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Abstract: This paper focuses on the collision-free formation tracking of autonomous underwater
vehicles (AUVs) with compound disturbances in complex ocean environments. We propose a novel
finite-time extended state observer (FTESO)-based distributed dual closed-loop model predictive
control scheme. Initially, a fast FTESO is designed to accurately estimate both model uncertainties
and external disturbances for each subsystem. Subsequently, the outer-loop and inner-loop formation
controllers are developed by integrating disturbance compensation with distributed model predictive
control (DMPC) theory. With full consideration of the input and state constraints, we resolve the local
information-based DMPC optimization problem to obtain the control inputs for each AUV, thereby
preventing actuator saturation and collisions among AUVs. Moreover, to mitigate the increased
computation caused by the control structure, the Laguerre orthogonal function is applied to alleviate
the computational burden in time intervals. We also demonstrate the stability of the closed-loop
system by applying the terminal state constraint. Finally, based on a connected directed topology,
comparative simulations are performed under various control schemes to verify the robustness and
superior performance of the proposed scheme.

Keywords: multi-AUV system; formation tracking; finite-time extended state observer; distributed
model predictive control; Laguerre function

1. Introduction

Autonomous underwater vehicles (AUVs) have assumed indispensable roles in vari-
ous underwater operations, such as ocean exploration and hydrologic surveys [1]. They
can autonomously perform appropriate maneuvers to achieve predefined objectives. Com-
pared with the operational capability of a single AUV, collaborative AUVs can respond
more reliably and flexibly to complex missions and extended operational ranges, thereby
improving the efficiency and robustness of undersea operations. Given this backdrop,
numerous application cases about AUV coordinated formation have been triggered in both
civilian and industrial fields for decades [2,3]. Irrespective of the specific collaborative
missions undertaken by AUVs, the core challenge lies in ensuring motion stability of AUV
formations within complex underwater environments and the constraints of their own
models. To tackle this problem, several mainstream methodologies have been proposed
by engineers and academics. Studies by Chen et al. [4] and Zhen et al. [5] proposed AUV
formation control schemes combined with the virtual structure method. However, this
approach suffers from limited flexibility and applicability. Wang et al. [6] utilized the
leader—follower method to address the AUV formation tracking problem, but this approach
relies on the state of the leader, reducing the robustness and fault tolerance of the formation.
Conversely, leaderless formations have been proposed promisingly and have received
more considerable attention [7]. Munir et al. [8] proposed a new arbitrary-order distributed
control strategy based on the novel sliding surfaces of error dynamics, which addresses the
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cooperative tracking control of uncertain higher-order nonlinear systems. The strategies
to mitigate the chattering issue caused by sliding surfaces are discussed in [9]. Despite
the abundance of existing research, multiple-AUV formation tracking control remains a
significantly challenging project.

One of the main challenges is the various disturbances resulting from the underwater
environment and the motion model of the AUVs themselves [10]. On the one hand, un-
known disturbances such as waves, tides, and currents, are inevitable in practical marine
environments. On the other hand, AUVs exhibit highly nonlinear and coupled dynamics,
leading to model uncertainties. These uncertainties are often induced by modeling errors
and deviations in hydrodynamic coefficient measurement. According to the research by
Cui et al. [11], these external disturbances and model uncertainties that degrade the system
performance negatively are referred to as compound disturbances. In response to these
challenges, researchers have developed diverse schemes, such as disturbance observers [12],
fuzzy logic theory [13], and neural networks [14]. Among these, the extended state observer
(ESO) initially proposed by Han [15] is an attractive option to estimate compound distur-
bances, as it does not rely on an accurate model. Lei et al. [16] designed a high-gain ESO to
solve AUV horizontal trajectory tracking problems under the time-varying disturbances.
Although many ESOs have been established for different platforms, most only guarantee
asymptotic convergence of estimation errors, implying a potentially infinite convergence
time. Some research works also lack a rigorous analysis of convergence. Considering
the impact of severe underwater environments on estimation accuracy, the concept of
finite-time ESO proves more beneficial for improving control performance [17]. Wang
et al. [18] implemented a FTESO-based nonsingular terminal sliding mode controller to
address unmanned surface vehicle (USV) trajectory tracking in disturbed environments.
This approach ensured that the disturbance estimation errors converge within a finite time.
However, there remains room for improvement and optimization of the design structure to
further enhance observation performance.

AUV formation navigation also presents significant technical challenges due to various
complex constraints. For instance, the AUV attitude has a certain desired range and
navigation velocities are inherently limited. These intrinsic input and state constraints
pose substantial challenges to control performance [19]. In practical applications, actuators
often have input saturation constraints due to physical structure limitations. This results
in a limitation of the actual active control force of the AUV. If a control signal exceeds
this boundary, it may lead to system instability. However, most previous work assumes
that the actuators can tolerate any level of control signals. To avoid actuator saturation, a
nonlinear auxiliary system for filtering saturation errors was proposed [20]. Additionally,
collisions between AUVs are undesirable during the formation configuration phase. Thus,
the ability to avoid collisions is vital for AUV formation control. A wealth of solutions
have been developed to this end, with Li and Wang [21] proposing a collision-free position
consensus algorithm for AUVs based on potential function. Moreover, Xu et al. [22]
presented an event-triggered algorithm based on deep reinforcement learning to avoid
AUV collisions. However, the above studies disregard the physical constraints of AUVs.
From the perspective of safe navigation, it is essential to integrate factors such as input,
state restrictions, and collision avoidance into the design scheme.

Model predictive control (MPC) has garnered considerable attention due to its ability
to simultaneously handle multiple composite constraints and offer superior dynamic
performance. This is widely applied to MIMO systems affected by model distortions
and complex constraints. Several MPC-based applications have been integrated into
AUV control systems. Zhang et al. [23] proposed an MPC-based AUV trajectory tracking
strategy under random disturbances. In [24], a robust model-predictive control scheme
based on the active disturbance rejection control approach was developed for the AUV
tracking task. The challenge of extending these systems to multi-AUV systems involves
coordinating the control behavior of each subsystem and ensuring the closed-loop stability
of the local MPC optimization problem under system constraints. This coordination aims to
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maximize the overall control performance. Hence, DMPC came into being. Zheng et al. [25]
proposed a DMPC method based on local state information for MAS formation tracking.
To the best of our knowledge, there are few studies that apply DMPC to multi-AUV
formations. Wei et al. [26] developed a Lyapunov-based distributed predictive controller
for AUV formation tracking, subject to current disturbances. The auxiliary controller was
utilized to establish stability constraints to ensure the closed-loop stability of the system.
However, this method only considers horizontal formations without uncertainties and
state constraints. Furthermore, many works that design predictive controllers result in
additional computational loads, which could impair the real-time execution capability
of the controller. Shen and Shi [27] managed to reduce the MPC computational burden
by decomposing the original AUV trajectory tracking optimization problem into smaller
subproblems and then solving them in a distributed manner. Despite these efforts, there has
been no research to address the heavy computation of DMPC applied to AUV formations.
In order to improve the dynamic response and control accuracy of AUV formation tracking
in three-dimensional (3-D) space, we adopt the Laguerre orthogonal function to reduce
the computational load. In response to these discussions, it is imperative to develop a safe
and efficient formation control scheme to solve the problems of disturbances, parameter
uncertainties, and complicated constraints.

Motivated by the above observations, this paper investigates the collision-free forma-
tion tracking of multi-AUVs with compound disturbances under complicated constraints.
A novel FTESO-based distributed dual closed-loop model predictive control scheme is
proposed. This method satisfies the formation constraints and collision avoidance re-
quirements while compensating for model uncertainties and external disturbances. We
incorporate the Laguerre function to alleviate the computational burden of the DMPC
optimization problem, also giving corresponding stability analysis. Based on the connected
directed topology, comparative simulations under different schemes demonstrate the effec-
tiveness and robustness of our proposed scheme. The main contributions of this paper are
as follows:

1.  Compared with the FTESO-based controllers presented in works [16,28], the proposed
third-order fast FTESO can estimate the compound disturbances and their first deriva-
tives, which effectively suppress the amplification and fluctuation of the generalized
uncertainties. It has better estimation accuracy and convergence speed. Hence, the
active disturbance rejection capability of AUV formation is enhanced;

2. Unlike the existing DMPC schemes depicted in works [29,30], a dual closed-loop
structure is utilized to enhance the response speed of the DMPC system and the
controllability of the AUV speed. The outer-loop controller sets the desired velocity
and the inner-loop controller generates the driving force. By solving the constrained
quadratic programming (QP) problems, the risks of actuator saturation and collision
are reduced. The safety and robustness of formation tracking are improved;

3. In order to solve the issue of heavy computational burden in traditional predictive
control, the Laguerre orthogonal function is incorporated to reconstruct the input
matrices, which automatically trades off control performance and computational com-
plexity, thus avoiding possible formation deviation due to slow computational speed.
The stability of the closed-loop system is proved by exerting terminal state constraints.

The rest of this paper is organized as follows: Section 2 introduces some notations,
lemmas, and graph theory, and describes the AUV model and control objective. Section 3
presents the methodology, including the design of the FTESO and dual closed-loop DMPC
scheme, the application of the Laguerre function, and the corresponding stability analysis.
Sections 4 and 5, respectively, provide simulation results and conclusions.

2. Preliminaries
2.1. Notations and Lemmas

Notation. R” represents the n-dimensional Euclidean space, and R™*" denotes the set of
(m x n) real matrix. I;, 0,, and 0, x4 signify (n x n) identity matrix, (n x n), and (p x q)
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null matrices, respectively. ||-|| refers to the Euclidean vector norm and the induced matrix
norm, while the infinity norm is denoted by ||-||,- Amin(-) represents the minimum eigen-
value of the specified matrix (-), with its maximum eigenvalue denoted as Amax(+). For sim-
plicity, some notations are defined as sig” (x) = sign(x)|x|”, |x|V = [|x1|", [x2|?, ..., |xa|?] T
x = [x1,%,..., %7, p € R. sign(-) symbolizes the signum function with sign(0) = 0.
Notably, sig?(x) = sign(x), sig” (x)|x|" = sig? (x).

Lemma 1 ([31]). Consider the system x(t) = f(x(t)), x(0) = xp, f(0) = 0, x € R", where
f: U — R" is a continuous function. Suppose that this system has a unique solution in
forward time for all initial conditions. If there exists a Lyapunov function V(x), with
V(xp) denoting its initial value, the following can be assumed: (1) The trajectory of this
system is finite-time uniformly ultimately bounded stable within the region of Q; =

{x|V(x)0‘1_"(2 < %}, if V(x) < —B1V(x)" + BV(x)™ for a; > ap, B1 > 0, B2 > 0,
1 € (0, B1). The settling time for the states reaching the stable residual set is subject to

. V(xg)! ™™ . . . e
the constraint as T; < By )= (2) The trajectory of this system is fast finite-time

uniformly ultimately bounded stable within Q; = {x| Y VE) T2 L,V (x) T2 < By },
if V(x) < =BV (x)™ — BV (x) + B3V (x)™ for B3 > 0, 7, € (0, B2). The convergence time

In[(Bo=12)V(x0)' ™1/ (B1-11)+1]

T, is bounded as T, < By 0=a1)

2.2. Graph Theory

We introduce a directed topology graph G = {V, ¢} to describe the information
interactions among the AUVs. Let the node set V = {V4,V;,-- -, Vy} to represent the N
members in the formation, and an edge sete C V x V to represent the communication from
the node V; to the node V;. A = [a;;] C RN*N js defined as an adjacency matrix, where
a;j represents the connection weight and a;; = 1if (i,j) € ¢, while a;; = 0if (i,j) € e It
is assumed that the ith vehicle could receive information from the virtual leader and its
neighbors N; = {j € V : (j,i) € ¢}. The graph is termed an undirected graph if bidirectional
communication links exist among all members of the formation. Otherwise, it is referred to
as a directed graph. A directed graph is considered strongly connected if a directed path
can connect any point in the formation to any other.

2.3. AUV Model

As shown in Figure 1, it is convenient to describe the six-degree-of-freedom (DOF)
AUVs with two reference frames: an earth-fixed frame {E} and a body-fixed frame {B}.
This paper employs a fully actuated torpedo-type AUV, referenced from [32], based on the
control objectives. In addition, the AUV uses an ultra-short baseline acoustic positioning
system for underwater localization. Since this AUV can be regarded as a highly metacentric
stable vehicle with self-stable roll motion, the effect of roll is ignored (roll angle @; = 0, roll
angular velocity p; = 0). The kinematics and dynamics of the ith AUV are described as
follows [33]:

i1; = J(ni)v;i (1)
M;v; + Ci(v;)v; + D;(v;)v; + g;(1;) = T + Tic )

wherei =1,2,...,N, 4, = [x;,y;,2,0;, lpi]T € R5, and v; = [u;,v;,w;,q;, ri]T € RS denote
the states of position, orientation, and velocity of the AUV, respectively. J(#;) is a rotation
transformation matrix from the body-fixed frame to the earth-fixed frame, expressed as:

costp;cos; —sinip; cosy;sinf; 0 0
sing;cosf; cosy; siny;sinf; 0 0

J(q:) = —sin6; 0 cos 0; 0 0 3)
0 0 0 1 0

0 0 0 0 1/cosb;
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M; represents the inertial matrix, which includes added mass. C;(v;) and D;(v;) de-
note the Coriolis and centripetal and hydrodynamic damping matrix, respectively, while
gi(n;) represents the restoring force and moment generated by gravity and buoyancy.
T = [Tiu, Tivs Tiws Tigs Tir] T represents the control input, and ;. denotes the external distur-
bance. Detailed expressions of these matrices are available in [34].

Figure 1. AUV coordinate system.

In practical engineering, we may not be able to obtain accurate hydrodynamic co-
efficients in the model, so the matrices in (2) are typically divided into two parts: the
nominal value part and the uncertainty part caused by linear shifts, i.e., M; = M + AM;,
Ci(vi) = Cj(vi) + ACi(v;), Di(v;) = Dj(v;) + AD;(v;), and g;(n;) = & (11i) + Ag;(mi),
where ()] denotes the nominal value that can be obtained from the computational fluid
dynamics (CFD) or experimental analysis. A(-); symbolizes the difference between the real
value and the nominal value.

Accordingly, the ith AUV dynamic model (2) can be reformulated as:

M;v; = —C{ (v;)v; — Dj (v;i)v; — &F (11;) + Ti + Tia (4)

where Ty = T; — AM;v; — ACi(v;)v; — AD;(v;)v; — Ag;(1;) is regarded as the compound
disturbance, which includes uncertainties and unknown external disturbance. Typically,
external disturbances are periodically varying and energy limited. The model uncertainties
are related to the actual states and physical properties of the AUV. Based on the constraints
of DMPC on the system state, in practice, we give the following reasonable assumption:

Assumption 1 ([11]). The ocean current disturbance term T;. and the first time derivative
T;c are bounded, and the model uncertainties AM;, AC;, AD;, and Ag; are unknown and
bounded. Hence, the compound disturbance T;; of the ith AUV is bounded and satisfies
| Tiall < Tiq, where T;; € R represents the unknown upper bound.

It should be noted that the above assumption is untenable if there are no system state
constraints [35,36].

2.4. Control Objective

In this paper, the control objective is to develop a control scheme that enables AUV
formation to track a reference trajectory while maintaining a predefined configuration. Ini-
tially, a FTESO is designed to compensate for external disturbances and model uncertainties
of the AUV formation, so that the estimation errors converge to the origin. Subsequently, a
dual closed-loop DMPC controller is designed. In this structure, the outer-loop controller
enables the ith AUV to track the reference trajectory #, by generating the desired velocity,
resulting in the convergence of position tracking errors. The inner-loop controller is used to
achieve the convergence of velocity tracking errors. The desired formation is implemented
by setting the corresponding formation configuration vector r;r and the relative distance
vector r;j. The task must adhere to various constraints and ensure collision avoidance.
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Because the navigation trajectory has a limited range and the speed is continuous without
abrupt changes, we adopt the following reasonable assumptions to avoid singularities in
the reference trajectory:

Assumption 2. The reference trajectory #, = [x;,Yr, 2r, 0, lpr]T and its derivatives are
smooth and bounded, i.e., |1/l < 7, ||#, |l < 7,1, and ||7,]|, < 7,, with positive
numbers 7,, 77,,, and 7,,.

3. Methodology

This section develops the FTESO-based distributed dual closed-loop model predictive
control scheme for the AUV formation to perform trajectory tracking. A novel FTESO is
designed to compensate the compound disturbances. Based on the model information
reconstructed by FTESO, the DMPC optimization problems are formulated for the outer
and inner loops under constraints such as actuator saturation and collision avoidance,
respectively. The Laguerre function is applied to alleviate the computational load. The
block diagram of proposed control scheme is depicted in Figure 2.

Communication Network

Yi Yi
’ AUV i Control System ‘ .- - ‘ AUV N Control System ‘
Tid
AUV i
Outer-loop Vir Inner-loop 7 .| AuVi Vi | AUV Yi
Controller ’ @‘? ’ Controller " Dynamics ™| Kinematics

Tid

FTESO |«

Figure 2. The FTESO-based DMPC dual closed-loop structure for the AUV formation.

3.1. FTESO Design and Convergence Analysis

The AUV model is fundamental to controller design, but obtaining an accurate model
in practice is challenging. Considering the superiority and effectiveness of the ESO tech-
nique in estimating and compensating for synthetic uncertainty, a novel fast FTESO is
designed to simultaneously reconstruct the external disturbance and model uncertainties
of multiple AUVs.

First, define the auxiliary velocity variable as w;(v;) = M;v; + [ v;, the derivative of
w;(v;) with respect to time can be obtained from (4)

wi(v;) = v; — C; (v;)v; — D} (v;)v; — &; (11;) + T + Tig- (5)

For simplicity, denote G;(#;,v;) = v; — C; (v;)v; — D} (v;)v; — &/ (1;). Then, a new
variable is defined as zj; = w;(v;), and the order of the system is extended by additional
state variables, z;» and z;3, defined as z;; = T;; and z;3 = z;p with z;3 = 0. It should be
noted that the compound disturbances z;, are assumed to be bounded and continuously dif-
ferentiable, and the components of its second derivative satisfies |Uip‘ <v,p=12...,5.
where 7; is an unknown positive constant. Afterward, the dynamic model of the ith AUV
can be extended as follows:

zih = Gi(ni,v;) + T+ zip

Zp =2j3 (6)
Zij3 = 0j.
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Denote 2;1, 2/, and 2;3 as the observation values of states z;1, zj», and z;3 in the above
extended system, and e;; = £j; — zj1, ej» = Zip — zj», and ej3 = £;3 — z;3 as the observation
errors of the velocity, the compound disturbances, and its first derivatives, respectively.
Then, a third-order fast FTESO is proposed as follows:

%il = 2pp — Bi(sig(ej1) +ei) + Gi(y;,vi) + 7
Zip = Zi3 — Pin(sig"2(ei1) + 25ig" (ei1) + i) @)
23 = —PBiz(sig"B (e;1) + 2sig™2(e;1) + sighit (e;1))

where the observer gains satisfy B >0, k =1,2,3, a1 € (2/3,1) and ajp = 2a;; — 1, and
a3 = 31 — 2. Although the actual value of zj is probably unavailable, its observed value
Z;x can be obtained by the above FTESO. The analysis and proof that Z;; tracks the actual
value are described below.

According to the extended system (6) and the proposed FTESO (7), we can obtain the
observation error dynamics as follows:

e = —Pin(sig" (en) +ei1) + epp
e = —Pin(sig"2(en) + 2sig™ (en) +ein) + ez 8)
ei3 = —Bi3(sig"s (ej1) + 2sig"2 (ej1) + sig™ (e;1)) — 0.

The stability and convergence of the proposed FTESO are stated in the following theorem:

Theorem 1. Consider the AUV formation control system with the dynamic model (4) under

Assumption 1. If the FTESO is proposed in the form of (9), with appropriate observer gains

satisfying the prescribed constraints, then the observation errors e; = [el}, el el ] T will converge to
the small region Q; in finite time T;¢. This implies that the error dynamics system (8) is finite-time

uniformly ultimately bounded stable.

Proof of Theorem 1. Consider a Lyapunov candidate function as Vi1 (e) = &! P;¢;, where P;
is a positive definite symmetric matrix and &] = [(sig“ﬂ (ei1) + eil)T, eb, eg} is introduced
as an auxiliary error variable. It should be noted that e;;, e;>, and e;3 will converge to
origin in finite time, if the new state ¢; is finite-time stable. The time derivative of ¢;,

invoking (8), yields:
1. . o1 iy
witlen | en + én i1 \fil "1 (eip — Bit (sig“i (ej1) +ei1))
en = B — Bin(sigh2(e;r) + sighit (ej1))
éj3 —Biz(sig"s (e;1) + sig"2(e;1)) ©)
€2 — Bi1(sig" (ei1) + ei1) 05 i - -
B — Bin(sigh(eq1) +ei1) + | 05 = dlﬂg([|ei1| 170 len |, e | DAASH-AizSHr‘Pi
—Biz(sig"2(e;1) + sig"i (ej)) —0;
where @; = [05 0s —UJ T and the coefficient matrices Aj; and Aj are expressed as:
—apPils apls 05 —Bils Is 05
An=| —Bpls 05 ¢ 'I5/2|, Ay=| —Bols 05 Is/2 (10)
—Bizeils 05 05 —Bizeils 05 05
zxil—l

with e; = |ej| . From the characteristic polynomials of A;; and A;, that all their
eigenvalues have negative real parts if the observer gains are set as B;; > 0, indicating that
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Aj and A are Hurwitz matrices. Thus, symmetric and positive definite matrices Q;; and
Qj, exist that satisfy the following Lyapunov equations:

{A}EPi +PiApn = —Qp a1
ApP;+PiAp = —Qjp.
Differentiating V;; (e) with respect to time yields the following:
Vi = el [ding([e;,2;,8)) (ALP; + PiAn)]e; + ] (ALP; + PiAp)e; + 2¢] P;@; 12
= —¢] [diag([e;,;,e])Qulei — &] Qi + 2] Pi®; < —&"e[ Qirei — ] Qe + 2|l ]|[| Py || @]
where e = |e;|%1 1 and |e;1|,... = max{|ein],. .., |eis|}. Given the fact that |e;1] . <
leall < Jle]|"/ 1 and a;; € (2,1), we can obtain the following;
. aj—1
Vir < —llaill 0 el Quer — &f Qiei + 2] &i[[| P || @1 13)
< Aanin(Qu) il — Aemin( Q) ]2 + 211241 |11

Since o is assumed to be bounded reasonably by |0;,| < 7;, we have 2||&; ||| P;|| || ®;]| <

1
2V/50; ||&]| | P;]] < ZﬁEiAmin(Pi)_% V1 ||Pi||, by using the inequality
)\min(Pi)Heinz <Viq< Amax(Pi)H‘gin (14)

Then, inequality (13) becomes the following:

: 13 3-mo - _ 13
Vi < Amin(Qi)Amax(P) 21 2V, ™™ — Amin(Qi2) Amax(P:) ™ Vit + 2v/56 || P; || Amin (P7) "2 V72 15)
31 1
2 Zacl- >
<AV T = ApVia +AVy
13 _
where )\il = _Amin(Qil))\max(Pi)zail z, /\i2 = _)\min(Qiz)/\max(Pi) 1/ and

Ais = 23/55|Pi [ Amin (P;) 2.

It can be seen that (15) has the same form as the sufficient condition in Lemma 1
2. Thus, the error trajectories of the proposed FTESO (7) are fast finite-time uniformly
ultimately bounded stable. The state observation errors e; will converge to a small region
Q); in the finite time T;;. Moreover, the settling time Tj; is subject to the constraint:

1

— _1 —
1n<(/\i2 — Ain)Vir(eo)™n 2/ (An — An) + 1)

Ty < _ (16)
(A2 = A) (2 — 1)
And the stable region (); is denoted as
_ 1--L — 1
Q; = {e| AiVi(e)” it +ApVia(e)? < )\i3} (17)

where A;; and Aj, are arbitrary constants that meet the conditions A;; € (0,A;1) and

Az € (0,A2). This completes the proof. [J

Remark 1. Contrasting our proposed FTESO (7) with the FTESO in [37], our approach
factors in the dynamics of disturbances and uncertainties to achieve a higher degree of
estimation accuracy. Our usage of fractional powers within the FTESO allows for a quick
finite-time convergence. It can be noted that the size of the attraction region (; hinges upon
the selection of the observer gains 8, and &;. By increasing B;; or decreasing a;;, the attrac-
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tion region of the observation error system can be expanded and the convergence speed
can be improved, but excessive tuning will lead to undesired overshoot and oscillation. As
a result, a trade-off should be taken for B;x and ;.

3.2. Outer-Loop Formation Prediction Control Law

In this subsection, we design a DMPC-based outer-loop formation controller. This
controller, which draws on the information interaction with neighbors, facilitates the
positional tracking of the ith AUV. The controller operates under composite constraints
and ensures the avoidance of collisions. Then, we formulate a constrained QP problem in
accordance with the control objective to obtain the optimal driving speed.

To facilitate the recursive model prediction and the implementation of the control law,
the kinematic model (1) is discretized by using the Forward-Euler method with a sampling
period T, resulting in following discrete model:

ni(k +1) = ni(k) + Ji (k)i (k) Ts. (18)

To smoothen the speed change of the AUV, the velocity increment Au;,, (k) = v;(k) —
v;(k — 1) is taken as the control input. x;, (k) = [#;(k) vi(k—1)] " is denoted as the state
variable of the prediction model. The augmented state-space model of the outer-loop
subsystem can be derived as:

Xin (k+1) = Aiiyxin (k) + Biuniv (k) 19)
yi;y (k) = Cir]xiiy (k) (20)

_|Is Ji(k)Ts 10%10 _ |Ti(0)Ts 105 5x10
whereA,'W_[O5 115 e R0, By, 115 € R19°,and Gy = [I5  05] € R°*10,

According to the state prediction model (19) and (20), we can calculate the predicted
state sequence of the system when given an input sequence. Let Nj; and N, denote the
prediction and control horizon of the outer-loop controller, respectively. The predicted state
sequence and the input incremental sequence are usually represented by compact vectors:

Y, (k+1[k) xiy (k+ 1]k)
Yiy = Yin K + 2 e RN,y = ink + 240 € RN (21)
iy (k + Nyt ) oy (k + Ny k)
Augy, (k|k)
Al Auiv(k:+ 1/k) - RSN -

Auiv(k + N — 1|k)

wherey;, (k + I|k) and x;, (k + [|k) are the output vector y;, (k + ) and state vector x;, (k +I)
predicted at time k, respectively. Au;, (k + j|k) denotes the input increment Au;, (k + j) pre-
dicted at the same time k. Then, we characterize the relationship between the predicted
output vector sequence and the control increment sequence through the following predic-
tion equation based on the recurrence relations:

Y;, = Hj.x;, (k) + H;

mu

AU, (23)

T
where x;;, (k) is the initial state, H [C 7 Ain, Cl,7Am, . C”7A”]P1 € RSN x10 404
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CiyBiy 05 05
C, A, B; C..B: 05
n4tinBin Py
Hj, = : : : € RONp>ONer,
Ny—1 Ny —2 N, —N,
CiﬂAiﬂpl Bi, Ci’]Aiqpl By - CinAz‘;ypl By

Considering the control objective, the constraints within the outer-loop subsystem are
considered. First, we set upper and lower boundaries for the amplitude of the control input
u;,(k) and the input increment Au;, (k):

ull™ < uip (k) < ulp™ (24)

iv
AU < Augy (k) < Aulx (25)

where #" and Aul" represent the predefined lower bounds, and #2%* and Au®* repre-
sent the predefined upper bounds.

Next, to assure safe navigation throughout the formation construction stage, we need to
consider the collision avoidance constraints between AUVs. The primitive collision avoidance
constraints of the ith AUV can be transformed into a convex constraint, as follows:

15 (9y (e 118) =, (ke +110)) | = 7, j € & (26)

wherel =1,2,..., Ny1 and 7s is the preset minimum allowable distance between the ith
AUV and the jth AUV. § denotes a scaling matrix. Let r; be the radius of the safe detection
zone for the ith AUV. E; is the set of those AUVs that contain within ;. Let the nominal
value y;, represent an initial guess of the actual value y;, for convexifying the collision
avoidance constraint. It follows from (26) that a sufficient condition for upholding the
collision avoidance constraint is the following:

=T _
Ay (k 4+ 1)STS (3, (K + 1K) = G, (k118 ) > 75

Sd;j(k + 1[K) H 27)

where Eij(k +1k) = ¥, (k+1]k) =y, (k+1]k). In order to express the constraints in a

compact matrix form, define Ry = rs||Sd;j(k 4 I|k) H + E}; (k+ l\k)STSyM (k+1k), Rij =

. _ T _ _ _ _ _
[Rl,Rz,. ..,RNPJ and §;; — diag{Sl,Sz, SNy, } and S; = dj;(k +1[k)S”S. Then, (27)
can be rewritten as gini,? > K-j. Substitute (23) to derive the collision avoidance constraint
as follows: B B
SiiH}, AU, > Ry; — SiHjxiy (k). (28)

1

The input amplitude constraint (24) can be converted to the input incremental con-
straint, associating (25) and (28), expressed in the compact linear constraint form as follows:

I;'iyAuiv < 'Yizy (29)
I5NCI Auﬁ}a{( Is 05 --- O5
T —AU” Iy Is --- 05
where Ly = L | vy = | UR™ —Lpui(k=1) |, Iy = T
—In _gg)un + quui(k: 1) I I . I
—SiiH,, S;H. x;, (k) — R;; A A

RSNax5Na and I, = [Is, Is, ..., I5] " € R5Na,
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In order to achieve the control objective of formation positional tracking with low en-
ergy requirements, we define the local distributed cost function in the outer-loop subsystem
of the ith AUV in a discretized form:

Npl 2 Ng -1 2
Jin8) = 2 (v 0 =y e D) [ B o+ 10 R,

N, (30)

1
+3 X oaj
I=1jeN;

2

| (w3 k4 110) =gk +0)) |
if

where Q;f, Q;j, and R;; are the weight matrices. y,¢(k+1) = #,(k+1) + rif(k+1) with
7if(k + ) represents the formation configuration. y;;(k +1) = y;, (k +1) + r;j(k + 1) with
tjj(k + 1) represents the predefined relative distance between the ith AUV and its neighbor
jth AUV. N;; indicates the degree of prediction of future tracking errors. The larger it is,
the better the tracking accuracy and stability. The smaller N is, the worse the dynamic
response is, and conversely the more maneuverable the control is. Q; is the position
tracking matrix, the larger it is, the better the tracking accuracy and dynamic response.
Q; is the relative position matrix, the larger it is, the better the ability of the formation to
maintain the preset configuration. R;; is the control increment weight matrix, mainly to
limit the drastic change of Au;,.

Based on the above derivations, we can formulate the optimization problem for
the outer-loop subsystem of the ith AUV at the sampling instant k within the receding-
horizon framework:
min. iy (k)

(31)

To simplify the computation of (31), it can be transformed into a convex QP problem.
This problem is solved over a finite receding horizon using a QP solver. The standard
convex QP form of the DMPC problem (31) can be derived:

AU, = argmin (%AU};WMALL-U n f;Auw)
AU, (32)
s.t. Euniv < 'Yi;y

where Wi, = Ry + Hy, QiHj, + Ljen, aijHj, QijH,,,
fy = HYTQi(Hix, = Yi) + Tien aHE Q(Hhx, = Yy), with Yy =
T T
diag{Qif, Qi+ Qif} € RONm>*5Np1 Qij, and R;; are similar to Qif, both correspond-
ing compact matrices.
By solving the QP optimization problem in (32) online, we obtain the optimal control
input increment sequence AU, . Of this sequence, we only utilize the first element Au;, (k|k)

for receding optimization. Once Au, (k) is determined, we obtain v;(k) which serves as the
desired driving speed for the inner-loop controller of the ith AUV, i.e.,

vy (k) = vi(k) = v;(k — 1) + Auj, (k). (33)

3.3. Inner-Loop Formation Prediction Control Law

In this subsection, with the aid of the proposed FTESO, we design a DMPC-based
formation controller for the inner-loop subsystem to obtain the optimal driving force and
moment for the ith AUV to track the desired speed.

The dynamic model (4) is discretized with a sampling period Ts, yielding the following
discretized model:

vik+1) = (1_ M; T (C +Df))vi(k) + M Tori(k) + M; T Totg (k) (34)
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where t;; represents the compound disturbance compensated by FTESO (7), which is
supposed to be invariant over a short period. It should be noted that we assume the center
of gravity and buoyancy of the ith AUV to coincide, which allows g;(#;) to approximate
to zero. We select x;, (k) = [v;(k) Ti(k—1)] T as the state variable and take the increment
Auir (k) = ti(k) — 7j(k — 1) as the control input. This allows us to reformulate the inner-
loop predictive model as follows:

Xip(k +1) = Ajpxio (k) + BiyAuir (k) + Djy (35)
Yip (k) = Cioxip (k) (36)
— M1 * * *—1 *—1
where Aiv — 15 Mz g;(cl +Dl) MZIS TS:| c RlOXlO, Biv — [MZIS TS:| c RlOXS’

*—1 A
Ci?} = [15 05] c ]R5><10, and Div _ |:Ml Tstd
5x1

we can characterize the relationship between the predicted output vector sequence and the
control increment sequence using the following prediction equation:

} € R, Similar to our previous approach,

Y;, = HAx;, (k) + H,

mu

AU;; + Dy, (37)

T
where Vi, = [y;,(k+ 1k), y;, (k+2[k), ..., y;, (k + Npo[k)]* € RON2,
AUz = [Auiz (k|k), A (k+1]K), ..., Auir (k + Nep — 1]k)]T € R5Na2,
N T
2, = [CivAiy, CioAd, .., o] € RN,

107 °

Ciz;Biv 05 to 05
CivAivBiy CiyBiy e 05
H?, = . : : € RN, *5Na and
N,p—1 Nyp—2 Np2—Ne2
CivAivp Biv CivAivp Biv o CivAl'vp ‘ Biv
T

_ N}”Z_l
D;, = |CiwDiv, CivAiyDiy + CivDioy, - . ., Ciy 20 AlD;,| € R°M2. N,y and N, de-
n—

note the prediction and control horizon of the inner-loop controller, respectively.
According to the control objective, we assess the constraints on the control input
increment and the actuator saturation in the inner-loop subsystem, as follows:

Au?;in < Aujr (k) < Aup?®™ (38)

TN < 7 (k) < gmax (39)

where ™" and Au™i" represent predefined lower bounds, while T and Au® denote
predefined upper bounds. The actuator saturation constraint (39) can be transformed into
an input incremental constraint, and we can express the above constraints in a compact
linear constraint form:

EvAuiT < Yiv (40)
e TEE.
| | alpe g, = P8

where EU = Ip] ’ 'Yiq = ?gna).( _ IUZTi(k B 1) ’ with 17;1 - . €
—Iy —Tm 4+ IpTi(k—1) Is Iy - Is

RN2*5N2 and Iy = [I5, I, . . ., I5]T € R5Ne,
To achieve the convergence of the formation tracking velocity to the desired value, we
define the local distributed cost function of the inner-loop subsystem as follows:

Npa Np—1
Jiolk) = YNl (Wi (k+ 1K) —wir(k+ D) [G + Y [ Auic(k+ 1)|[R,, (41)
1=0

I=1



J. Mar. Sci. Eng. 2023, 11,1897

13 of 27

where y;, (k 4 I|k) and Au;r (k + j|k) denote the predicted value of y;, (k + 1) and Au;r (k + j)
at time k, respectively. Q;, and R;; are given weight matrices.

By substituting (37) into (41), we can formulate the DMPC optimization problem for
the inner-loop subsystem of the ith AUV at sampling instant k as the following QP form:

AU, = argmin ( %AUE;WI-UAU” —l—ﬁEALIiT)
Al (42)
s.t. LAl < 73

where W;, = 12+H2TQW and f, = HIQ,,(H xy+ Dy —V;), with v;, =

[vir(k+1),..., 0 (k+ sz)] RSNPZ, Qip = diag{Q;p, Qivr- -, Qi+ € R¥N2N2 and
R = diag{R,-z, Rp,... ,Riz} € RSNCZXSNQ.

The solution of the QP optimization problem (42) yields the optimal control in-
put increment sequence AU, at time k. However, only the first element Au (k|k) of
the sequence is used for the ith AUV to obtain the optimal control force and moment
7 (k) = Ti(k—1) + Au} (k). The Auj (k) is recalculated at each sampling instant, the
ith AUV repeatedly calculates and executes 7/ (k) to achieve receding optimization. The
predicted state x;,(k 4- 1) and the optimal input 7" (k) are both determined solely by the
current state x;, (k).

With the parallel optimization of N AUV subsystems, all local optimization problems
are solved simultaneously at each sampling moment. One or more information interactions
occur between local controllers to obtain the optimal input sequence for that moment.
Thus, the proposed control law can compensate well for the compound disturbances,
which consist of model uncertainties and external disturbances. This occurs throughout
the iterative optimization process, while simultaneously ensuring collision avoidance and
formation tracking control tasks under complex constraints.

3.4. Use of Laguerre Functions in the DMPC Design

This subsection introduces a strategy to handle the computational burden caused by a
longer control horizon and dual closed-loop structure. This is the main difficulty in our
theoretical analysis. The Laguerre orthogonal functions are leveraged in the DMPC design
to decrease the order of the input incremental matrices. This approach permits a reduction
in input variables during each control cycle, thereby reducing the computational burden in
the time interval and improving real-time performance.

The Laguerre functions are a set of discrete orthogonal polynomial functions, let it be
li(k),12(k),...,Ip(k), the z-transfer of the mth Laguerre function is expressed as follows:

V1—a? {1 — az] m-l

Xim(z) = (43)

zZ—a zZ—a

where 0 < g < 1 denotes the pole of the Laguerre function, also known as the scaling factor.
It can be verified that X;;, satisfies the following orthogonality:

T X (€)X () 'der =1 m =

, , (44)
%ffn Xom (€/9) Xy, (e]“’)*dw =0 m#n
where (-)* denotes complex conjugate of (-).
The discrete Laguerre functions are defined by taking the inverse Z-transform of (43),
ie., Iu(k) = Z71{Xyu(z)}. Given the network structure of X, (z) and the recurrence relation,
the set of discrete Laguerre functions satisfies the following difference equation:

L(k+1) = EL(k) (45)
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a 0 0 - 0
where & = —ap P a 0l and  L(k) =

(™% ()M (—a)" B - 4
[11(k), L (K), ..., Im(K)]T,  with T/S — 1 — 4% and initial condition L(0) =
\/B[l, —a,a%,—a3,..., (—a)M_l} . Note that at 2 = 0, the Laguerre functions are con-
verted to impulse functions.

Assuming the current moment is k, the input increment of the single-input system at
the next time /, represented by the Laguerre function, is:

Au(k+1) = % Kl (1) = L(1)TK (46)
m=1

where K = [K1,K2, ..., kM T. When we extend this to the multi-AUV system, each AUV has
five independent control inputs, and the input increment of the ith AUV is as follows:

Au (k)T = [L}(k)TKl LZ(k)TKf,...,L?(k)TKﬂ =L(K)"K; (47)

17771

where L (k) = [lipl (k),lg(k),...,lzw(k)} ! and K! = [Kﬁ,xg,. . .,KfM} T, withp =1,2,...5.
Li(k) = diag{Ll1 0", L2k, .., L?(k)T}, andK; = [K!T,K?T, ... K3T] T Note that within
a multi-input structure, the scaling factor a, and the number of polynomial terms M, can
be selected independently for each input signal.

For illustrative purposes, the inner-loop predictive controller of the ith AUV is taken as
an example. If we partition the input matrix into B;, = B, B ... B?v] , the prediction
of the system output in the next [ steps can be derived as follows:

-1 i ~T ~\T ~T
Yo+ 1K) = ¥ Coal,’ ™| BLLiG) Kie BRLE)'KE ... BRLY() K |

j=0 T (48)

+CivA£vxiv (k) + 'ZO CivAiz,] Djy.
j=

For a compact notation, we denote (48) by the following;:
Y (k+ 1[k) = CipAl xip (k) + pi(1)" Kip + DY, (49)
1-1 .

T _ I-j-1 T T T I
where u;(1)° = ]EO CiA;,’ {B}UL} ()" BZL2(j)" ... BLLX(j) } and D;, =
-1 ; _

Y CiUA; I 71Div. K as the parameter vector that is to be optimized.
j=0

First, we employ the Laguerre function to optimize the constraint terms (38) and (39),
leading to the following constraint form:

Aulit < T TK; < Aul®™ (50)

TN < /i‘iTRiT + Ti(k - 1) < ijax (51)

1

— , ~ U Y I S -1 .
where L;; = dzag{L}T(l)T,. . .,L?T(Z)T} and L, = dzag{ ;OL}T(])T, ‘ZOLIZT(])T,..., ‘ZOL?T(])T}.
J= J= J=

Given that the Laguerre functions are orthonormal for a sufficiently large control
horizon N,. Substituting (47) into (41) and using the orthogonality (44) of the Laguerre
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function (i.e., the inner product of different terms is 0 and the same term is 1), the following
derivation can be performed to obtain the reconstructed form of the cost function (41):

NpZ Np—1
oK) = T+ 1) — k= D)1, + 5 e 1007 R -+ 16

N,» Np—-1 , - _ _ T
= L@l 10) okt D), + % (Tie()Kie )R (Tie () K
I=1 1=0
Njp»
= X Wik + 110) = 03k D] Qulyiok+ 1K) — o3 (k4 1) 52)
=1
No—1

+ L (diag{LL () L (1) o, L (1) i) R (diag {11 (1), L, (1), L2 (1)}Ki)"

Ny T =
= % [k 110) = 03 (kD) Qulys k- 1K) — vy k)] + K R

By substituting (49) into (52), we can rewrite the DMPC optimization problem (42) for
the inner-loop subsystem of the ith AUV as:
. . =T 127 o =
minJ (k) = min ( 3Ki Wi Kie + £} Kic )
K K;

iT iT

s.t. (50), (51)

(53)

N,
where W, = Vi (DQimi()T 4+ Rp  and  fy -

£ (1) Qs (CivAfvxiv(k) + D}, — v (k + l))-

The QP optimization Equation (53), with constraints, can be solved to obtain the
optimal parameter vector K;,. This vector replaces the conventional DMPC method calcu-
lation of Auj_. Thus, the optimal input increment of the inner-loop subsystem is indirectly
obtained by the rolling optimized control law, AuiT(k)T = fl-T(O)TK-T, until the control
variables at the next moment are calculated. This iterative process ensures the achievement
of receding horizon optimization. The use of the Laguerre function in the design of the
outer-loop predictive controller is not included here, as its analysis parallels that of the
inner-loop controller described above.

Remark 2. By parameterizing the input increment sequence using the Laguerre function,
the input matrix order in the prediction horizon can be lowered, thereby reducing the
computational load online. This property enables its application in large-scale and real-
time AUV control systems. With the employment of the Laguerre function, the coefficients
ap and M, can also be served as tuning parameters, in addition to the control and prediction
horizon and weighting matrices. Larger 4, and M, lead to faster closed-loop responses [38].

3.5. Stability Analysis

A notable attribute of the MPC is the potential for establishing the stability of a closed-
loop system under certain conditions. Extending this to cases using Laguerre polynomials,
a terminal state constraint is utilized to analyze the stability of the closed-loop system.
Specifically, for the inner-loop subsystem, an additional constraint is attached to the final
state of the receding optimization problem: xj, (k + Npz) = 0, where x;, (k + Nj») is the
terminal state produced under the effect of the control sequence, Au;. (k + l)T =L;; (l)TK- .

Theorem 2. Consider the inner-loop subsystem (35) and (36) of the ith AUV in the formation
control system, which has a local cost function (41) with constraints (38) and (39). The inner-loop
predictive control subsystem is asymptotically stable if for each sampling instant k, there exists a
solutionK;; such that the performance index ], is minimized subject to the terminal state constraint.
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Va(y(k+1),k+1) = Va(y(k), k) = §0 (k+ Npalk) " Qiolio (k + N2 [K)

Proof of Theorem 2. Constructing an appropriate Lyapunov function is key to ensuring
the stability of the DMPC system. Select the cost function J;;,(k) as the Lyapunov function

Via(y(k), k):

Np2 No-1
Va(y(k), k) = Y 5 (k+ 116) T Qi (k+ 11k) + Y Auje(k+ 1) RpAuie(k+1)  (54)
=1 1=0

where 7, (k + 1|k) =y, (k + 1|k) — v;, (k + 1) and y, (k + 1|k) = Ci AL x;, (k) +um(DT RfT—i-

va, Kfr is the parameter vector solution of the cost function (41) under the original and

terminal constraints at moment k, and input increment Au;; (k + 1 )T =L;; (l)TK]l-{T. Itis clear
that Vip (y(k), k) is positive definite and tends to infinity as y;, (k) tends to infinity. Similarly,
the Lyapunov function at moment k + 1 can be derived as:
Np2
Vo(y(k+1),k+1) = % 5, (k+ 1+ 1k +1) Qi (k + 1+ Lk + 1)
lf

Ngp—1 (55)
2=
+ L Auie(k+1+ D) RopAuir(k+1+1)

1=

where y;, (k+1+ Ilk+1) = Cp AL x;p(k+1) + yl ) KkJrl +D!, Ki:rl is the parameter
vector solution at time k + 1, and Awuj (k+1+1)7 = Li(I TK? ' Given that Y, (k+1)
is the response one step ahead of y;, (k) and y,,(k + 1) = CipAjxiy (k) + CiyBipnAuir (k) +
CiyD;,, the feasible solution of Kf: ! corresponding to the initial output y,,(k + 1) in the
receding horizon is Kﬁ Therefore, the feasible solution sequence at moment k + 1 is to
move the elements in L;;(0 TK];T, L;; KfT, cee Np—1) Kk one step forward and
substitute the last element with 0, i.e., L,T(l)TKZT, L KfT, e Np —1) Kfr, 051.

Due to the optimality of the solution Kf: Vatk+1, it follows that
Vio(y(k+1),k+1) < Vao(y(k+1),k+1) (56)

where Vi (y(k + 1),k + 1) is identical to (55) except that the parameter vector solution Ki{: !

in the control sequence is replaced by the feasible solution Kﬁ. The difference between
Via(y(k), k) and Vjp(y(k + 1),k + 1) is then bounded by the following:

Via(y(k + 1),k +1) = Vo (y(k), k) < Via(y(k + 1),k +1) = Vo (y (k), k). (57)

Eliminate the same terms in the control sequence and output sequence of Vi (y(k + 1),k + 1)
and Vj(y(k), k) at moments k + 1, k +2,..., k + Ny — 1, and we can derive the follow-
ing equation:

(58)
—Tijo (k + 1]K) " Qo (k + 1]k) — Auir (k)" RipAuir (k).

Given the terminal constraint x;, (k + Nj») = 0is applied, equivalent toy;, (k + Ny) =
0, we have the following;:

Vo (y(k+1),k+1) = Vialy(k), k) = =i (k+ Nya) " Qo (k+ Ny2) (59)
~i(k + 1[0) T Qo (k + 1[k) — Atz (k) RipAuie (k).
This allows inequality (57) to be converted into:
Valy(k+1),k+1) = Vi (y(k), ) < oy (k+ Ny2) ' Quooi (k+ Ny2) )

—7; (k + 1K) Qo (k + 1|k) — Auir (k)" RipAuiz (k) < 0.
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Namely, Vi (y(k+1),k+1) < Via(y(k), k); the Lyapunov function is monotonically
decreasing. This proves that the inner loop subsystem is asymptotically stable. U]

Next, we analyze the stability of the entire closed-loop system. Analogous to the
proof of Theorem 2, we select J;; (k) as the Lyapunov function Vj3(y(k), k) of the outer-
loop subsystem:

NPI 2 Ni-1 2
Vs k) = L[ (v e 110 =g} [ 4+ B k)

- T (61)

Npl 2

tL Lo (93 (K + l|k)—yij(k+l))HQij.

According to the idea of the proof of Theorem 2, the following inequality can be obtained:

Via(y(k+1),k+1) = Viz(y(k), k) < *}/if(k+Np1)TQifyif(k+ Np1) = g, (k + 1k) Q¢ (k + 1[K)

—N(N = 1)r;j(k+ Np1) TQijrij(k + Np1) — Auiy (k) TRy Auy (k) < 0. 2
Next, we set the Lyapunov function of the entire closed-loop system as follows:
Via(y(k), k) = Via(y(k), k) + Via (y (k), k). (63)
From inequalities (60) and (62), we have the following:
Via(y(k+1),k+1) = Vu(y(k), k) = Via(y(k+1),k+1) — Vi (y(k), k) 64)

FVia(y(k+ 1),k + 1) — Via(y(k), k) <0

As a result, the entire closed-loop system is asymptotically stable.

4. Simulation

In this section, some simulation analyses are conducted to verify the effectiveness
and robustness of the proposed control scheme. A formation system consisting of four
AUVs (N =4, i=1,2,3,4) with a virtual leader (AUVO) is considered. The directed
communication topology for the simulation is depicted in Figure 3, the meaning of the
arrows is the direction of the communication or information flow between the nodes in
the formation network. Initial values for x;, y;, and z; are randomly distributed within
the intervals [10,40], [0,30], and [—10,0], respectively, while the attitude angles 6; and
§; lie within the intervals [—m/18,71/18] and [0, 7t], respectively. The parameters re-
lated to the AUVs are based on previous research [39]. A diamond formation was pre-
defined to facilitate omnidirectional exploration, with the desired formation configura-
tion preset to ris = [0,0,65,0,0]", ryy = [0,-7.5,0,0,0]", 3y = [0,0,-6.5,0,0]", and
rip = [0,7.5,0,0,0]". 112 = —ry = [0,7.5,65,0,0]", ri3 = —r3; = [0,0,13,0,0]", 14 =
—ry = [0,-7.5,6.5,0,0]", 123 = —r3, = [0,—7.5,6.5,0,0]", rp4 = —rgp = [0,—15,0,0,0]"
and r34 = —r43 = [0,—7.5,—6.5,0, O]T. The safety distance during the formation construc-
tion stage is set as rs = 3 m, while the detection distance measured using sonar is set as
rq = 6 m. To reflect model uncertainties, 20% of the nominal values were taken as model
errors, meaning that the parameters for the AUVs in the simulation represented only 80% of
the nominal system dynamics. External disturbances were applied to each AUV to evaluate
the formation robustness, modeled as follows [34]:

Tiew = 0.1sign(u;) + 0.2sin(0.1f) N

Ticp = 0.1sign(v;) + 0.3sin(0.3t) N

Tiew = 0.08sign(w;) + 0.2sin(0.5¢) N (65)
Ticq = 0.02sign(g;) + 0.1sin(0.3t) N - m

Tier = 0.05sign(r;) +0.1sin(0.3¢) N - m
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Figure 3. Structure of communication topology.

Each control parameter has its settings guidelines: Given the low driving speed of the
AUV in this paper, smaller Nj; and Ny, are intended to be used. During debugging, reduce
it if the rapidity is not enough, and increase it if the stability is not good; the selection of Ny
and N, is based on a trade-off between performance and computation [40]; since we value
the position tracking performance more than the velocity tracking performance, Q; is set
slightly larger than Q;,; to weaken the interaction of angles between AUVs, the orientation
weight in Q; is set slightly smaller; when tuning R;; and Ry, it can be set very small first,
and then increase it slightly if the system is stable and the control variable does not change
too drastically [41]. By solving the Lyapunov Equation (11), the relationship between the
observer gains B, and &;1, such that A;; and A;; are Hurwitz matrices, can be obtained, and
tuned to select the appropriate values [42]; the Laguerre parameter a, is adjusted within
the constraint interval, and a smaller M), is selected to coordinate the number of constraints
in the optimization problem, and to make a trade-off between response speed and control
complexity [38]. Following the above guidelines, we dealt with the main difficulties in the
simulation and selected the parameters that produced the optimal simulation results and
listed them in Table 1.

Table 1. Control parameters of the proposed scheme.

Parameter Value Parameter Value

Qi diag(102,10%,10%,10%,10?) T 05s
Qjj diag (102,102,102, 10,10) Npy 20
Qi diag(10,10,10,10,10) Na 8
R diag(1072,1072,1072,1072,10~2) Ny 10
Rp diag(10-1,1071,1071,1071,1071) Neo 5
Bin diag(20,20,20,10,10) ®i 0.75
Bi» diag(160, 160, 160, 80, 80) ap 0.7
Bis diag(160, 160,160, 80, 80) M, 3

Moreover, based on the actual speed limit of the thruster, we provide the state and in-
put constraints as follows: AUZ® = —Allgj‘in = [0.2,0.1, 0.2,0.05,0.05]T,
Unex = —Umin = [15,1,1,0.05,0.2]", and AUR> = —AUM™ = [50,50,100,5,5]". To
avoid actuator saturation for each AUV, the bounds of force and moment are set as
‘rl-nm'n = [-200, —500, —500, —7, —1O]T and /"™ = (300,500,500, 7, lO]T.The reference tra-
jectory generated by the virtual leader is a 3-D spiral curve, defined as follows:

x,(t) = 30 cos(0.0057tt)
Y, (t) = 30sin(0.0057t) (66)
2,(t) = —0.05¢ — 3

To verify the disturbance compensation performance of the proposed FTESO (7),
we conducted comparative simulations with the ESO (67) from [43] and the FTESO (68)
from [18]. Figure 4 shows the norms of the compound disturbance estimation errors
llei|l = ||Tig — Tial for the four AUVs under the three observers, characterizing insights
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into transient and steady-state responses. We calculated the settling time of the designed
FTESO in the simulation and highlighted it on the plots. It is clear from Figure 4 that our
proposed third-order fast FTESO can achieve finite-time stabilization, with the estimation
errors converging to a small neighborhood of the origin. And the dynamic convergence
speed and estimation accuracy of the proposed FTESO are better than ESO (67) and FTESO
(68) with less chattering. This shows the advantages of our approach. Thus, each AUV can
accurately compensate for model uncertainties and external disturbances of its correspond-
ing subsystem in finite time.

2h = 2p — Bnanea + Gi(n;,v;) + T 67)
L 2 :
Zip = —Praien
5. 8. R.aio3/4(,. +G( N+ T
Zi1 = Zp2 ﬁllSlg (ezl) i\"i, vl) T (68)
A 2 1/2 .
2 = —Bisigt’?(en)
47 1'0 T T —— ESO (63)
3 084 T,=736§) |—— FTESO (64)
— o_s,\ —— Proposed FTESO (7)
Z 2] ] ]
=27 0 e
N1 4 0.0 -
% | 50 75 100 125 150 175 200
0 y T T f T T y T T T T
0 100 200 300 400 500 600
Time(s)
47 ' 1'0 T T T —— ESO (63)
3 ' T,=503s] |[—— FTESO (64)
—_ 8:2 AN IESLE —— Proposed FTESO (7)
z RS -
= s
—m S~ ]
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= | 2\
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Figure 4. Compound disturbance estimation errors e;; of the ith AUV.

The collision avoidance performance of the AUV formation was tested via a set of
comparison experiments with and without collision avoidance constraints based on our
proposed scheme. Since the initial positions of the four AUVs are randomly distributed,
the risk of collision is increased. The formation trajectory without collision avoidance
constraints is shown in Figure 5 (top). Here, the four AUVs track the reference trajectory
while keeping the preset shape, but AUV3 and AUV4 collide at 10 s, followed by a collision
between AUV1 and AUV2 at 20 s. Specifically, as presented in Figure 6 (top), the relative
distance between AUV1 and AUV2 during the formation configuration stage exceeds
the safe distance, resulting in a collision. The same situation occurs with AUV3 and
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AUV4. However, when collision avoidance constraints are considered, the formation
trajectory (shown in Figure 5 (bottom)) indicates that the four AUVs can perform the
formation tracking task while avoiding collision during the configuration stage. The
collision avoidance performance is visualized in Figure 6 (bottom), where the distances
among AUVs within the detection zone are always greater than the safe distance, indicating
that inter-vehicle collision avoidance can be achieved. Therefore, the proposed control
scheme can provide real-time collision avoidance capability for AUV formation maneuvers.
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Figure 5. 3-D formation trajectories without (top) and with (bottom) collision avoidance constraints.
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Figure 6. Relative distances among AUVs without (top) and with (bottom) collision avoidance constraints.
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In order to assess the feasibility and superiority of the proposed scheme, we con-
ducted three sets of comparative simulations with the same parameters, constraints, and
disturbance settings: (a) the proposed FTESO-based dual closed-loop DMPC with Laguerre
function; (b) a FTESO-based dual closed-loop DMPC without Laguerre function; (c) a
standard DMPC without FTESO. Figures 7-16 plot the tracking performance curves of
AUV positional and velocity states under the three schemes. It can be easily observed that,
in all scenarios, the four AUVs are able to successfully track the desired state despite the
differing tracking errors. In scheme (a), full-state stable tracking is achieved within 200 s.
Meanwhile, in scheme (b), the process takes about 300 s, which suggests that the use of
the Laguerre function improves both the response speed and control accuracy. Although
the standard DMPC scheme (c) can also achieve formation tracking, the settling time of
the state variables is longer and accompanied by oscillations due to the uncompensated
compound disturbance effects. Compared with the other schemes, our proposed method
delivers superior formation tracking control performance.
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204 1 20+ 1 20
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x x X
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-40 -40 -40
100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(s) Time(s) Time(s)
@) (b) (©

Figure 7. State x; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c¢) The standard DMPC without FTESO.
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Figure 8. State y; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c¢) The standard DMPC without FTESO.
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Figure 9. State z; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c¢) The standard DMPC without FTESO.
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Figure 10. State 0; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c) The standard DMPC without FTESO.
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Figure 11. State p; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c) The standard DMPC without FTESO.
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Figure 12. State u; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c) The standard DMPC without FTESO.
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Figure 13. State v; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c¢) The standard DMPC without FTESO.
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Figure 14. State w; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c) The standard DMPC without FTESO.
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Figure 15. State q; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c) The standard DMPC without FTESO.
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Figure 16. State ; of the AUV formation system. (a) The proposed FTESO-based dual closed-loop
DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC without Laguerre
function. (c¢) The standard DMPC without FTESO.

Figure 17 intuitively presents a 3-D formation trajectory tracking. Combined with
Figures 7-16, it implies that all three schemes can successfully accomplish formation spiral
tracking under the specified input and state constraints. However, when the formation
faces harsh compound disturbances, the tracking performance of the controller without
disturbance compensation performs poorly, demonstrating a tracking error significantly
larger than that of the FTESO-based controller. This is because the compound disturbances
cause the AUV to deviate from the desired trajectory. By comparing the results of (a,b), it
can be further observed that the proposed control scheme with Laguerre function allows the
AUV to form the preset formation more quickly and converge to the desired trajectory more
smoothly. This implies a faster response at the onset of the task. Thus, the dual closed-loop
structure and Laguerre function enable the AUV formation to track the reference trajectory
with better speed and accuracy.
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Figure 17. 3-D trajectories of the AUV formation under different schemes. (a) The proposed FTESO-
based dual closed-loop DMPC with Laguerre function. (b) The FTESO-based dual closed-loop DMPC
without Laguerre function. (c¢) The standard DMPC without FTESO.

Without loss of generality, Figure 18 shows the actual control forces and moments
versus time for AUV1 under the three schemes. Without the benefit of FTESO to compensate
for compound disturbances, the fluctuations of the control force and moment are relatively
drastic and unstable (Figure 18(c1,c2)). This is attributed to the need for the AUV to
significantly rectify the driving forces and moments to more rapidly approach the deviated
reference trajectory. Under the proposed scheme, as shown in Figure 18(al,a2), the AUV
forces and moments vary relatively smoothly, which makes the AUV track the trajectory
steadily when disturbed. Comparing Figure 18(al,a2) and Figure 18(b1,b2), the Laguerre-
based controller has the fastest control signal response with the smallest amplitude when
the disturbances are accurately compensated. This confirms that our proposed scheme
(a) provides superior control performance. It is worth noting that the variation of control
forces and moments always remains within the prescribed limits. This reflects the ability
of the DMPC to handle the actuator saturation effectively, ensuring that the control input
for each DOF does not exceed the maximum force provided by the actuator, thus reducing
actuator losses.
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Figure 18. Actual control force and moment for AUV1 under different schemes. (al) Control force
of scheme (a). (a2) Control moments of scheme (a). (b1) Control force of scheme (b). (b2) Control
moments of scheme (b). (c1) Control force of scheme (c). (¢2) Control moments of scheme (c).

To differentiate between the computational demands among the three schemes, we
recorded the emulator execution times under the same configurations. The detailed simu-
lation times corresponding to Figure 17 are given in Table 2. It can be observed that the
actual running time of the standard DMPC system is approximately 43.62 s. In contrast, the
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system with a dual closed-loop DMPC requires 57.91 s, which is about 32.8% longer than
the standard DMPC. This increase is due to the greater complexity of the dual closed-loop
structure as opposed to the simpler DMPC structure. Although there is improvement in
control efficacy, the execution of the dual closed-loop structure is sacrificed to some extent.
However, the proposed system, which employs a Laguerre-based dual closed-loop DMPC,
the computation time only requires 11.75 s. This suggests that, despite the inclusion of
both the dual closed-loop structure and FTESO, the use of the Laguerre function makes
the system solution faster. Thus, the proposed scheme can simultaneously improve the
computational speed and control performance.

Table 2. Comparison of controller execution time.

Control Scheme Simulation Time Run Time
Scheme (a) 600 s 11.75s
Scheme (b) 600 s 5791s
Scheme (c) 600 s 43.62s

5. Conclusions

In conclusion, this study presents a FTESO-based distributed dual closed-loop model
predictive control scheme for the AUV formation subject to compound disturbances. The
designed FTESO can compensate for model uncertainties and external disturbances of each
AUV faster and more accurately. Control inputs are determined by solving a constrained
DMPC optimization problem based on local information, while avoiding both collisions
among AUVs and actuator saturation. The Laguerre orthogonal function is applied to
alleviate the heavy computational burden, and the corresponding stability proof is provided.
Finally, based on a connected directed topology, simulation results of different schemes
are investigated under the same compound disturbances and system constraints. It is
confirmed that our proposed scheme provides the best tracking effect and superior active
disturbance rejection capability. Control signals show smaller oscillations and enhanced
stability. In addition, the computation time of our proposed formation control system,
which utilizes the Laguerre function, is reduced by 73.1% and 79.7% compared to the
standard DMPC system and the dual closed-loop DMPC system, respectively. This verifies
that our proposed scheme can respond quickly to minimize control costs and improve
real-time execution and dynamic performance of the system.

The proposed method does not consider the impact of communication burden on AUV
formation. Therefore, in future work, we will focus on the control scheme based on the
event-triggered mechanisms. Considering the limitations of the optimization accuracy of
discrete predictive control, we want to carry out research on continuous predictive control
with faster control response. In addition, it is essential to conduct formation obstacle
avoidance research and real AUV experiments.
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