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Abstract

This paper investigates the formation tracking problem for a group of autonomous under-
water vehicles (AUVs) operating under quantized communication and actuation. A novel
adaptive learning framework is proposed, capable of extracting cooperative control policies
directly from quantized relative measurements and quantized input signals. Unlike con-
ventional approaches that rely on continuous signal assumptions, the developed method
enables each AUV to learn and adapt its behavior in real time from coarsely quantized
data, thereby enhancing robustness in digital and bandwidth-limited environments. Within
a backstepping control structure, an improved quantized consensus mechanism and a
hysteresis quantizer compensation strategy are integrated to mitigate quantization effects.
Using Lyapunov stability theory, it is proven that all closed-loop signals remain bounded
and the formation tracking errors converge to an adjustable neighborhood of zero. Simu-
lation results demonstrate that the proposed learning-based controller achieves accurate
formation tracking and exhibits strong adaptability under dual quantization constraints.

Keywords: AUVs; coordination control; adaptive tracking; quantized measurement;
quantized input

1. Introduction

The ability of autonomous underwater vehicles (AUVs) to operate independently in
submerged environments presents prospective benefits for carrying out tasks related to
monitoring marine pollution, hydrological features, and marine ecosystems [1-5]. Col-
laborative tracking control of AUVs is a complex technology involving multiple AUVs
working together to perform tasks together. Multi-AUVs can improve mission efficiency
while coping with more complex underwater environments, providing new possibilities
for marine research, resource exploration, etc. [6,7]. Therefore, the collaborative tracking
control of AUVs has captured the attention of researchers, but it also faces many difficulties
in control design. Solving these challenges will not only promote the further development
of multi-AUYV technology but also broaden underwater scientific research and industrial
application possibilities.

1.1. Related Works

The development of coordinated controllers for AUVs is critical for achieving fast,
accurate, and stable system performance. Several advanced algorithms and strategies
have been proposed to enhance the control capabilities of AUVs. For instance, ref. [8]
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introduced a distributed bionic sliding mode controller for multi-AUV systems, which
effectively mitigated the jitter issues inherent in traditional sliding mode control (SMC).
However, this approach remains vulnerable to noise interference. Leveraging the redis-
tribution mechanism of leader—follower formation, ref. [9] proposed a novel formation
strategy for nonlinear uncertain systems. While this method demonstrated excellent for-
mation convergence, it also introduced higher computational complexity. To address this,
ref. [10] developed a distributed nonlinear model predictive control (NMPC) algorithm that
reduces computational demands by exploiting the dynamic characteristics of AUV motion.
Additionally, ref. [11] presented a coordinated tracking strategy tailored for multiple AUVs
operating in complex ocean environments. Despite these advancements, the majority of
these methods focus on simplified two-dimensional scenarios and rely on reduced-order
dynamic models for controller design.

Several advanced control frameworks have been developed for uncertain nonlinear
systems, among which state-filtered disturbance rejection methods and neuroadaptive
reinforcement learning approaches are particularly representative. Disturbance rejection
techniques, such as extended state observers (ESOs), uncertainty and disturbance estimators
(UDEs), and active disturbance rejection control (ADRC), estimate lumped uncertainties
and compensate them online, thereby achieving strong robustness against modeling errors
and external disturbances. However, these methods usually rely on continuous and suf-
ficiently accurate state measurements. When only quantized relative measurements and
quantized actuator inputs are available, observer performance may deteriorate significantly,
and quantization effects are often treated merely as external disturbances, resulting in
conservative designs. On the other hand, multilayer neural network and actor—critic rein-
forcement learning methods have demonstrated strong approximation and optimization
capabilities for nonlinear control problems. Nevertheless, most of these approaches require
high-quality state information, informative reward signals, and repeated online exploration,
while their computational complexity may be prohibitive for embedded AUV platforms
with limited onboard resources. In addition, the interplay between distributed cooperation
and dual quantization constraints is rarely addressed explicitly. Motivated by these lim-
itations, this paper develops a lightweight adaptive learning framework for multi-AUV
formation tracking under quantized communication and quantized actuation. Different
from existing observer-based or neural approximation methods, the proposed controller
directly synthesizes cooperative policies from quantized relative measurements through
a distributed consensus mechanism integrated with backstepping design. Meanwhile,
a hysteresis-quantizer compensation strategy is constructed according to explicit quanti-
zation error bounds, and the closed-loop stability is rigorously established via Lyapunov
analysis. Therefore, the proposed method is particularly suitable for bandwidth-limited
and digitally implemented underwater cooperative systems.

In recent years, considerable attention has been devoted to the stability analysis and
control design of systems subject to quantized signals. Quantization is unavoidable in
practical digital control systems and bandwidth-limited communication environments.
In [12,13], direct adaptive control frameworks were proposed for linear and nonlinear un-
certain systems with input quantizers, and Lyapunov-based stability analysis was provided.
The work in [14] investigated event-triggered control of nonlinear systems under state
quantization, where communication usage was reduced by the event-triggered mechanism.
In [15], a neural-network-based adaptive control method was developed for nonlinear sys-
tems with quantized inputs and output constraints. Furthermore, ref. [16] studied adaptive
output-feedback control for nonlinear systems with input/output quantization and mis-
matched uncertainties. Although these studies provide important theoretical foundations
for quantized control, most of them focus on single-agent nonlinear systems or general
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uncertain systems. The distributed formation tracking problem of multiple AUVs under
simultaneous quantized relative measurements and quantized actuator inputs remains
insufficiently addressed.

1.2. Contributions

Inspired by above discussions, this paper considers the cooperative tracking con-
trol problem of a group for AUVs with quantized measurements and input signals. The
backstepping method is used to design the quantized cooperative controller and Lya-
punov function is used to analyze the performance and stability of the closed-loop system.
The main contributions of this paper are summarized as follows.

1.  Anadaptive learning framework is proposed for AUV formation control, which en-
ables each vehicle to synthesize cooperative control policies directly from quantized
relative measurements and quantized actuator inputs, eliminating the reliance on con-
tinuous signal assumptions and better aligning with digital implementation realities.

2. Animproved quantized consensus algorithm is developed within the learning-based
structure, which facilitates distributed coordination under coarse measurement quanti-
zation, enhancing the scalability and robustness of multi-AUV systems in bandwidth-
limited environments.

3. A compensation strategy with a hysteresis quantizer is integrated into the learning-
based controller to mitigate the effects of input quantization. By appropriate parameter
selection, the quantization-induced errors are confined to an arbitrarily small region,
ensuring stable formation tracking performance.

The paper is structured as follows: In Section 2, the AUV’s kinematic and dynamic
models, as well as the control objectives and some preliminaries, are presented. In Section 3,
an adaptive controller is designed using the back-stepping method, and the stability and
performance of the closed-loop system are examined by presetting the relevant Lyapunov
functions. The simulation results are given in Section 4 to demonstrate the effectiveness of
the proposed control algorithm. In Section 5, the entire work is summed up, which also
suggests potential future research areas.

2. Problem Formulation

In this section, the kinematic and dynamic models of the AUV are presented. Further-
more, the control objectives of this paper are proposed. Then, the relevant background
knowledge of graph theory and the mathematical formulas of the two quantizers used in
this paper are given.

2.1. Kinematics and Dynamics Model of AUV

The considered AUV system is shown in Figure 1. The position of AUV i are expressed
in an earth-fixed frame, which is described as #1; = [x,‘,y,»,zi]—r € R3. The orientation is
denoted by #2; = [¢;,0;,¢;]7 € R? in the earth-fixed frame, which can be represented
by a rotation matrix RY.. The rotation matrix R? represents the transformation from the
earth-fixed frame to the vehicle-fixed frame. The superscript indicates the reference frame
to which the vector points. We define #; = [qﬂ, 11;1] T, the time derivatives that correspond
to it are expressed as 7; = [fj{;,7,;]". The linear and angular velocities of AUV i are
defined in the vehicle-fixed frame, and their expressions are vy; = [u;, v;, w;] € R3 and

vy = [pi,qi,7i] " € R3; then, we define v; = v}, v, 7.

https:/ /doi.org/10.3390/ electronics15102050


https://doi.org/10.3390/electronics15102050

Electronics 2026, 15, 2050

4 0f 20

Y vZ Vehicle-fixed frame

Figure 1. Schematic diagram of an AUV.

The relationship between velocity v; and the derivative of position and attitude #; can
be expressed as

v = RE 0343 i ’ (1)
O3x3  T(12:) 12i
where
1 0 —Sg;
T(2) = | 0 cpi  coiSpi |- 2)
0 —spi  CoiCyi

where s, and c, are the abbreviation of sin(a) and cos(a), respectively.
From [17], the dynamics model of the ith AUV with control input quantization can be
expressed as
Mv; + Ci(vi)vi + Di(vi)vi + g = q(Ti) , ®3)

where M; is the inertia matrix of AUV i, C;(v) and D;(v) are the vectors of Coriolis and
centripetal terms and friction and hydrodynamic damping terms, g; is the vectors of
gravitational and buoyant generalized forces, and 7; is the forces and moments of the
vehicle. q(t;) represents the hysteretic quantizer and takes the quantized values. More
details for the kinematics model of AUV can be seen in [17].

Note that the following properties are well known for Equation (3), the details can be
seen in [18].

P1: The inertia matrix M; is positive definite and symmetric.

P2: The matrix M; — 2C;(v;) is skew symmetric, i.e., xT (M; — 2C;(v;))x = 0 for any
nonzero vector x € R°.

P3: The damping matrix D;(v;) is positive definite.

2.2. Control Objective

The objective of this paper is to control a group of AUVs to converge and remain in a
preset polygon so that the circumcenter of the polygon can move along the desired trajectory.
Every AUV is capable of achieving the required attitude in accordance with mission require-
ments when it comes to attitude control. We let the desired trajectory be 14 = [x4, v, z4]",
and the desired attitudes of this group of AUVs are #2;4 = [P4i, 04i, gbdi]T,i =1,...,n,which
is supposed to be an arbitrarily smooth curve. Given a desired geometric pattern formed
by n vertices, the offsets of each vertex relative to the circumcenter of the desired geometric
pattern are defined as d; = [dy;, dy;, di]T.
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The control problem boils down to designing a collaborative controller based on each
AUV local state, relative measurements, and the position of the circumcenter such that the
following results can be achieved:

Xj — Xj dyi — dyj
tli_)rgo vi—yi | — | dyi—dy; <9, (4)
L Zi — Zj dzi - dZ]
and
i T Xi Xed
tim | | A2y | = | v [[ <0 ©
lyn z Zed

where § > 0 is a small scalar, which gives it later. Equation (4) proves the rationality of
cooperative control, which means that a group of AUVs can converge and maintain the
preset geometry. Equation (5) verifies that the circumcenter of the preset polygon can
converge to the desired trajectory.

Remark 1. Here, d; is a constant, so the preset graph is unchanged. In order to overcome this
limitation and improve the flexibility of cooperative control, we can consider d; as time-varying
offsets to update the preset graph composed of the group of AUVs.

Furthermore, each AUV completes desire attitude tracking, which is defined as
li P — 1 .
Lim [[#2i = 1p2ia| < & (6)

2.3. Graph Theory

Graph theory is often used to describe the specific relationships between certain
entities and is an excellent tool for describing communication relationships between AUVs.
We let G = (V,E, A) denote the communication topology between the n AUVs. Here,
V is a set of nodes, E C V x V represents the set of edges, A = [aij] € R"*", a;; > 0
represents a adjoint matrix of the topological graph G. The Laplacian matrix of a weighted
graph G is L = D — A, where D = diag{dy, - ,dn}, d; = L ajj. For undirected
graphs, the transmission of information is bidirectional, that is, a;; = a;;. We suppose that
the underlying communication topology is connected. Thus, the Laplacian matrix of a
weighted graph G can be decomposed into L = DD with D € R~ is a full rank
incidence matrix.

Remark 2. In this paper, the communication topology is assumed to be connected and time-
invariant for analytical clarity. This assumption is commonly adopted as a first-step framework in
distributed cooperative control and allows the main focus to be placed on the simultaneous effects of
quantized relative measurements and quantized actuator inputs. It is worth noting that the proposed
control strategy only relies on local neighbor information exchange and can be naturally extended to
time-varying or switching communication graphs by replacing the constant Laplacian matrix L with
a time-dependent Laplacian L(t). If the switching topology satisfies a joint-connectivity condition,
i.e., the union of the communication graphs over each bounded time interval contains a spanning
tree or remains connected, then the cooperative tracking mechanism can still preserve consensus
and formation convergence properties. For intermittent communication caused by packet dropouts
or temporary acoustic channel blockage, temporary disconnections mainly affect the transient
convergence rate and may enlarge the short-term tracking error. Nevertheless, the local stabilizing
feedback terms and quantization—compensation mechanism still help maintain bounded closed-loop
signals. A rigorous extension of the present results to switching and intermittent topologies requires
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hybrid-system analysis tools, such as common Lyapunov functions or multiple Lyapunov function
techniques, and will be investigated in our future work.

2.4. Quantizer

In this paper, the quantized relative measurement and input signals are considered in
control design of the AUVs. In this context, the logarithm quantizer is considered, which is

introduced as
w

Qu) = { uj sign(u), H—JU < |u

Uj
1-0 (7)

<
0, lul < 1%
where u; = pgl_i)uo,i =12,...,01€(0,1),p01 = %;—g, 0 < 0 < 1. ug is the quantization

dead zone and p; is the quantized density. The logarithmic quantizer satisfies

Q) —uf < 3. ®)
For the control signal, a hysteretic quantizer [19] is considered, which is represented as
u;sgn(u), 5 < |u| < uj1i <0, or

up < |u| < 55,1 >0
uj(146)sgn(u), u; < |u| < 125,11 <0, or

g(u(t)) = iy < Jul < U0 > 0 9)
0, 0<|ul < 72,1 <0or
7288 < 1 < tmin, 8 > 0,
q(u(t™)) =0

where u; = pglfi)umin,i =12,...,00€(0,1), 00 = %,0 < 0 < 1. Upin is the quantization

dead zone and p; is the quantized density. Then, the following lemma is presented:

Lemma 1. We define q(u) = u + p with p bing the hysteresis quantizer error, then the quantizer
error satisfies the following inequalities:

p2(t) < 8%, || > tmin. (10)
fnin'v|u| < Umin- (11)

Proof. Asshown in Figure 2, for the case that u > up;y, it yields
(1=0)u <q(u) < (1+0)u,
which leads to
lg(u) — u] < ou.
Similarly for u < —umin, we can also get |q(u) — u| < du. Thus, Equation (10) is

proved. For u < upin, q(u) = 0 is defined in Equation (9), which implies the results in
Equation (11). This completes the proof. [
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Quantized

output Slope 1+ 6, Slope 1-6

(t+3)u;

Slope 1-6;

‘———————- ¥__ - /

i
/ Slope 1+ 4,

(L+5)u,

Figure 2. Schematic diagram of hysteresis quantization signal.

3. Coordination Control Design

In this section, the coordination control design is presented. Utilizing the typical
cascaded structure of AUV, we use a back-stepping method to design the controller, which
allows us to achieve control design for kinematics and dynamics separately.

3.1. Kinematic Control Design

Firstly, we consider the kinematic equation of the ith AUV, vy; and vy; are used as
direct controls to achieve the desired position and attitude of AUV i. We define the position
and attitude errors, respectively, as

el =i — Mg — d;, (12)
e = 12i — M2id, (13)

where d; is a constant that is defined based on the desired formation pattern. Then,
we define

ey1i = Vij — &1, (14)

ey = Voj — &y2j, (15)

where &,1; and w,; are virtual controls which are designed later. According to Equation (1),
we have
i = Ry (i) e + B, (16)

where A; = RL(12:)e,1;. It can be seen that the actual position of the AUV i can be
controlled by designing an appropriate virtual control input signal «,4;. To this end, we
define @; = RL (;)a,1; and design it as

@; = —kaeri— Y (eri —e1j) + 4, (17)
JEN;

where k, is a positive constant, 71, is the derivative of the desired trajectory #1,4. So virtual
control «,1; can be obtained

w1 = RY (—kaeri— Y (e1i — 1) +114), (18)
JEN;
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Note that the desired reference trajectory information #; and 71,4 is used in the virtual
control design (18), which is contrary to distributed control design. Thus, the following
distributed observer is proposed to estimate the reference position #4,

hai =— Y, kij(t)aij(t)sign(fra; — aj)
JEN;
— ki(t)bi(t)sign(f1ai — 11a), (19)

1,7@ = v||f1ai — 14l (20)

kij IVH'?ldi — f14j

where N; := {j € V: (i,]) € £}, A14; is the estimate of 514 by agent i, b;(t) is the pinning
gain for i = 1,..., N that can access to the reference state. ||z||; is the 1-norm of vector
z € R", k;j(t) and k;(t) are adaptive weights, and v € Ry is a positive control gain.
Similarly, the reference velocity 715 can be estimated by

fhai =— ) kij(t)aii(t)sign(ina — ;)
JEN;
— ki(t)b;(t)sign (i — 11a), (21)
(22)

kij ZVHﬁui — 114 1/ki = v||fai — 1aly,

where the parameters are defined as same to the above. Then, the following lemma
is presented:

Lemma 2. Under the proposed fully distributed observers (19) and (21) with the adaptive laws (20)
and (20) for AUV i, the reference position 11, and velocity 171, can be estimated asymptotically.

Proof. We define the estimation errors #j145; = fj14; — 14 and 14 = [’7le1' ceey ﬁlen]T. The er-

ror dynamics can be written as ... . We choose the Lyapunov function candidate
1 ~T ~ 1 ¢ *\2 1 ! *\2
Vo= 5’71d(£ + B)ijra + 7 Yo ) (kij—kp)*+ o Y (ki —Ky)%,

i=1jeN; i=1

where k; and kj, are an upper bound on the ideal gains. Taking the time derivative and
using the property of the sign function as well as the adaptive laws, we obtain V, <
—Amin (L + B)|lf14/ll1 < 0. By Barbalat’s Lemma, 7j;; — 0, which completes the proof.
The velocity observer follows analogously. More detailed proof can also be seen in [20] and
is omitted here. O

According to the separation principle, subsequent analysis uses #;4 and 71,4 instead of
f14; and ﬁldi directly.

Then, with the quantified relative information exchange model, the logarithmic quan-
tizer introduced in Equation (7) is considered. Thus, Equation (17) can be rewritten as

@; = —kaei— ) Q(eri — ej) + 14 (23)
JEN;

Due to the underlying communication topology among the AUVs, Equation (23) can
be written as

@ = —Kqe1 — (D®1,)Qlecc) + iha, (24)
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. . T .
where L=D'D,e.c = (D' ® I,)ey. ey is concatenation of vectors le];,...,e],] .Kqisa
diagonal matrix with the values of the elements being k.. I, is a suitable identity matrix.
Then, we have

é1 = —Keie1 — (D®1,)Qecc) + (A @ I). (25)
For the error dynamics (25), we consider the following Lyapunov function candidate:

1
Vi = 5eCTCeCC. (26)

Taking the derivative of Equation (26) along Equation (25) and multiplying (D ® I,,)
on both sides of it, we can get

Vi =el.[-(DTD@ Ip)ecc — (DD @ Ip) o(ecc)]
n
— el Kaec + Y. )Y Qei— elj)TAi
=1 i jeN;
< — (ke1 + Amin(L)) HeCCH2 + 0Amax(L) ||ECC||2

+Y ) Q(eli_elj)TAi/

i=1i#jjeN;

(27)

where o(ecc) = Q(ecc) — ecc. Choosing the appropriate logarithmic quantizer parameters

in Equation (7) as follows
kel + /\min(L)

, 28
Amax(L) 28)
and defining

I = _(kel + Amin(L» + UAmax(L) <0, (29)
Equation (27) can be rewritten as

n
. T
<2V + Z Z Q(eli — 31]') A;. (30)
i=1i#jjeN;
In addition, the virtual control «.y; is designed as
i = —keai T () eai + T (112: ) p2ias (31)

where kp; is positive control gain and 7, is the derivative of desired attitude of AUV i.
Note that the desired attitude #,;; and its derivative 1, is specified for each AUV. If not,
they can also be obtained by using the similar distributed adaptive observer as shown
in (19) and (20).

Then, the following Lyapunov function is chosen for the error dynamics of ey;,

1 n
Va=35 Y ediex, (32)
i=1
and its derivative is given as
n
V<Y el (Tﬁl(’hi)“in + T (12 evni — ’72id>- (33)

i=1

https:/ /doi.org/10.3390/ electronics15102050
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Then, combining (31) into (33) yields
) n
V) < Z ( (12i)econi + T (112 ) ey _’72id)
- n
S Z 21321 Z ezl ’721 (V]
=1 =1
= =2k Vo + Z ezl ’721)‘31/21 (34)

i=1

In this stage, the kinematic design of the AUV is completed, and we obtain suitable
virtual controls e,;; and e,p;. In the following control design, a suitable controller is
designed for the dynamics model of AUVs to compensate the second terms in (30) and (34).

3.2. Dynamics Control Design

According to the property of the quantizer as shown in Lemma 1, Equation (3) can be
rewritten as

M; + Ci(vi)vi + Di(vi)vi + & = T + pi. (35)
We define e,; = [e;rli, e;rzl-]—r and «,; = [ocjl,oc ] . The errors in Equations (14) and (15)

can be rewritten as e,; = v; — «,;. Then, the control law is designed as

T; = (Mjiy; + Ci(vi)v; + Di(v;)v; + gi — kevieyi

v
T _
—| Y Qeri—ej)' Ry LT () (36)
i#ijEN;
+tanh( 1) O Timin ) © (Stanh( 22T 4 1)

where k,,; is a positive control gain, tanh(-) is hyperbolic tangent function, A ® B = [a;;b;j]
and A9 B = [a’]} with A = [a;;] and B = [b;j] being matrices with the same dimension,
~ 1,111,

Remark 3. The proposed control strateqy is fully distributed, and each AUV computes its control
input using only local state information and quantized relative measurements received from neigh-
boring agents. Therefore, the computational complexity of each AUV mainly depends on its local
degree rather than the total number of vehicles in the network. Specifically, the controller consists of
algebraic feedback terms, adaptive parameter updates, and element-wise quantization compensation,
all of which are lightweight and suitable for real-time embedded implementation. When the total num-
ber of AUV's increases while the communication graph remains sparse, the per-agent computational
burden remains nearly unchanged. From the communication perspective, only neighbor-to-neighbor
information exchange is required, and the use of quantized signals further reduces the communica-
tion payload. This property is particularly beneficial for bandwidth-limited underwater acoustic
channels. Nevertheless, in dense communication networks where each AUV interacts with many
neighbors, the communication overhead, synchronization burden, and packet collision probability
may increase. In such cases, the practical bottleneck is mainly communication rather than controller
computation. Therefore, for large-scale formations, sparse but connected topologies, such as nearest-
neighbor graphs, leader—follower structures, ring networks, or spanning-tree-based architectures,
are generally more suitable. These topologies preserve cooperative performance while significantly
reducing network load.
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Theorem 1. Given a connected AUV networks modeled by Equations (1)—(3), under the proposed
control law (36) with the quantizer parameter o satisfying (28), the control objectives in (4)—(6) can
be achieved with § = | /%, Bi = min{l, 2k.;, 2¢€;}, k = 0.2785e Y ;' 1 (Timin) + 1.671Jen.

Proof. We consider the following Lyapunov function:
1& 7
Vs=Vi+Va+3 Y ey iMie,; (37)
i=1
Taking the time derivative of V3 along the closed-loop error dynamics gives

L 1
Va=Vi+Vo+ Z eVT,-Mie,,i + 5 Z eIl-Mievi
i=1 i=1
§2ZV1 keZz Z €567 + Z ezl 7721 €y2i
+ Z Y Q(er; — e1j) 'Ry (1i)en
i=1jeN;
J#i

n ] ) 1 n X
+ Y e Mi(v; — i) + 5 Y e Mie,;. (38)
= i=1

By using the AUV dynamics
M = q(7) — Ci(vi)vi — Di(vi)vi — g,

and the skew-symmetric property M; — 2C;(v;), one has

n
V3 <20Vi — ke Y egieni
i=1

EI [q(ti) — Ci(vi)vi — D;i(vi)vi — i — Midy)

+
1=

I
—

n
+3 eyl (39)
i-1
where
Z R (12i)Q(e1; — ex))
B = f]ifé‘{ . (40)

T~ (n2i)ex
Since the hysteresis quantizer satisfies
q(t1) = T + pi, (41)
it follows that
eyid(Ti) = eyTi + ey (42)

For the kth component, Lemma 1 gives

and

|yi,k‘ < T mins ‘Ti,k| < Timin-
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Therefore, the quantization error term can be upper bounded as
- 6
eyiti = Z CvikHik
k=1

6
< Y levigl pixl
pa

6 6
<Y levik|Timin +0 ) levikl [Tkl (43)
k=1 k=1
Thus,
T T 6 6
eviq(Ti) SeviTi + Z |evi,k|Timin +4 Z |evi,k| |Ti,k|- (44)
k=1 k=1

To handle the nonsmooth absolute-value terms, the following smooth approximation
inequality is used:
0<|p| - ptanh(g) <0.2785¢, € > 0. (45)

By applying (45) to p = e,;x and p = e,; T; r, one obtains

e .
evig|Timin < ey tanh (22) 1 iy +0.2785¢Ti min, (46)

e,i T
levil [Tial = leviaTixl < eyipmis tanh (“425 ) 1 0.2785e. (47)

Substituting (46) and (47) into (44) yields
e.:
e):q(t) <e)Ti+e); [tanh(ﬂ) ©) Timinl}
€
+ de); [tanh <ewS®TI) © Tl}
6
+0.2785¢ Y Timin + 6 X 0.27856¢. (48)
k=1

The above inequality shows that the quantization-induced terms can be compensated
by introducing the corresponding hyperbolic-tangent terms. Therefore, the actual control
input is designed as

T = My, + Ci(vi)v; + Di(vi)vi + 8i — Ei — Kevieyi

—tanh(%) @Timinldtanh(e"ig%) oL (49)

where k,; > 0and 1 = [1,1,1,1,1,1]T. Substituting (49) into (39) and using (48),
one obtains

n n
V3 <20Vi —kei Y egieni — keui Y eiepi + K, (50)
i=1 i=1
where
n 6
Kk =02785¢ Y Y Timin + 1.6716en. (51)
i=1k=1

Since I < 0, it follows that
21vy = =2|1|Vy. (52)
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Hence, (50) can be rewritten as

n n
Vs < =201[Vi —keoi Y egieni — kewi Y €, + K. (53)
i=1 i=1

Furthermore, since M,; is positive definite, there exist positive constants m; and i;
such that

miHeUin < eJ—l‘Mievi < m1'||e1/iH2‘

Therefore, there exists a positive constant § such that

V3 < —BV3+k, (54)
where
. Zkevi
B = minq 2[I], 2kpi, —— ¢, (55)
mi
where 1 = max; Amax(M;) and
I = —(ke1 + Amin(L)) + 0Amax(L) < 0. (56)
Solving (54) gives
wu)ge*ﬁ@m)+%(1—aﬁﬁ. (57)

Thus, all closed-loop signals are uniformly ultimately bounded, and

limsup V3(t) <

t—o0

(58)

RN K

Consequently, the formation tracking errors converge to an adjustable neighborhood
of zero. Moreover, the ultimate bound can be reduced by appropriately selecting the
quantization parameters T; in, 6, and the smooth approximation parameter e.

In addition, the measurement quantization parameter ¢ affects the ultimate bound
through the decay-rate-related term |/|, while the input quantization parameter ¢ directly
affects the residual term «. Since

1 n
Vs=Vi+Va+ 25} e, Mie, (59)
i=1
the tracking errors satisfy

. 2
limsup |lecc(t)|| < «/ =, (60)

t—co ﬁ

. 4 N2 2
limsup ( ) [lexi(t)] <\ % (61)

t—eo \i=1 B

. " 5 1z 2K
lim sup Z Hevi(t) || < o (62)
t—o0 i=1 ﬁm

where m = min; Apin (M;). Equations (60)—(62) explicitly show that the ultimate tracking
accuracy can be improved by decreasing the quantization parameters o and J, decreasing
the smoothing parameter ¢, or increasing the control gains k.1, k.2, and k., provided that the
actuator limits and implementation constraints are respected. This completes the proof. [J
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Remark 4. For the selection of quantizer parameters o and 6, as long as Equation (28) is satisfied,
the parameter selection is arbitrary. So Equation (28) can quantify the guidance of the device
parameters. Since the input signal T; is bounded and § is also bounded, the required number of
quantization levels of the hysteretic quantizer is finite.

Remark 5. The above ultimate bounds are theoretical worst-case estimates. They are obtained by
using norm inequalities, the sector bounds of the quantizer, and the smooth approximation inequality
0 < |p| — ptanh(p/e) < 0.2785¢. Therefore, the bounds are generally conservative. In practical
simulations, the actual steady-state tracking errors are usually smaller than the analytical upper
bounds because the quantization error does not always attain its worst-case value and the signs of
different error components may partially cancel each other.

3.3. The Impact of Observer Convergence Speed

The distributed observers in (19) and (21) are introduced to estimate the desired
reference position and velocity using only local communication. We define the estimation
erTors as

Mai = Mai —Ma, Tai = Tai — - (63)

When the estimated signals are used in the virtual controller, the kinematic control
law becomes
@; = —kere1; — Y, Qle1; — exj) + g + Aoi, (64)
JEN;:
where the observer-induced perturbation term is A,; = #114; — ke17j14i- Accordingly, the Lya-
punov derivative contains an additional term e.A, with A, being the stacked observer
error vector. Using Young's inequality, for any p > 0,

1
eccbo < E||ECCHZ - T||A0||2- (65)
K
Hence, the closed-loop derivative can be written as
. 1 )
V3 < _ﬁoV3+Ko+ﬂ||Ao” ’ (66)

where B, = f— 1, 0 < u < B. Therefore, if the observer errors are bounded, then all
closed-loop signals remain bounded. If

lim A,(t) =0, (67)
t—o0
then the observer perturbation asymptotically vanishes and the original tracking result of
Theorem 1 is recovered. Moreover, if the observer satisfies exponential convergence

180(£)]| < coe™ ™, (68)

where ¢, > 0 and A, > 0, then larger A, implies faster estimation convergence, smaller
transient tracking errors, and shorter formation synchronization time.

Remark 6. Observer errors do not destabilize the closed-loop system provided that the communica-
tion graph satisfies the observer connectivity condition and the observer gains are selected such that
the estimation dynamics are stable. However, excessively slow observer convergence or prolonged
communication loss may enlarge transient tracking errors and degrade convergence speed. Therefore,
in practical implementation, the observer bandwidth should be chosen sufficiently larger than the
dominant closed-loop tracking bandwidth.
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3.4. Robustness Against Disturbances and Measurement Noise

In practical AUV systems, unmodeled hydrodynamics, ocean currents, and measure-
ment noise are unavoidable. To discuss the robustness of the proposed controller, the AUV
dynamics can be rewritten as

M;v; + Ci(vi)v; + Di(vi)vi + g = q(7;) +4di(t), (69)

where d;(t) € R® denotes the lumped disturbance including unmodeled dynamics, ocean-
current-induced forces, and bounded measurement noise effects. It is assumed that

i (1)1l < di, (70)

where d; > 0 is an unknown but bounded constant. Following the same Lyapunov analysis
as in Theorem 1, the derivative of V3 contains an additional term

n
Z e;di(t). (71)
i=1
By Young's inequality, for any x; > 0, one has
Xi 1
egidi(t) < lleuil + 5 -7 (72)

Therefore, the Lyapunov derivative satisfies

V3 < —BaVs + x4, (73)
where
By = min{2|l|,2k32, 2(1{”;"/2)} (74)
R (75)
i1 2Xi

with x = max; x;, = max; Amax(M;), and k., > x/2. Hence, all closed-loop signals
remain uniformly ultimately bounded and
limsup V3(t) < -y (76)
t—o00 ,B d
It can be observed from (76) that bounded disturbances and measurement noise en-
large the ultimate bound but do not destroy closed-loop boundedness. The disturbance
attenuation capability can be improved by increasing the velocity feedback gain k,,, pro-
vided that actuator constraints are satisfied.

Remark 7. The above analysis shows that the proposed controller is robust against bounded un-
modeled dynamics, ocean-current disturbances, and measurement noise in the sense of uniform
ultimate boundedness. The ultimate tracking accuracy depends on both the quantization-induced
residual term x and the disturbance-dependent term Y | d7 / (2x;). Therefore, smaller quantiza-
tion levels, lower measurement noise, and larger stabilizing gains lead to improved steady-state
tracking performance.

4. Simulations

In this section, simulation results are presented to verify the effectiveness of the
adaptive controller proposed in this paper. Three AUVs are considered in the network,
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which is given in Figure 3. The Laplacian matrix L and incidence matrix D of the underlying
communication topology of this group of AUVs are given as follows:

2 -1 -1 1 1
L=D'D=| -1 1 o0 |,DP=] -1 o0

© ®

Figure 3. Interaction topology between the AUVs.

Then, the initial positions of the three AUVs are randomly chosen as #; =
[10,-12,10,0,0,0]T, 5, = [26,—13,-20,0,0,0]T, #3 = [-11,-5,-10,0,0,0]T. We define
the desired offsets d relative to the desired track trajectory for the formation pattern of
AUVs as R = [dy,ds, d3] with d; = [10,10,0]7, d, = [10,-10,0]T, d3 = [~10,10, —10]".
According to Theorem 1, the suitable control parameters and quantizer parameters are
chosen as k,1; = 0.5, k»; = 1, k,,; = 1000, k,,; = 1000, Tpin; = 0.02, c = 0.8, 6 = 0.2 for
i=1,...,3.

Then, the simulation results are given in Figures 4-7. Figure 4 plots the spatial paths
of AUV1, AUV2, and AUV3 from their random initial positions to the final formation.
The desired geometric pattern, which is a triangle defined by the offsets d; = [10, 10, O]T,
dr = [10,110,0]T, d3 = [-10,10,—10]7, is superimposed on the trajectories. One can
clearly observe that after a short transient, the three AUVs converge to the vertices of the
prescribed triangle and maintain this shape while moving and the circumcenter of the
triangle follows the desired trajectory #1;. The three components of the position error
e, = 11, — 14 — d; for i = 1,2, 3 are shown in Figure 6. All error signals converge rapidly
from initial values on the order of tens of meters to a small neighborhood around zero.
The steady-state errors remain within a band of less than 0.05 m, which is well within the
adjustable neighborhood é promised by Theorem 1. Additionally, the inter-vehicle relative
position errors #1; — 171 — (d; — d]-) are directly linked to ey; — e1j, as shown in Figure 5.
Figure 6 therefore demonstrates that the condition in Equation (4) is met. In Figure 7,
the evolution of the attitude error vector ey; = #p; — 75,5 for each AUV are displayed.
The roll, pitch, and yaw error components all converge to a region near zero within a few
seconds. The final attitude tracking errors are bounded by 0.02rad, which satisfies the
requirement ||#2; — #2;4|| < & of Equation (6). Thus, each AUV individually attains its
prescribed orientation while participating in the cooperative formation.

It is worth noting that many conventional backstepping-based AUV controllers and
cooperative tracking methods are developed under continuous-state measurement and
continuous-input assumptions. When directly implemented in the presence of coarse quan-
tization, their theoretical guarantees may no longer hold, since quantization errors enter
both the sensing and actuation channels. Compared with such non-quantization-aware
designs, the proposed method explicitly incorporates quantized relative measurements into
the cooperative control term and introduces a hysteresis-quantizer compensation mech-
anism for the actuator input. As a result, the closed-loop system admits an analytically
characterized ultimate tracking bound whose size can be adjusted through the quantization
parameters and controller gains.
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Figure 4. The position of AUVs in the three-dimensional frame.
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Figure 5. Coordination error #3; — #y;.
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Figure 7. Attitude error ep; of AUV i.
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5. Conclusions

This paper studies the cooperative control tracking problem of a group of AUVs based
on quantified relative measurements and quantified inputs. A group of AUVs needs to
converge, stay within the preset graphics, and complete the tracking task. In order to
achieve the control objectives, the backstepping method is used to design the adaptive con-
troller. Quantized relative measurement signals are used to design a quantified consensus
algorithm. Based on the nonlinearity of the quantized input signal, the quantization pa-
rameters and system gain are selected according to the proposed inequality, which ensures
the stability and stable error of the system within the adjustable range. The simulation
results prove the effectiveness of the controller designed in this article. The underwater
environment is complex and changeable. In order to meet actual control requirements, we
can consider actual environmental conditions such as ocean current changes, time delays,
and temperature changes in future research [21-24]. In subsequent research, the real ocean
environment can be gradually simulated [25]. In addition, future work will consider scal-
able extensions including event-triggered communication, hierarchical cluster coordination,
and self-organized topology adaptation for very large multi-AUV systems.
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