
( ) ( ) ( ),C

t tD X t b t X tα η≤−   

which implies ( ) 0 as .X t t→ →∞  From Eq. (17), this yields ( ) 0 as ,z t t→ →∞ i.e., 

0lim ( ) ( ) 0, 1, , .i
t

x t x t i N
→∞

− = = …   

Therefore leader-following global consensus is achieved under the stated conditions. 
Corollary 4.5. If Assumptions (A1)–(A2) of Theorem 4.4 hold, and there exist scalars 0 ( 1,2,3), 0,j jκ σ> = >  and a symmetric matrix 0P P= >⊤  such 

that the LMI condition: 

max

min

( )
0

( ) nN

P
I

P

ηλ
σ

λ
= + + <M A B   

is satisfied, then the closed-loop delayed FDMAS is input-to-state stable with respect to the residual disturbance. In particular: 
         (1) If 0,∆=  then: 

0lim ( ) ( ) 0, 1, , ,i
t

x t x t i N
→∞

− = = …   

i.e., all followers achieve asymptotic leader-following consensus. 
         (2) If 0,∆=  then the consensus error is ultimately bounded as: 

4 ,l sup (i )m
t

z t µσ
→∞

≤ ∆   

where 0µ>  is the coercivity margin induced by 0.<M  
Remark 4.6. Both the traditional Lyapunov direct method and fractional-order Lyapunov approaches can be applied to study consensus 
and stability of multi-agent systems. Here we adopt the quadratic Lyapunov–Razumikhin method in the Caputo setting, which avoids 
the intricate fractional differentiation of Lyapunov functionals, keeps the analysis tractable in the presence of delays, and still captures 
the memory effects inherent in fractional dynamics. This approach also facilitates the incorporation of robustness against 
sensor/actuator disturbances and cyber-attacks. 
Remark 4.7. In fractional-order multi-agent systems, time delays strongly influence synchronization and stability, due to the memory 
effect inherent to fractional dynamics. The Razumikhin approach provides delay-dependent stability guarantees. Adaptive gain 
adjustment further enhances robustness against uncertainties arising from communication or actuation delays. 
Remark 4.8. The present work uses the Caputo derivative for stability analysis, which is convenient because it admits standard initial 
conditions. In contrast, the Riemann–Liouville derivative requires nonlocal initialization and complicates convergence proofs. 
Nonetheless, both frameworks highlight the importance of properly accounting for nonlocal memory effects in attack mitigation 
design. 
Remark 4.9. Sensor and actuator attacks modify communication channels and can destabilize the entire network. The proposed 
robust-adaptive scheme incorporates compensators 1

ˆ ( )t∆  that counteract such unknown inputs in real time, without prior knowledge 
of the attack model. This strengthens resilience against unpredictable and evolving cyber-physical threats. 
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5. Numerical Examples 

In this document, we present a detailed mathematical example of adaptive attack mitigation in a fractional-order delayed 
multi-agent system (MAS) within the Riemann-Liouville framework. The example includes the system model, attack description, 
control strategy, stability analysis, and key mathematical derivations. 

- Example 5.1 

Consider a fractional-order multi-agent system (FOMAS) consisting of one leader and three followers. The system dynamics 
for each follower 3( )jx t ∈ ℝ  are modeled in the Caputo sense as: 

( )
1

30

2 2
1

( ) ( ) ( ) ( ) ( ) ( ) ( ),C
kj j j jk j j j

r
k

D x t Fx t G x t d K c x t r x t r U t A tα ν ν
− =

= + + + − − − + +∑∫   

where � = 0.8 is the fractional order, r1 = 0.5 s is the distributed delay, and r2 = 0.3 s is the input delay. The system matrices are 
selected as: 

3

3 0 1 0.2 0 0

0 2.5 0 , 0.1 0.3 0 , 0.4 .

0 0 1.8 0 0 0.15

F G K I

   −   
   = − = =   
   −   

  

The communication topology among followers is represented by: 

( )
1

ˆ( ) ( ) ( ) ( ) ( ), 1,2, , .
N

kj jk j j j
k

u t K c x t x t t t j Nν ν ν δ
=

− = − − − + +∆ = …∑   

0 1 0

1 0 1 .

0 1 0

C

 
 
 =  
 
 

  

The leader evolves as: 

1

0

0 0 0( ) ( ) ( ) ,C

r
D x t Fx t G x t dα ν ν

−
= + +∫   

with initial conditions: 

⊤ ⊤ ⊤ ⊤

0 1 2 3(0) [2,0,1] , (0) [0.5,1.0,0.8] , (0) [1.5, 0.5,0.2] , (0) [ 1.0,0.5,1.2] .x x x x= = = − = −   

Three different scenarios are simulated: 

( )( ) 0.08sin(0.5 ) 0.02 ( ),S
j jA t t tξ= +   

( ) 0.2( ) 0.05 0.02 ( )A t
j jA t e tξ−= +   

( ) 0.2( ) 0.1sin(0.5 ) 0.05 0.02 ( )C t
j jA t t e tξ−= + +   

0( ) ( ) ( ( ) ( )), 0.5, 0.3j j j j j j jU t K A t x t x t Kγ γ=− − − = =   

where ( ) ~ (0,1)j tξ N  models Gaussian noise.   
- Fractional derivative solver: predictor–corrector Adams–Bashforth–Moulton scheme;  
- Step size: 0.01 ,h s= time horizon 30 ;T s=  
- Performance metrics: consensus error 0 22

( ) ( ) ,  jx t x t L− norm, and settling time. 
The simulation results are presented for three attack scenarios. In each case, both 2D state trajectories and 3D trajectories are 

plotted. 
- Under sensor attacks (Fig. 4(a)), the followers converge to the leader within 20 s with errors below 10−2. 
- Under actuator attacks (Fig. 4(b)), performance degrades slightly but consensus is preserved. 
- Under combined attacks (Fig. 4(c)), bounded steady-state errors appear, yet the resilient controller ensures asymptotic 

convergence. The consensus error trajectories under combined attacks are shown in Fig. 4(d), and the 3D paths of all agents are 
illustrated in Fig. 4(e), demonstrating containment of the followers around the leader despite multiple simultaneous attacks. The 
numerical results confirm that the proposed adaptive controller achieves resilient consensus in the presence of sensor, actuator, and 
combined cyber–physical attack scenarios. 

- Example 5.2 

This example gives a fully specified, reproducible simulation setup for an adaptive attack mitigation test in a fractional-order 
delayed MAS Caputo derivative. One leader and three followers (N = 3). Fractional order 0.9,α =  distributed delay 1 0.6r = s, input 
delay 2 0.35r = s. Simulation horizon sim 20T = s, fixed-step solver 0.01t∆ = s. Random seed set to be 1: 

( )
1

30
act

2 2 ,
1

( ) ( ) ( ) ( ) ( ) ( ) ( ),C
t kj j j jk j j env j

r
k

D x t Fx t G x t d K c x t r x t r u t d tα θ θ
− =

= + + + − − − + +∑∫   

where act( )ju t  is the actual actuation applied to the plant (controller output possibly corrupted by actuator attack) and , ( )env jd t  
denotes environmental plant disturbances. 
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(a) (b) 

  

(c) (d) 

 

(e) 

Fig. 4. Simulation results under different attack scenarios: (a) Sensor attack, (b) Actuator attack, (c) Combined attack, (d) Consensus error norm 

under combined attack, (e) 3D trajectories under combined attack. 

The controller does not access the true state ( )jx t  directly; rather it observes a corrupted measurement: 

meas( ) ( ) ( ),s
j j jx t x t e t= +   

where ( )s
je t is the sensor attack/error. The actuator attack ( )a

je t  corrupts the controller output before it reaches the plant: 

act( ) ( ) ( ),a
j j ju t U t e t= +   

where ( )jU t  is the controller’s commanded input. For each follower j, the example uses: 

( ) 0.05sin(0.4 ) 0.02 ( ) (sensor error), s
j je t t tξ= +   

0.15( ) 0.12cos(0.6 ) 0.07 (actuator attack), a t
je t t e−= +   

, ( ) 0.03sin(1.1 ) (environmental disturbance), env jd t t=   

with N( ) ~ (0,1)j tξ . The combined attack case uses both ( )s
je t  and ( )a

je t simultaneously. The controller uses measured states: 

( )meas meas
0

ˆ( ) ( ) ( ) ( ) ,j j j j jU t K t x t x tγ=− ∆ − −   

where meas
0x  is the leader measurement (assumed uncorrupted in this example), and ˆ ( )j t∆  is the controller’s 

compensator/estimate. The actuator attack ( )a
je t  is applied after this computation (so it does not appear inside ( ) :jU t  

3

3.2 0 1.1 0.18 0 0

0 2.4 0 , 0.12 0.26 0 , 0.4 ,

0 0 1.9 0 0 0.13

F G K I

   −   
   = − = =   
   −   

  

communication adjacency: 

⊤

0 1 1

1 0 1 , [1,0,1] .

1 1 0

C d

 
 
 = = 
 
 
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(a) 

 

(b) 

 

(c) 

 
 

(d) (e) 

Fig. 5. Simulation results. Top (a–c): vertical visualizations for sensor, actuator, and combined attacks, Bottom (d–e): combined-case quantitative 

metrics (error norm) and 3D state trajectories. 

As in the reproducible example: leader and follower initial vectors given; history for 1 2[ max( , ),0]t r r∈ −  is constant extension 
of initial values. With the quadratic Razumikhin candidate and the residual bound: 

,
ˆ( ) ( ) ( ) ,a

env j j jd t e t t + −∆  ≤∆   

the Caputo derivative estimate yields an ISS-type inequality: 

2 24
( ) ( ) ,C

tD V t z tα µ
σ

≤− + ∆   

so, the consensus error is ultimately bounded by 4 / ( ) .µσ ∆  The sensor attack corrupts the controller’s measurements and can 
slow convergence or cause estimator bias; actuator attacks enter directly into the plant and affect the residual bound. 

The simulation results are presented for three attack scenarios. In each case, both 2D state trajectories, 2D and 3D trajectories 
are plotted.  

- Under sensor attacks (Fig. 5(a)), the followers converge to the leader within 20 s with errors below 10−2. 
- Under actuator attacks (Fig. 5(b)), performance degrades slightly but consensus is preserved.  
- Under combined attacks (Fig. 5(c)), bounded steady-state errors appear, yet the resilient controller ensures asymptotic 

convergence. The consensus error trajectories under combined attacks are shown in Fig. 5(d), and the 3D paths of all agents are 
illustrated in Fig. 5(e) demonstrating containment of the followers around the leader despite multiple simultaneous attacks. 



Robust Adaptive Control for Delayed Fractional-Order Multi-Agent Systems with Unmodeled Cyber-Physical Attacks 11 
 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-13 

6. Conclusion 

In this paper, a robust adaptive control framework was developed for delayed fractional-order multi-agent systems subject 
to unmodeled sensor and actuator attacks within the Caputo derivative setting. By integrating adaptive estimation with 
fractional-order Lyapunov stability analysis, the proposed strategy effectively mitigated unknown disturbances and cyber-
physical attacks while ensuring consensus under communication delays. Simulation studies across four representative 
scenarios: no attack, sensor attack, actuator attack, and combined attacks, confirmed that the proposed controller consistently 
achieved consensus with bounded errors, preserved stability in adversarial conditions, and outperformed benchmark methods 
in terms of convergence speed and robustness margins. These findings highlight the resilience, scalability, and practical 
relevance of the proposed approach, providing a rigorous foundation for future extensions to nonlinear agent dynamics, event-
triggered communication strategies, and large-scale cooperative networks. 
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Nomenclature 

( ) n
ix t ∈ ℝ  State of the ith follower agent at time t 

0( ) nx t ∈ ℝ  State of the leader agent at time t 
xn nA ∈ ℝ  Known system matrix shared by all agents 

C
tDα  Caputo fractional derivative of order �, with 0 < � < 1 

1( , ( ))if t x t  Nonlinear function depending on the current state xi(t) 

2( , ( ))if t x t ν−  Nonlinear function depending on the delayed state xi(t − ν) 

( )iu t ν−  Control input of follower i subject to delay ν 

( )i tδ  Unknown disturbance or attack signal affecting follower i 

0ν >  Constant time delay representing communication or actuation lag 

1 2, 0L L >  Lipschitz constants for nonlinear terms f1 and f2 

[ ]ijC c=  Adjacency matrix of the communication graph 

diag ijj
D c =   ∑  Degree matrix of the communication graph 

L D C= −  Laplacian matrix of the follower network 

[ ]
__

1diag ,..., nC d d=  Diagonal leader–follower coupling matrix, where di = 1 if follower i connects to the leader 
__

G L C= +  Augmented Laplacian including leader couplings 
xn nK ∈ ℝ  Control gain matrix 

__

0( ) ( ) ( )i iz t x t x t= −  Consensus error of follower i relative to the leader 
__ __ __

1( ) col( ,..., )nz t z z=  Stacked consensus error vector 

0P P= >⊤  Lyapunov matrix used in Theorem 4.4 

1 2 3, , 0κ κ κ >  Positive scalars used in Young’s inequality bounds 

1η >  Razumikhin constant in the delay condition 

0σ >  Slack variable used to absorb disturbance terms in the LMI 

, ,A B M  Matrices defined in Theorem 4.4 



12 Ammar Alsinai et al., Vol. x, No. x, 2026 

 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-13 

References 

[1] Zhang, J.X., Zhang, X., Boutat, D., Liu, D.Y., Fractional-order complex systems: Advanced control, intelligent estimation and reinforcement 
learning image-processing algorithms, Fractal and Fractional, 9(2), 2025, 67. 
[2] Wang, J., He, G., Geng, S., Zhang, S., Zhang, J., Data-driven adaptive control for uncertain nonlinear systems, Nonlinear Dynamics, 113(5), 2025, 
4197-4209. 
[3] Sheikh, S., Khalsa, L., Varghese, V., The impact of memory effect in the higher-order time-fractional derivative for hygrothermoelastic cylinder, 
Multidiscipline Modeling in Materials and Structures, 20(5), 2024, 761-783. 
[4] Munoz-Pacheco, J.M., Wei, Z., Volos, C., Sambas, A., Future challenges in the fractional-order dynamical systems: from mathematics to 
applications, Frontiers in Applied Mathematics and Statistics, 9, 2023, 1324660. 
[5] Liu, X., Sun, Y., Han, Q., Cao, K., Shen, H., Xu, J., Ji, A., A novel adaptive dynamic optimal balance control method for wheel-legged robot, Applied 
Mathematical Modelling, 137, 2025, 115737. 
[6] Fekri, S., Athans, M., Pascoal, A., Issues, progress and new results in robust adaptive control, International Journal of Adaptive Control and Signal 
Processing, 20(10), 2006, 519-579. 
[7] Ranjan, S., Majhi, S., Fixed-Time State Observer-Based Robust Adaptive Neural Fault-Tolerant Control for a Quadrotor Unmanned Aerial Vehicle, 
International Journal of Adaptive Control and Signal Processing, 39(1), 2025, 132-151. 
[8] Shambhu Choudhary, S., Nath Gupta, T., Hussain, I., Intelligent solar grid integration: advancements in control strategies and power quality 
enhancement, International Journal of Circuit Theory and Applications, 53(6), 2025, 3462-3480. 
[9] Jadidi, S., Badihi, H., Zhang, Y., Active fault-tolerant and attack-resilient control for a renewable microgrid against power-loss faults and data 
integrity attacks, IEEE Transactions on Cybernetics, 54(4), 2023, 2113-2128. 
[10] Chen, Z., Tan, J., He, Y., Cao, Z., Decentralized observer-based event-triggered control for an interconnected fractional-order system with 
stochastic Cyber-attacks, AIMS Mathematics, 9(1), 2024, 1861-1876. 
[11] Khan, A., Niazi, A.U.K., Abbasi, W., Awan, F., Khan, M.M.A., Imtiaz, F., Cyber secure consensus of fractional order multi-agent systems with 
distributed delays: Defense strategy against denial-of-service attacks, Ain Shams Engineering Journal, 15, 2024, 102609. 
[12] Hu, T., Zhang, X., Shi, K., Secure intermittent impulsive consensus control for fractional-order multiagent systems under denial-of-service and 
deception attacks, Information Sciences, 678, 2024, 120949. 
[13] Wu, J., Peng, C., Yang, H., Wang, Y.L., Recent advances in event-triggered security control of networked systems: A survey, International Journal 
of Systems Science, 53(12), 2022, 2624-2643. 
[14] Dimitrov, Y., Georgiev, S., Todorov, V., Approximation of Caputo fractional derivative and numerical solutions of fractional differential 
equations, Fractal and Fractional, 7(10), 2023, 750. 
[15] Strässer, R., Berberich, J., Allgöwer, F., Robust data-driven control for nonlinear systems using the Koopman operator, IFAC-Papers OnLine, 56(2), 
2023, 2257–2262. 
[16] Yang, Y., Zhang, H., Chen, J., Adaptive consensus for multi-agent systems with nonlinear dynamics and switching topologies, Automatica, 49(7), 
2013, 2107–2115. 
[17] Chen, G., Yang, Y., Fixed-Time Stability of Time-Varying Hybrid Systems with Time-Delay, Circuits, Systems, and Signal Processing, 43(5), 2024, 
2758-2781. 
[18] Duarte-Mermoud, M.A., Aguila-Camacho, N., Gallegos, J.A., Castro-Linares, R., Using general quadratic Lyapunov functions to prove Lyapunov 
uniform stability for fractional order systems, Communications in Nonlinear Science and Numerical Simulation, 22(1–3), 2015, 650–659. 
[19] Zhao, L., Chen, X., Yu, J., Shi, P., Output feedback-based neural adaptive finite-time containment control of non-strict feedback nonlinear 
multi-agent systems, IEEE Transactions on Circuits and Systems I: Regular Papers, 69(2), 2021, 847–858. 
[20] Cong, D., Tuan, H.T., Asymptotic stability criteria for fractional differential equations with delay via fractional Lyapunov functions, 
Communications in Nonlinear Science and Numerical Simulation, 100, 2019, 224–232. 
[21] Liu, S., Yang, R., Li, X., Xiao, J., Global attractiveness and consensus for Riemann–Liouville’s nonlinear fractional systems with mixed time-
delays, Chaos, Solitons and Fractals, 143, 2021, 110577. 
[22] Zheng, X., Ma, H., Zhou, Q., Li, H., Neural-based prescribed-time consensus control for multiagent systems via dynamic memory event-
triggered mechanism, Science China Technological Sciences, 68(3), 2025, 1-11. 
[23] Yang, H., Li, S., Yang, L., Ding, Z., Leader-following consensus of fractional-order uncertain multiagent systems with time delays, Neural 
Processing Letters, 54(6), 2022, 4829-4849. 
[24] Wang, C., Ji, H., Leader-following consensus of multi-agent systems under directed communication topology via distributed adaptive nonlinear 
protocol, Systems and Control Letters, 70, 2014, 23–29. 
[25] Lian, B., Koru, A.T., Xue, W., Lewis, F.L., Davoudi, A., Distributed Dynamic Clustering and Consensus in Multiagent Systems, IEEE Transactions 
on Automatic Control, 69(9), 2024, 6474-6481. 
[26] Hattaf, K., On the stability and numerical scheme of fractional differential equations with application to biology, Computation, 10(6), 2022, 97. 
[27] Shao, K., Shao, J., He, C., Hu, R., Class function-based adaptive disturbance observer for uncertain nonlinear systems, International Journal of 
Systems Science, 56(4), 2025, 841-849. 
[28] Zhu, B., Liang, H., Niu, B., Wang, H., Zhao, N., Zhao, X., Observer-based reinforcement learning for optimal fault-tolerant consensus control of 
nonlinear multi-agent systems via a dynamic event-triggered mechanism, Information Sciences, 689, 2025, 121350. 
[29] Li, Z., Xia, Y., Fu, M., Liu, H., Resilient consensus control of fractional-order multi-agent systems under sensor and actuator attacks, IEEE 
Transactions on Systems, Man, and Cybernetics: Systems, 49(12), 2019, 2503–2513. 
[30] Khan, A., Niazi, A.U.K., Abbasi, W., Awan, F., Khan, A., Fractional-order nonlinear multiagent systems: A resilience-based approach to 
consensus analysis with distributed and input delays, Fractal and Fractional, 7(4), 2023, 322. 
[31] Qin, Z., Wu, R., Lu, Y., Stability analysis of fractional-order systems with the Riemann–Liouville derivative, Systems Science and Control 
Engineering, 2(1), 2014, 727–731. 
[32] Sun, Y., Shi, Y., Adaptive self-triggered control-based cooperative output regulation of heterogeneous multi-agent systems under sensor and 
actuator attack, Journal of Cleaner Production, 402, 2024, 139432. 
[33] Azizi, A., Naderi Soorki, M., Vedadi Moghaddam, T., Soleimanizadeh, A., A new fractional-order adaptive sliding-mode approach for fast finite-
time control of human knee joint orthosis with unknown dynamic, Mathematics, 11(21), 2023, 4511. 
[34] Azizi, A., A case study on designing a sliding mode controller to stabilize the stochastic effect of noise on mechanical structures: residential 
buildings equipped with ATMD, Complexity, 2020(1), 2020, 9321928. 
[35] Azizi, A., Mobki, H., Ouakad, H.M., Speily, O.R.B., Applied mechatronics: on mitigating disturbance effects in MEMS resonators using robust 
nonsingular terminal sliding mode controllers, Machines, 10(1), 2022, 34. 
[36] Mobki, H., Jalilirad, M., Vatankhah Moradi, M., Azizi, A., Multi input versus single input sliding mode for closed-loop control of capacitive micro 
structures, SN Applied Sciences, 1(7), 2019, 676. 
[37] Mobki, H., Sabegh, A.M., Azizi, A., Ouakad, H.M., On the implementation of adaptive sliding mode robust controller in the stabilization of 
electrically actuated micro-tunable capacitor, Microsystem Technologies, 26(12), 2020, 3903-3916. 
[38] Ganesan, T., Yousaf, Z., Bhatti, M.Z., Algebraic and Spectral Analysis of a Novel Hermitian Spin Basis, Symmetry, 17(3), 2025, 450. 
[39] Zhu, Z., Zhao, H., Xian, Y., Sun, H., Chen, Y. H., Ma, J., Cooperative game-theoretic optimization of adaptive robust constraint-following control 
for fuzzy mechanical systems under inequality constraints, Nonlinear Dynamics, 113(5), 2025, 4703-4726. 
[40] Parvareh, A., Naderi Soorki, M., Azizi, A., The robust adaptive control of leader–follower formation in mobile robots with dynamic obstacle 
avoidance, Mathematics, 11(20), 2023, 4267. 
[41] Mohammadzaheri, M., Al-Humairi, A., Vakili-Nezhaad, G., Azizi, A., Jones, S., Hamlin, C., ..., Soltani, P., Digital Model-Based Motor Servo Control 
Considering a Sampling-Induced Time Delay, In 12th International Conference on Control, Dynamic Systems, and Robotics, 2025. 
[42] Mobki, H., Sedighi, M.H., Azizi, A., Eskandari, M.M., Designing an efficient observer for the non-linear Lipschitz system to troubleshoot and 
detect secondary faults considering linearizing the dynamic error, Facta Universitatis, Series: Mechanical Engineering, 20(3), 2022, 677-691. 



Robust Adaptive Control for Delayed Fractional-Order Multi-Agent Systems with Unmodeled Cyber-Physical Attacks 13 
 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-13 

[43] Koochakzadeh, A., Naderi Soorki, M., Azizi, A., Mohammadsharifi, K., Riazat, M., Delay-dependent stability region for the distributed 
coordination of delayed fractional-order multi-agent systems, Mathematics, 11(5), 2023, 1267. 
[44] Riazat, M., Azizi, A., Naderi Soorki, M., Koochakzadeh, A., Robust consensus in a class of fractional-order multi-agent systems with interval 
uncertainties using the existence condition of Hermitianmatrices, Axioms, 12(1), 2023, 65. 

ORCID iD 

Ammar Alsinai  https://orcid.org/0000-0002-5221-0574 

Azmat Ullah Khan Niazi  https://orcid.org/0000-0002-7677-7719 
  

© 2026 Shahid Chamran University of Ahvaz, Ahvaz, Iran. This article is an open access article distributed under the 
terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0 license) 
(http://creativecommons.org/licenses/by-nc/4.0/). 

 

How to cite this article: Alsinai A., Khan Niazi A.U., Asghar S., Smerat A. Robust Adaptive Control for Delayed Fractional-Order 
Multi-Agent Systems with Unmodeled Cyber-Physical Attacks, J. Appl. Comput. Mech., xx(x), 2026, 1–13. 
https://doi.org/10.22055/jacm.2026.48703.5437 

 
Publisher’s Note Shahid Chamran University of Ahvaz remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations. 

 


