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Abstract: This study explores fault-tolerant consensus in leader—following heterogeneous multi-
agent systems, focusing on actuator failures in uncrewed aerial vehicles (UAVs) and uncrewed
ground vehicles (UGVs). An optimization-based fault-tolerant consensus algorithm is proposed. The
algorithm utilizes the Euler-Lagrange formula to ensure system consistency under actuator failures,
with the Lyapunov stability theory proving the asymptotic stability of the consistency error. The
algorithm is applied to heterogeneous multi-agent systems of UAVs and UGVs to derive optimal
fault-tolerant consensus control laws for each vehicle type. Simulation experiments give evidence for
the feasibility of the proposed control strategy.

Keywords: uncrewed aerial vehicle; uncrewed ground vehicle; heterogeneous multi-agent system;
actuator failures; consensus; Lyapunov stability theory; optimal method

1. Introduction

Due to rapid advancements in science, technology, and evolving societal needs, re-
searchers have consistently prioritized the collaborative control of multi-agent systems.
Especially in recent years, rapid development has been seen. It has achieved a large number
of application results in the field of engineering, such as UAV formation [1,2], intelligent
city traffic [3], smart grid [4,5], etc. Consistency is the core issue of collaborative control,
and corresponding control protocols are designed according to different controlled ob-
jects and working environments to achieve the convergence and stability of the controlled
system states. Reference [6] proposed a control method based on the bat algorithm, us-
ing an improved bat algorithm to find the optimal control gains. It aims to enhance the
robot’s trajectory tracking accuracy and compares the trajectory tracking accuracy and
control energy consumption of two robots. Reference [7] addresses the control problem
of a single-link mechanical arm and introduces a practical control method. It proposes a
finite-time disturbance observer to estimate external disturbances and ensures that tracking
errors converge to a specified bounded set within a finite time. It demonstrates that the
closed-loop system is globally finite-time stable. Reference [8] investigates the finite-time
consensus problem for a class of general linear leader—follower multi-agent systems using
event-triggered mechanisms. A distributed event-triggering strategy based on observers
is proposed. Under given conditions, it ensures that the tracking error converges to zero
within a finite time.

Multi-agent systems are primarily categorized into homogeneous and heterogeneous
types. The consistency inquiry of homogeneous multi-agent systems has achieved fruitful
results [9-12]. During actual operation or use, most systems exhibit heterogeneous char-
acteristics. Heterogeneous multi-agent systems are structurally constrained and mainly
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unable to achieve complete state consistency. Based on this, Scholars both domestically and
internationally are increasingly concentrating on the study of consensus in heterogeneous
multi-agent systems [13-19]. In conjunction with the increasing working time of intelligent
agents and the complex and changeable actual environment, individual intelligent agents
will inevitably encounter failures, and multi-agent systems cannot solve this problem
through their attributes. Therefore, ensuring multi-agent systems achieve consistency
during failures has become a subject of great concern. Reference [20] proposed an approach
utilizing inner and outer loops to accomplish the control objective of multiple uncrewed
aerial vehicles following a leader aircraft in the presence of actuator failures. The outer
loop is responsible for designing position state control laws to uphold the formation flight,
while the inner loop addresses actuator effects through adaptive control laws for UAV
attitudes. Reference [21] implemented a distributed sliding mode observer (SMO) for each
trailing UAV, estimating necessary reference values through information exchange among
neighboring UAVs. Adaptive neural fault-tolerant control (FTC) units were subsequently
devised for the UAV to converge toward the benchmark value produced by the distributed
SMO in case of actuator failures. Reference [22] examined the coordination of drones in
formation under conditions involving leader and actuator failures. The study applied
boundary layer theory and devised a control protocol featuring adaptive mechanisms for
compensating actuator deficiencies. Reference [23] devised a formation control law with
adaptive mechanisms for multi-octocopter drone models, taking into account uncertain-
ties and actuator failures. Reference [24] proposed a new adaptive backstepping method
related to command filters to address model uncertainties and input saturation problems
for multiple UAVs under input saturation, actuator failures, and external disturbances,
designing a robust controller. The aforementioned studies focus exclusively on homoge-
neous multi-agent systems, with limited research outcomes on achieving fault-tolerant
consistency in heterogeneous multi-agent systems. Reference [25] investigated a collabora-
tive fault-tolerant output regulation control approach for linear heterogeneous multi-agent
systems operating under directed network topologies. The objective was to ensure system
stability despite actuator failures. Reference [26] examines fault-tolerant consistency in
heterogeneous multi-agent systems. The study introduces a sliding mode observer aimed
at achieving consistent system control in the presence of uncertainties and actuator faults.
While both references explored fault-tolerant control in heterogeneous multi-agent systems,
they primarily discussed generic models rather than specific physical implementations.

Building on the preceding analysis, this paper aims to investigate the consistency
issues in leader—following heterogeneous UAV-UGV systems featuring faulty followers.
Specifically, this paper designs a fault-tolerant consistency controller for leader—following
heterogeneous multi-agent systems encountering partial actuator failures. The contribu-
tions of this study are outlined below:

Firstly, this paper introduces dynamic models for intelligent agent systems and formu-
lates them using Kronecker products in state space. It then constructs the Laplacian matrix
of the communication topology.

The paper proposes a fault-tolerant consistency controller for leader—following multi-
agent systems in the presence of actuator failures, validated using Lyapunov stability
theory. The algorithm shows robust fault tolerance to constant and time-varying actuator
faults without needing to solve the Hamilton-Jacobi-Bellman equation.

Performance index functions are designed for each UAV and UGV, aiming to minimize
the performance index of each UAV and UGV pair to achieve overall minimization for
the entire heterogeneous multi-agent system. The fault-tolerant consistency controller
obtained through this optimization process is considered the optimal controller, ensuring
leader—following consistency under conditions of actuator failures in both UAVs and UGVs.

The remaining sections of this study are organized as follows. Necessary background
and system models related to the problem of fault-tolerant consensus in heterogeneous
multi-agent leader—following systems are provided in Section 2. Theorem designs that
address the problem of designing control protocols for UAVs and UGVs are introduced in
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Section 3. Section 4 presents numerical simulations of multiple UAVs and UGVs, comparing
them with existing algorithms. Section 5 summarizes the whole work.

2. Preliminaries

This section primarily covers fundamental concepts related to UAVs and UGVs, dis-
cussing the application of graph theory to delineate system interrelationships and present-
ing the state-space equations for UAV and UGV systems.

2.1. Graph Theory

Based on the relevant theories of graph theory, we describe the communication topol-
ogy of multi-agent systems. The unoriented weighted graph G = (V,E, A) comprises
k + 1 vertices, V = (v, v1, 0y, ... vx) representing the complete set of vertices. Each vertex
corresponds to an agent, which vy denotes the leader. Let E = {ei]- = (v;, v]-)} denote
the edges between vertices, with e;; = (v;,vj) representing the edge from vertex v; to
vertex v;. The connection between two vertices through an edge indicates the existence
of information exchange between them. If bidirectional communication is allowed, the

graph is undirected, or directed. A = [a;] 1« Stands for the adjacency matrix describing

relationships between followers, where the a;; is the edge e;; = (v;, v;)’s weight. If there is
an edge ¢;; € E between vertices i and j, then a;; > 0; otherwise, a;; = 0. N denotes the
neighbor set of the i-th agent, represented as N; = {V; € V, |ej € E},i =1,2,...,k

In an unoriented graph, the degree of a node denotes its number of neighbors, specif-
ically the count of connecting edges per node. Let D = diag{d;,d>,...,d;} denote the

n
degree matrix of the unoriented graph, defined as d; = }_ 4;;. The Laplacian matrix of the
=1
graph is defined as L = D — A, where A is the adjacency matrix. { = diag(ap1, 4oz, .- -, dok),
and it represents the Laplacian matrix, which describes the communication relationships
between leaders and followers.

2.2. UGV Dynamics Model
According to Reference [27], a single UGV model be simplified as Equation (1):

Ugi = ugl-

T T
where pg; = {pgi, pgl} denotes the position in XY space, vg; = {vgi, Ugi] denotes veloc-
ity, which corresponds to the speed of the UGV moving along the direction of p,;, and

T
Ugi = {ugi, u;} signifies the input of the agent i. For m UGVs, the formula is transformed

into the following states:
xgi = Agxgi + Bglgi 2

T )
where xg; = (p;,vi) ", pi = (pf,ply),vi = (vg‘,vly),uGi = (uj‘,u?),z =1,2,...,m.

0 1 0
Ag = {0 0} ® b, Bg = L] ® Ip.

Ag, Bg, respectively, represent the state-space matrix and input-state matrix of the
UGVs. ® denotes the Kronecker product, indicating that the multi-UGV system is a linear
system. Considering the failure of actuators in UGV, u{; = (uf;, u{y) represents the input
after the actuator failure. The specific expression ué ; is as follows:

ub, = (b — Pei)ucs, 3)
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where the equation Pg; = diag(pix, piy) € R? is central to our analysis. This paper primarily
examines partial actuator failures within a multi-following uncrewed ground vehicle
system, in which p;,, p;;, does not uniformly equal one across all instances. The dynamic
model of each of the m UGVs in the system can be represented as follows:

fgi = Acxi+ Baul, i=1,2,...,m 4)

For the m UGVs actuator failure model described by Equation (4), when the multi-
UGYV system achieves consensus, it means that all the UGV’s states satisfy the following
equation:

tim[[py (6) — py(1)]] = 0, Jim [[vi(t) — vo(t)| = 0 ©

2.3. UAV Dynamics Model
According to reference [27], a single UAV model be defined as Equation (6):

pr= g0

P =—g¢

p”=fz/m—g ©)
§p = My/ Iy

g0 = Mg/ 1y

p=My/I

where p*, pY, p* represents the UAV’s positions in the X, Y, Z axes; ¢, 0, and ¢ corresponds
to the rotation angle of the UAV along X, Y, and Z axes, respectively. f, denotes the lift
force in the Z axes; My /I, Mg/ Iy, My / I, represents the control input for rotating the UAV
around the three coordinate axes.

If there is one leader UAV and n — m follower UAVs, then Equation (6) above can be
transformed into a state equation:

Xa0 = Aaxao )
Xai = Aaxai + Baug;
AT X Y oz T x Y oz T x Y .z T
where x4; = (p;, v;, Q, Q) ,pi = (pi,pi,pi) ,0; = (vi,vi,vi> JUp = (ui,ui,ui) .

n : N
O = (891‘/_8471'/1/]) Q= (gGi,—g4>i,l/J) Jdg=mm+1,...,n

xa0 = ( QQTz(xyZszsz he lead
A0 Po, Vo, (o, 0) , Po Po:Po-Po) +0o V4,90, U5 represents the leader
UAV’s state.
01 0 0 0
00 10 0
Ap = 000 1 ®I3,By = 0 ® Is.
0 0 0 O 1

A4, Ba, respectively, represent the state-space matrix and input-state matrix of the

UAVs. ® denotes the Kronecker product, indicating that the multi-UAV system is a linear
fo— (uf fof

system. Considering the failure of actuators in UAV, u),; = (u;,, u;,, u;,) represents the

1y’
f

input after the actuator failure. The specific expression u/,; is as follows:

”{4,' = (Iz = Pai)uai, 8)
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where the equation Py; = diag(pix, piy, 0iz) € R3 is central to our analysis. This paper
primarily examines partial actuator failures within a multi-following uncrewed aerial
vehicle system, in which p;y, p;, pi. does not uniformly equal one across all instances. The
dynamic model of each of the n — m UAVs in the system can be represented as follows:

Xai = Aaxai+ BA”Q,‘ )

For the n — m UAVs actuator failure model described by Equation (9), when the
multi-UAV system achieves consensus, this implies that all states of the UAVs satisfy the
following equation:

iim [|Xai(t) = Xao(#)[| =0 (10)

2.4. Heterogeneous Multi-Agent System

By establishing fault models for UAVs and UGVs using Equations (4) and (9), the
expression of the state variable for a heterogeneous multi-agent system can be constructed
by merging state variables. The state variable model for heterogeneous systems is defined

as follows: .
Xg _{AGO ] Xg +{BGO ][UG}
XA 0 Aa XA 0 Ba Ua (11)
X = AX +BU
T Ag O Bs; O T
where X = (XE,XE) A= ( 0 AA>,B = < 0 BA>,XG = (xGlrxGZ--'xGm) .

T T
XA = (xA(m+1),xA(m+2) .. .xAn) ,[md u= (Ug, LI};) P
(N U= (o f "
Ug = (”Gl/ucz . ..qu> SUpg = (uA(erl)’uA(erZ) "'”An) .
To better describe the communication relationship between heterogeneous systems, a
simple linear transformation needs to be applied to the Laplacian matrix of the system. The

system consists of m UGVs and n — m UAVs, with a total of # agents. L is the corresponding
Laplacian matrix, is shown as follows:

[— [LAA LAG}
Lga Lce

where L 4G, Lga represents information between heterogeneous agent systems. Regarding
the actuator fault model of n heterogeneous agent systems described by Equation (11),
when the heterogeneous multi-agent system reaches consensus, it implies that all agent
states satisfy the following equation:

Tim|[p; (6) ~ po(t)| = 0, Jim []i(t) — vo(t)]| =0

tlgg”ﬂi(t)—ﬂo(t)” =0,i=m+l,m+2,...n (12)

lim || Q- ||=0,i=m+1,m+2,...n

Assumption 1. The communication graph between agent systems is firmly connected, and at least
one follower is linked to a leader.

Assumption 2. During the operation of the leader—follower multi-agent system, the leader agent
will not experience failures.
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3. Design and Analysis of Fault-Tolerant Consensus Controllers

This section addresses the problem described in Equation (12) by designing and
analyzing fault-tolerant consensus controllers of heterogeneous multi-agent fault models.
The theoretical effectiveness of the proposed algorithm is subsequently demonstrated.

The following describes the performance index parameters for each follower agent:

jiI/(f[(”{(f))TH”{(t)+ Y (aij(xi — xj) + agi(x; — xo Ny a;i(x; — xj) + agi(x; — xo) | dt (13)

JEN; JEN;
wherei = 1,2,...n, C represents a constant greater than zero, indicating the integral’s

T
upper bound. (u{ (t)) represents the transpose operation of a vector. H and Q are both

positive definite symmetric matrices.
Theorem 1. Consider a leader—follower multi-agent system:

J.C()ZAXO
f i=1,2,...,n (14)
x; = Ax; + Bu;

Assume that the leader—follower multi-agent system (14) satisfies Assumptions 1 and 2. For the
leader—follower multi-agent system with actuator faults described by Equation (14), the optimal
controller u} (t), which minimizes the performance index parameters (13), can be represented:

ui (1) =~ p) BTy 1 5

where | N;| denotes the number of neighbor agents in the i-th agent’s neighbor set. H~! represents
the positive definite symmetric matrix’s inverse matrix in the performance index parameters. Under
this optimal controller u} (t), the consensus error of the systems (14) can asymptotically converge
to zero.

Proof of Theorem 1. Define the consensus tracking error of the i-th agent, shown as
follows:

e;(t) = Z a,»j(xi — x/) +agi(x;—x9),i=1,2,...,n. (16)
JEN;

By utilizing the dynamic equation of the system (14), the time derivative of Equation (16)
will be obtained:

bi(t) = Aei(t) + Y aB(u] (t) — ul (1)) + agiBu (1) (17)
JEN;

Furthermore, we assume that the controllers of all agents in V; of the i-th agents are
mutually independent.

Define the performance index function for the consensus error system described by
Equation (16) as follows:

= ] (@) bl 0+ a0 | s

Define the Hamiltonian parameters:

Hi(t el i) = e (0Qex(t) + (] () H(oyd (1)

(19)
7 (1) (Aei(t) + El agB (] (£) = ul (1)) + agiBu] (t)).
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where A; € R" is an auxiliary variable. Performing some mathematical transformations
on the Hamiltonian function represented by Equation (19), we can obtain the following
expression:

Hit,ei(6), ] (), 1) = €T (6Qei(t) + (] (1)) Hu (1
] (0)(Aei(t) + & (Buf (1) = Bu (1))

]6 i
= B AT 00u(0) 2 £ 000+ (4] 0) Hif ) 0)
¥ (00 (0)

JEN; I

T () (Ael-(t) 5 Bl (1) — ! (1) + aoiBu! (t)).

i=1

By computing the partial derivatives of H; (t, ei(f), u{ (1), ﬂi(t)) concerning u{ (t) and #;(t),
respectively, we obtain:

OH; (t, e;(t), u (£), (1))

- = 2H(I, — Py)ui(t) + (ai + NG ) BTi(t)
du; (t) 1)
St o f .
Ot i) 1w () 10) 5 0 (1) — ) (8) + aoi(xi(8) — x0(5) + AT,
ael ( ) jENi

Therefore, the optimal fault-tolerant controller is obtained:

up (1) = — D0 ) 1Ty

ni(t) = — ¥ 2Q(xi(t) — xj(t) +agi(x;(t) — xo(t))) — ATy;(t)

JEN;

i=1,2,...,n. (22

Next, the primary analysis focuses on whether the controller represented by Equation (22)
can achieve consensus for Equation (14) under actuator faults. With the principles of
optimal control theory, the controller Equation (22) satisfies the following;:

Hi(t, e (8),ui (8), 5 (1)) = 0 (23)

where e (t), 777 (t) stand for the optimal consensus error and optimal coefficient of the i
the agent under the optimal fault-tolerant control u; (t). For this purpose, the Lyapunov
function for the defined Equation (14) is as follows:

* 1 /e * T * * T * .
Vile () = 5 [ 1) Hu () + @ 6T Qef (0]dti=12,.m @4

where H € R™™,Q € R"™" are both symmetric positive definite matrices. Accord-
ing to the properties of positive definite matrices, Equation (24) illustrates a positive
definite function.

Based on reference [28], the optimal Hamiltonian function H; (¢, ¢;(t), u;(t),1; (t))
represented by Equation (19) can be rewritten in the following form:

Hi(t,ef (8), ui (£), 17 (1)) = ( F(1)7Qef (1) + (7 (1) Hug (1)

())(A ()+Za1] ( (t)—u())-l—aolBu ())

: (25)
oe; (t) i=

)'Q
(
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Therefore, Equations (23) and (25) will be transformed into the following:
oV (e (1)) ( i
— Ae~t+2a'«Bu’.‘t—u + ag;Buj )
ot (Ae0) + £ agBOt () =5 (1)) + aoBu () o

= —((ef (1) Qe; (#) + (uf (1)) Huj (1))

Furthermore, by differentiating the Lyapunov function defined by Equation (24), we obtain
the following:

. T e¥ n
Vit (1)) = oV, ((Zt() ) <Aei(t)+;aij3(u;‘(t) —u]’-k(t))—i-aol-Buf(t)) (27)

According to Equation (26),

Viler (£) = —((¢f (1)) Qef (1) + (uf (£)" Hu (1)) (28)

Since both matrix Q and matrix H are positive definite symmetric matrices, Vi (e: (1))
is a negative definite function. According to the Lyapunov stability theory, e (t) will
asymptotically converge to zero. O

From the performance index functions, it can be seen that if |; reaches a minimum
value, then the state error between the agents in the i-th agent’s neighbor set \; and the
i-th agent also reaches a minimum value. Furthermore, according to Assumption 1, it can
be obtained that if all J; reach minimum values, the entire multi-agent system’s state can
achieve consensus. Therefore, from Theorem 1, it can be concluded that the controller u}
can achieve consensus on the state of the system (14).

According to Theorem 1, performance index functions are defined for each UAV and
UGV as follows:

=l ( Gi t) Houls, (1) + L, Qcecildt,

T
Wi=Jy ( Ai t)> Hawly () + eh,Qaeaildt,

where wheni =1,2...,mis used, it represents UGV, and wheni =m+1, m+2, m+ 3,
. ,n is used, it represents UAV. Hg, Qg, Ha, Q4 are both positive definite symmetric
matrices.
Due to the different dimensions of the state vectors of UAVs and UGVs, weight
coefficient matrices are designed as follows:

(29)

QG:60*I4,HG:5*12
QA:60*I12,HA :5*13

According to Assumption 1, it can be inferred that if all J; and W; reach minimum
values, the entire leader-following multi-agent system’s state can achieve consensus. There-
fore, from Theorem 1, it can be concluded that the controller u} can achieve consensus on
the multi-agent system’s state. Obtain the optimal fault-tolerant consensus controllers for
each UAV and UGV, respectively:

For UGV:

Nl + agi
2

ug;(t) = (L —Pgi) "Hg'BLni (1)

ni(t) = —Qgec — ALni(t)

i=1,2,...,m. (30)
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UGV control law:
. N;i| + ag; 1y
ugi(t) = —M%(Iz —Pai) 1HclB£(xGi(t) —xa0(t)) (31)
For UAV:
\Ni| + ag; ~17;-1pT
t(f) = — LT p, VU H BT i (t
wailt) 7 B Pa) HABan () (32)
ni(t) = —Qaea — Alni(t)
UAV control law:
. N;| + ag; 1
wit) =~ 1y ) B (i) — (1) )

For any two agents i and j in the leader—following multi-agent system, there are
two cases for an agent j, (1) j € N, in which case, according to the above analysis, ¢; (t)
asymptotically converges to zero, thus indicating that agents i’s states and agents j’s states
tend to be consistent; (2) j ¢ N;, according to Assumption 1, it is known that there is a path
between any two agents, and by the transitivity of states, the states of agents i and j tend to
be consistent. It can be inferred that the consistency error of the system (11) under actuator
failure can asymptotically converge to zero at this time.

4. Simulations

In this section, simulations are performed to validate the effectiveness of the proposed
algorithm (31) and (33). The experiment involves a leader UAV, three follower UAVs, and
three UGVs forming the system. MATLAB 2017a is used as the experimental platform.

The Laplacian matrix corresponding to the undirected communication topology is
shown below:

(3 -1 -1 0 0 —1]
-1 3 -1 0 -1 0 1000 0 0
[— Laa Lac 7= 0 0 0 0 0O
0 o -1 3 -1 -1 0 0 01 0O
o -1 0 -1 3 -1 0 0 00O 0O
-1 0 o -1 -1 3 0 0 0 0 0O
L Lga Lgg i

Each UAV has a 12-dimensional state, while the state vector of the UGV is 4-dimensional.
The correlation coefficient matrix of the system (11) is as previously designed.

The system primarily considers the partial failure of actuators. Therefore, all followers’
actuator failure coefficients must be set between 0 and 1 in the simulation. This experiment
finds the following failure coefficient scenarios.

05 0 0 05cost 0 O 0.1 0
Par=10 03 0|, Paz= 0 08 0 1,Pc1= [ 0 0 8511’1t:|
0 0 06 0 0 02 '

According to the above coefficient matrix and failure coefficient design, MATLAB
simulation is employed to verify the control algorithm (31) and algorithm (33) proposed
for the heterogeneous multi-agent system.

To highlight the superior convergence speed of the proposed algorithm, this study
compares it with the consensus algorithm for heterogeneous multi-agent systems described
in reference [29], under typical initial conditions. Initial states are randomly set between 0
and 10.
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Initial states are as follows: UAV(’s position is (8.14, 9.05, 1.26) m, with a veloc-
ity of (9.13, 6.32, 0.97) m/s and attitude angles of (0,0,0)° with angular velocities of
(0,0,0)°/s; UAV1’s position is (2.78, 5.46, 9.57) m, with a velocity of (9.64, 1.57,9.7) m/s
and attitude angles of (0,0,0)° with angular velocities of (0,0,0)°/s; UAV2'’s position is
(9.57, 4.85, 8) m, with a velocity of (1.41, 4.21, 9.15) m/s and attitude angles of (0,0,0)° with
angular velocities of (0,0,0)°/s; UAV3’s position is (7.92, 9.59, 6.55) m, with a velocity of
(0.35, 8.49, 9.33) m/s and attitude angles of (0,0,0)° with angular velocities of (0,0,0)°/s;
UGVT1’s position is (6.78, 7.57) m, with a velocity of (7.43, 3.92) m/s; UGV2’s position is
(6.55, 1.71) m, with a velocity of (7.06, 1.31) m/s; UGV3’s position is (2.76, 0.46) m, with a
velocity of (0.97, 8.23) m/s.

The initial states of the agents in reference [28] are as follows: UAV1’s position is (6.94,
3.17, 50) m, with a velocity of (0.34, 4.38, 1.31) m/s and attitude angles of (0,0,0)° with
angular velocities of (0,0,0)° /s; UAV2’s position is (7.65, 7.95, 50) m, with a velocity of (4.89,
4.45, —2) m/s and attitude angles of (0,0,0)° with angular velocities of (0,0,0)°/s; UAV3’s
position is (7.09, 7.54, 50) m, with a velocity of (6.79, 6.55, —1) m/s and attitude angles of
(0,0,0)° with angular velocities of (0,0,0)°/s; UGV1’s position is (1.19, 4.98) m with a velocity
of (9.59, 2.55) m/s; UGV2’s position is (5.85, 2.23) m with a velocity of (7.53, 2.55) m/s.

The parameters are « = 0.1, = 0.8,y = 4.0,72 =1.5;91 = 0.1,¢, = 0.8.

Utilizing the algorithms presented in Equations (31) and (33) and comparing them
with those from Reference [29], simulations of the UAV and UGV systems are depicted in
Figures 1-12. The comparison demonstrates that both protocols facilitate consensus among
UAVs and UGVs.

Figures 1 and 2 illustrate that the methods proposed in (31) and (33) for address-
ing leader—following consistency outperform the approach presented in reference [29],
demonstrating superior performance. Figure 1 illustrates the stabilization of the position
consistency error in the X-direction between the UAV and UGV systems when using the
optimal fault-tolerant consistency protocol t = 10s. Figure 2 shows the position stabiliza-
tion between the UAV and UGV systems in the X-direction. 35 < t < 45 when employing
the consistency protocol from reference [29].

N Times-X position states
T T

UAVA
UAV2
UAV3
6 - uevt |
uev2
uva

—6 L L L L L
0 5 10 15 20 25
time (s)

Figure 1. Consistency error in the X-direction position between the following UAV, UGV, and
the leader.
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Times-X position states

40

UGV1
UGv2
UGV3
UAV1 [
UAV2

0! 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

times (s)

Figure 2. The position variables of UAV and UGV in the X-direction are in Reference [29].

Figure 3 shows that under the optimal fault-tolerant consistency protocol, the UAV
and UGV systems stabilize regarding position consistency error in the Y-direction between
10 < t < 15. Figure 4 demonstrates that using the consistency protocol proposed in
Reference [29], the UAV and UGYV systems stabilize regarding the position in the Y-direction
40 <t < 45.

Times-Y position states
T T

UAV1
UAV2
UAV3
uGv1
uGv2
uGv3

N —

10 15 20 25
time (s)

Figure 3. Consistency error in the Y-direction position between the following UAV, UGV, and
the leader.
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Times-Y position states
T T T T T T T T T

30

UGV1
uGv2
UGV3
UAV1 [
UAV2

0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

times (s)

Figure 4. The position variables of UAVs and UGVs in the Y-direction are in Reference [29].

Figure 5 illustrates the stabilization of position consistency error in the Z-direction
for the UAV system at ¢ = 10 s under the optimal fault-tolerant consistency algorithm. The
consistency algorithm presented in reference [29] is designed only for the UAV and UGV
systems in the XY plane, thus not considering the position state in the Z-direction.

. Times-Z position states
T T

UAV1
UAV2
UAV3

0 5

10 15 20 25
time (s)

Figure 5. Consistency error in the Z-direction position between the following UAV and the leader.

Figure 6 illustrates that the UAV and UGV systems achieve stable velocity consis-
tency errors in the X-direction t = 10s under the optimal fault-tolerant consistency al-
gorithm. Figure 7 demonstrates that using the consistency control algorithm from ref-
erence [29], the UAV and UGV systems achieve stable velocity states in the X-direction
between 40 < t < 45.
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0 Times-X velocity states
T T T

UAV1
UAV2
UAV3
8 UGV1
uGv2
UGv3

time (s)

Figure 6. Consistency error in velocity along the X-direction between the following UAV, UGV, and
the leader.

Times-X velocity states

T T T T T T T T T
UGgv1

8 uUGv2 T
UGV3

7 UAV1 T
UAV2

6 4

5 4

4 4

3 4

2 4

1 \ |

0 —

1 I I I I I I I I I

0 5 10 15 20 25 30 35 40 45 50

times (s)

Figure 7. The velocity variables of UAV and UGV in the X-direction are in Reference [29].

Figure 8 illustrates that the UAV and UGV systems achieve stable velocity consistency
errors in the Y-direction t = 10s under the optimal fault-tolerant consistency algorithm.
Figure 9 shows that using the consistency control algorithm from reference [29], the UAV
and UGV systems achieve stable velocity states in the Y-direction 40 < t < 45.
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Times-Y velocity states
T T

UAV1

UAV2
UAV3
UGVvV1
UGv2
UGV3

times (s)

Figure 8. Consistency error in velocity along the Y-direction between the following UAV, UGV, and
the leader.

Times-Y velocity states

UGv1
UGv2 -
UGV3
UAV1
UAV2

times (s)

Figure 9. The velocity variables of UAV and UGV in the Y-direction are in Reference [29].

Figure 10 displays the stabilization of position consistency error in the Z-direction
for the UAV system t = 10s under the optimal fault-tolerant consistency algorithm. The
consistency algorithm presented in Reference [29] is designed only for the UAV and UGV
systems in the XY plane, thus not considering the velocity state in the Z-direction.

Figures 11 and 12 show that Figure 11 depicts the stabilization of the roll angle, yaw
angle, pitch angle, and their corresponding angular velocities of the UAV system under the
optimal fault-tolerant consistency protocol 5 < ¢t < 10. Figure 12 illustrates the stabilization
of the roll angle, yaw angle, and their corresponding angular velocities of the UAV under
the algorithm proposed in Reference [29] ¢ = 20s. It also demonstrates the optimal fault-
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tolerant consistency algorithm’s superiority, considering actuator faults. This algorithm
enables heterogeneous multi-agent systems to achieve quicker consistency in the presence
of faults, reducing the time required to complete tasks.

Times-Z velocity states

T T T
UAV1
UAV2
2 UAV3 -
1 4
0 \v ]
-1 4
-2 4
'3 1 1 1 1
0 5 10 15 20 25

times (s)

Figure 10. Consistency error in velocity along the Z-direction between the following UAV and the

leader.
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times (s)
s Times-¢; states
UAV1
0 o~ UAV2
\/ UAV3
5
-10
0 5 10 15 20 25
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Figure 11. Consistency error in the attitude angles of the following UAV.
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Figure 12. The state variables of the attitude angles of the UAV under the method proposed in

Reference [29].

We plot the state trajectory of all UAVs and UGVs in this leader—following heteroge-
neous multi-agent system, as shown in Figure 13. The experimental outcomes show that
the states of all following UAVs and UGVs converge to the leader’s position and velocity.
This further demonstrates the efficiency and feasibility of the algorithm (31) and (33).

50

= = = Leader
UAV1
UAV2
UAV3
uGv1
uGgvz
UGv3

Figure 13. State trajectory plot of the leader—following heterogeneous multi-agent system.
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5. Conclusions

This paper analyzes the dynamic models of uncrewed aerial vehicles and uncrewed
ground vehicles to establish a heterogeneous system. Firstly, we build upon the commu-
nication topology of heterogeneous multi-agent systems. The fault-tolerant consensus
control problem of the leader—follower multi-agent system under actuator partial failure
is introduced. Based on the Euler-Lagrange equations, performance index functions are
defined for each following UGV and UAV. Then, the optimal fault-tolerant consensus con-
troller capable of handling actuator partial failure is obtained through optimization theory,
and the proposed algorithm’s stability is demonstrated using Lyapunov stability theory.
Finally, MATLAB simulation experiments further corroborate the efficacy of the proposed
algorithm. The algorithm ensures that UAVs and UGVs eventually converge to the leader’s
position and velocity. In the next step, the research will focus on the collaborative control
of heterogeneous multi-agent systems, integrated with fault-tolerant mechanisms, and the
theoretical results will be applied to engineering practice.
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