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Abstract

To facilitate the practical deployment and engineering implementation of multi-robot coor-
dination for biomimetic underwater spherical robots (BUSRs), it is imperative to develop
a formation tracking control method with a simple structure, a small number of tunable
parameters, convenient parameter tuning and strong anti-disturbance capability. This study
proposes a formation controller integrating virtual structure (VS), consensus protocol, and
parallel output-velocity-type active disturbance rejection control (POV-ADRC), denoted
as VS-C-POV-ADRC. A rotating global (RG) coordinate system is established to decouple
robot positions from heading angles, which makes the parameter tuning more convenient.
A double-loop control architecture is constructed, where the outer consensus control loop
generates the desired velocity for each robot based on virtual-structure reference positions,
and the inner POV-ADRC loop achieves high-precision velocity tracking. The proposed
controller features a compact structure with only five adjustable parameters per motion
direction, realizing easy engineering implementation and adaptation to the limited com-
puting capacity of BUSRs. The simulation and experiment results demonstrate that the
proposed algorithm enables robots to maintain a stable formation and achieve trajectory
tracking accuracy within one body length, while exhibiting superior disturbance rejection.
The proposed method provides a feasible and practical solution for BUSR formation control.

Keywords: formation tracking control; active disturbance rejection control; consensus
control; biomimetic underwater spherical robot

1. Introduction

In recent years, autonomous underwater vehicles (AUVs) have played an increasingly
critical role in marine resource exploration and environmental monitoring [1]. However, tra-
ditional AUVs often lack the maneuverability required for operations in complex, cluttered,
or narrow nearshore environments. To address these challenges, bio-inspired underwater
robots have garnered significant attention due to their superior agility and adaptability [2,3].
Compared with a single bio-inspired underwater robot, a coordinated group of multiple
underwater robots is more capable and flexible in performing complicated, large-scale and
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high-efficiency missions. Formation tracking control is a core issue associated with multi-
robot systems, which has attracted growing attention and achieved significant progress.

Formation tracking control refers to controlling a multi-robot system to move along a
desired trajectory while maintaining a specified formation. Various control frameworks
have been designed for formation tracking problems. Generally, control frameworks
consist of two layers: the upper layer is the formation strategy, and the lower layer is
the control method. At present, three formation strategies are most widely adopted in
relevant research: the leader—follower method [4-6], the behavior-based method [7,8], and
the virtual structure scheme [9-11]. The leader-follower method is the simplest formation
strategy and thus has been widely adopted. However, the excessive dependence on the
leaders leads to poor reliability. In the behavior-based approach, the control motion is
derived from a weighted average of the behaviors corresponding to each subtask [12].
The major drawback of this method lies in the absence of an explicit definition for the
group behavior. The virtual-structure approach was proposed by Tan. This method regards
the multi-robot system as a rigid body. Generally, there is a virtual leader as the global
reference for motion. Actions of the other robots are derived according to the formation
shape and the global reference motion. A core advantage of this method lies in its ability
to strictly maintain the desired formation configuration while effectively avoiding error
accumulation. In addition, this method decouples the complex multi-robot cooperative
control problem into a trajectory tracking problem for a single robot. Features such as
clear control logic, a simple implementation process and high system robustness make the
method highly applicable to engineering practice.

To achieve formation control for multi-robot systems, the design of a reliable controller
is critical. Currently, various control methods have been widely adopted for this task,
including the backstepping method, model predictive control (MPC), adaptive control,
consensus algorithms, and reinforcement learning (RL) algorithms. Fu et al. [13] developed
a novel rigid graph-based model predictive controller (RGMPC) for formation control of
AUVs. The proposed method avoided issues such as control jumps and thrust saturation
while enhancing robustness. In addition, constraints were constructed using that method.
In [14], a distributed nonlinear MPC scheme integrated with control barrier functions (CBFs)
was proposed for trajectory tracking and formation control of multiple underwater robots.

In terms of backstepping-based methods, Yan et al. proposed a distributed robust-
learning-based backstepping control method combined with neurodynamics, addressing en-
gineering challenges such as completely unknown system parameters, model mismatches,
and environmental disturbances for underwater vessels [15]. Additionally, a novel for-
mation control law derived from the backstepping-sliding mode method was presented
in [16], tailored for cooperative formation control of multiple AUVs under intermittent and
unreliable underwater acoustic communication.

For adaptive control, Wan et al. proposed a distributed adaptive control scheme
integrated with fuzzy logic approximation, which approximated complex nonlinear dy-
namics [17]. Although numerical simulations verified its effectiveness, the method involved
a large number of tunable parameters. Regarding RL-based approaches, the paper [18]
introduced a novel formation control and obstacle avoidance scheme based on deep re-
inforcement learning (DRL), but it only underwent simulation validation. Due to the
complexity of the underwater environment, the well-trained simulation model exhibited
poor adaptability to real-world conditions, making it difficult for practical deployment on
physical robots. Consensus algorithms are also commonly utilized for underwater robot
formation control. A consensus-based optimal coordination protocol was designed to solve
the formation tracking problem of multiple AUVs in [19]. Wang et al. [6] presented a fixed-
time event-triggered obstacle avoidance consensus control for a multi-AUV time-varying
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formation system in a 3D environment, incorporating an improved artificial potential field
for obstacle avoidance.

Underwater robots face severe environmental disturbances in complex marine condi-
tions, which greatly undermine the stability of the system and exert an adverse impact on its
reliable operation [20]. To address this, sliding mode control (SMC) and active disturbance
rejection control (ADRC) are widely adopted for their anti-disturbance capabilities. Wang et
al. proposed an algorithm integrating SMC and disturbance observer (DO) to achieve effec-
tive anti-disturbance [21]. In [12], a robust formation tracking control scheme incorporating
a distributed adaptive sliding-mode predictive controller was developed to overcome
model uncertainties and external disturbances, with a rolling-time-horizon optimization
technique integrated to improve convergence speed. Han et al. [22] proposed an ADRC
technique that was capable of efficiently estimating various types of disturbances and had
higher estimation accuracy. Ref. [23] proposed a distributed anti-disturbance formation
control scheme integrating extended state observers (ESOs) and tracking differentiators
(TD) to handle communication delay heterogeneity and strong nonlinear disturbances.
Wang et al. presented an ADRC approach-based dynamic controller for a multi-AUV
formation. The experiment results verified the effectiveness of the ADRC [24]. In [25], a
distributed anti-disturbance control scheme combining a self-triggered mechanism and
ADRC was proposed to handle the uncertain disturbance.

While all the aforementioned methods can achieve formation tracking, most rely on
superimposing multiple simple controllers to ensure effectiveness and robustness. This
practice inevitably results in complex controller structures and numerous tunable parame-
ters, which restricts their practical application. In addition, most current studies remain at
the stage of simulation verification. Bio-inspired underwater spherical robots feature com-
pact structure, high flexibility, strong environmental adaptability, and low noise, making
them particularly suitable for narrow nearshore waters. However, such robots also suffer
from strong nonlinear dynamics, limited onboard computing resources, and high sensitivity
to external environmental disturbances, which bring significant challenges to formation
coordination. Therefore, it is urgent to develop a formation control scheme with a simple
structure, few tunable parameters, strong anti-disturbance ability, and ease of engineering
deployment. To address this critical gap, this paper proposes a formation tracking control
method based on the virtual structure strategy and a dual-loop controller. Specifically, the
virtual structure method is used to generate reference information (position and attitude)
for each individual robot. The dual-loop controller consists of a consensus algorithm (outer
loop) and ADRC (inner loop): the outer loop leverages the consensus algorithm to generate
the desired velocity for each robot, ensuring formation consistency; the inner loop utilizes
ADRC to track the desired velocity, achieving high-precision trajectory tracking with strong
anti-disturbance performance. The main contributions of this article are as follows:

(1) Inorder to simplify the design of the formation tracking controller, a global rotating
frame is proposed, which splits the position information and heading angle.

(2) A dual-loop control architecture integrating consensus and ADRC is proposed to
address the inherent limitations of single-loop control. Directly decomposing the
formation tracking task into individual trajectory tracking and using only ADRC
leads to formation instability due to the lack of inter-robot communication. Although
consensus algorithms are suitable for multi-robot formation, they typically rely on
integral chain systems. Due to their strong nonlinear terms and external disturbances,
bio-inspired underwater spherical robots are not integral chain systems. By combining
consensus (outer loop for consistency) and ADRC (inner loop for anti-disturbance
tracking), the proposed dual-loop architecture effectively resolves these contradictions.
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(3) The proposed controller exhibits significant engineering viability. By requiring only
five tunable parameters per motion direction, it alleviates the computational burden
and simplifies deployment on platforms with constrained processing power.

The remainder of this paper is structured as follows: Section 2 formulates the modeling
of the BUSR model. Design of the formation tracking method is described in Section 3.
Simulation analysis and experimental verification are introduced in Sections 4 and 5.
Section 6 details the discussion. Finally, the conclusions and future work are summarized
in Section 7.

2. Modeling of the Biomimetic Underwater Spherical Robot
2.1. Overview of the Biomimetic Underwater Spherical Robot

A biomimetic underwater spherical robot (BUSR) was designed, inspired by sea
turtles, in our previous work [1,26]. The prototype is shown in Figure 1. The BUSR is
divided into an upper and a lower section. The upper section contains a sealed cabin and
a buoyancy control tank, while the lower section consists of a vector propulsion system.
The vector propulsion system consists of four propulsion units, as shown in Figure 2.
To adapt to the operational requirements in the narrow spaces of nearshore waters, the
BUSR adopts a miniaturized design. Constrained by the volume, the robot is equipped
with a limited number of onboard sensors and modest hardware computing capabilities,
which poses significant challenges to the design of the controller. However, the spatial
arrangement of the four propulsion units is adjusted flexibly according to actual operational
demands, which endows the robot with excellent locomotion flexibility. Some key technical

parameters are listed in Table 1.
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Figure 2. Vector propulsion system of the BUSR.
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Table 1. Technical parameters of the robot.
Items Parameters
Dimension (width x length X height) 30 cm x 60 cm X 30 cm
Mass in air 6.5 kg
Max thrust 3.8N
Propulsion mode X-shaped four-thruster vector propulsion system
Max velocity 0.5m/s
Embedded computing platform NVIDIA Jetson TK1
Micro controller unit STM32F407ZGT6

Pressure sensor (MS5803-14BA)
IMU (3DM-GX5-45)

Sensors

Stereo camera

Acoustic communication module (Micron Sonar)
Power 7.4V rechargeable Ni-MH batteries (13,200 mAh)
Operation time Average 100 min

2.2. Description of the BUSR Model

In order to describe the dynamic and kinematic model of the robot, two frames are
built as shown in Figure 3.

Figure 3. Definition of the inertial frame and body frame.

The posture of the robot in the O — X;Y]Z; is denoted as follows:

1=1xy2¢106" (1)

where x, y, and z represent the position. ¢, ¢, and 6 denote the roll, pitch and yaw
angles about the Xj, Y7, and Z; axes. Velocities of the robot are denoted as follows in the
O — XgYpZg frame:

0= [uv,w,pqr" 2)

where 1, v, and w represent the surge, sway, and heave velocities along the Xp, Y3, and Zp
axes, respectively. p, g, and r are the roll, pitch and yaw angular velocities rotating about
the Xp, Y, and Zp axes, respectively. The kinematic model of the robot can be expressed
as follows:

i=Jo ®)

Considering that six degrees of freedom (DOFs) are not all subject to control when
the robot performs 3D underwater motion, it is sufficient to control the variables x, v, z,
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and 6 to enable the robot to reach any arbitrary point underwater. Therefore, the degrees
of roll and pitch are neglected in this paper. Let y = [x,,2,6]” and v = [u,v,w,7]T. J in

Equation (3) is written as follows:

(4)

2}
)
[
)

o = O O

_ o O O

where c6 is cosf and sf is sinf. In addition, the BUSR has the following characteristics:
(1) The robot operates at a low speed, typically below 0.5 m/s. (2) The effect of the rotation
of the Earth on the motion of the robot is negligible. (3) The underwater robot adopts
a compact structure with coincident center of gravity and buoyancy. During low-speed
cruising, the roll and pitch angles are maintained within a very small range (less than
+5° in experiments), which has a negligible influence on the position and heading control.
Therefore, the dynamic model of the BUSR is simply written as follows:

Mo+ D(v)v =1 (5)

where T = [1,, Ty, Tw, Tr]T. M € R*** is denoted as:

miq 0 0 0
0 Mmoo 0 0
6
0 0 ms3 0 ()
0 0 0 mgyq
D(v) € R¥*is denoted as:
X, 0 0 0 Xypulu| 0 0 0
0 Y 0 0f | 0 Yoo 0] 0 0 -
0 0 Zy 0 0 0 Zylwl 0
0 0 0 N 0 0 0 Nyiplr]

Accordingly, the simplified mathematical model of the robot can be formulated as follows:

1 =7J(8)v
. 1 1 (®)
o=M1lt—M1D(v)v
where the second equation in Equation (8) is expanded as follows:
u=apu+ 6112142 + b]Tu
) = + 2+ b
V= danV T anv 2Ty )

W = azw + anpw? + b3Ty
F=anr+apr? + byt
Parameters in the above model are obtained based on the least squares method using
the experimental data of the underwater motion. The specific values of the hydrodynamic

parameters are given in Table 2. In practice, the values of the hydrodynamic parameters
fluctuate slightly with the different operating states of the robot.
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Table 2. Hydrodynamic parameters of the BUSR.
Parameter Value Parameter Value Parameter Value
a1 —11.4387 ain 0.0196 b 2.3742
an, —11.4506 an 0.0199 by 2.3742
asy —11.5714 asp 0.0204 bs 2.4272
ag —0.583 ag 0.001557 by 4.7619

2.3. Thrust Allocation Method of the X-Shaped Motion Mode

The X-shaped motion mode refers to a locomotion pattern where the front two legs
of the robot are positioned at a 45° angle to the oblique front, while the rear two legs are
oriented at a 45° angle to the oblique rear, as illustrated in Figure 4. The angle between
adjacent legs is 90°, and the four drive units of the robot show an “X” shape. In this mode,
the robot achieves three degrees of freedom (DOFs) of motion, namely surge, sway, and
heave motion. The resultant force/moment vector of the robot is synthesized according to
Equation (10):

T = BxF (10)

where the vector F = [Fy, F», F3, F4]T describes the thrust magnitudes of the four thrusters.
Matrix By € R4 is specified below:

—cx1/V2  cxa/V2  cx3/V2 —cxa/V?2
By — —cx1/V2 —cx2/V2 cx3/V2  cxa/ V2 (1)
—SX1 —SX2 —SX3 —SX4
0 0 0 0

where x;(i = 1,2,3,4) represents the angles between the thrust directions and the horizontal
direction. Considering the mechanical structure design, the limited range of servo angles, and
the center-of-gravity balance during robot motion, y; is constrained to —7r/6 < x; < /6.

Thrust calculation for the thrusters is represented in Figure 5. The thrust of the ith
thruster can be decomposed into a horizontal component f,; and a vertical component f;.
The robot is driven by the thrust differences between the thrusters. Thus, we first set a
horizontal thrust reference value and a vertical thrust reference value. The equation for
obtaining the offset values is as follows:

AfuxZ + Afux3 - (Afuxl + Afux4) = \/ETu
Afvx3 + Afvx4 - (Afvxl + AfvxZ) = \/ETI/ (12)
Afwzl + Afsz + Afwz?a + Afwz4 = Tw

where Af,,i(i =1,2,3,4), Af,i(i = 1,2,3,4) and Afy,i(i = 1,2,3,4) represent the thrust
offset to generate surge, sway, and heave motion, respectively. For the convenience of
calculation, let the absolute offset values of the four thrusts Af,,; be equal. According
to Equation (12), Af,x» and Af,,3 are equal to V21,/4, and A fux1 and Af,4 are equal to
—+/27, /4. The values of A fuxi are determined similarly. The thrust offsets of heave motion
Afuz1, Dfwm, Afwzz and Afy,4 are all equal to 1, /4. Consequently, the thrusts of the four
thrusters in the horizontal and vertical directions are obtained, as shown in Equations (13)
and (14).
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fxl = fx—base + <_\/§Tu/4) + (_\/ETV/4)
fr :fx—buse‘l'\/z'fu/‘l‘f' (—\/ETV/4) 13
fx3 = fxfbuse + \/ETM/4 + \/ETV/4
fx4 = fx—base + <_\/§Tu/4:) + \/ETV/AL
fZl = fz—base + Tw/4
sz = fz—base + Tw/4 (14)

sz = fz—base + Tw/4
fz4 = fz—buse + Tw/4

The thrust of each thruster can be obtained according to Equation (15). The ankle joint

F=y\2+f2 (15)

Xi = arctan(fil:) (16)

angle is given by Equation (16).

(b)

Figure 4. X-shaped motion mode. (a) X-shaped motion mode in the top view. (b) X-shaped motion
mode in the side view.

Figure 5. Thrust calculation in X-shaped motion mode.
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3. Design of Formation Tracking Method

In order to achieve formation tracking control for multiple BUSRs in environments
with significant disturbances, this paper designed a formation algorithm that combines
the double-loop formation tracking controller based on consensus-ADRC with the virtual
structure approach, as shown in Figure 6. The formation algorithm consists of the following
three steps. First, the desired position of each robot in the formation system is obtained
according to the global formation reference trajectory based on the virtual structure. Subse-
quently, the desired velocity is derived based on the outer-loop consensus controller. Finally,
parallel output-velocity-type ADRC is designed to track the desired velocity. Thereafter,
each step in the formation algorithm is introduced in detail.

Xrgref15Vrg-ref1>Zrg—ref1 Uy Vs Wy,
Xrg-rer2sVrg-rer29Zrg-ref2
Regular
Polygon . .
pol Xro—rer3s Vrg-rer3> Zrg—ref e Uy, Vs W, T X3, V3523
Virtual rg-ref 3 Vrg-ref 3 Zrg-ref 3 | conol Law  Lod3? a3 Was
Structure ©)
(vs) T Uy, V3, Wy
X, sV, Z,
Xrg-refi> Vrg-ref> Zrg-refn UasVeans Wan Tun>Tons Tun KR
1 n#POV-ADRC Robot n
b wnw,
Xrgns Yrens Zren
. N X035 Vig30 203 | Coordinate
Virtual Leader 3D Transformation
Reference Position Xg25Vrg25Z1g2
_ Xrg1> Vrg1>Zrg1
XrL‘/ 0> -y!'u/‘O > “ref0

Figure 6. VS-C-POV-ADRC formation control framework.

3.1. Building of a Rotating Global Frame

To facilitate the design of the ADRC controller, a rotating global (RG) coordinate
system was designed, denoted as O — XrgYrgZrc (hamed RG coordinate system), as
shown in Figure 7.

The origin of the RG coordinate system coincides with that of the inertial coordinate
system O — X;Y7Z}, while the orientation is continuously aligned with that of the robot. In
other words, the axes of the RG frame are parallel to the respective axes of the body frame
of the robot O — XpYpZp, differing only in the location of their origins.

The fixed inertial coordinate system easily leads to trigonometric nonlinear terms
in the Linear Extended State Observer (LESO) of the ADRC. This causes the observer
bandwidth to vary continuously, which may adversely affect disturbance observation. In
contrast, the RG coordinate system is able to fix the LESO bandwidth, which ensures a
stable estimation of disturbance. Furthermore, the RG coordinate system is able to isolate
the position from the heading angle, facilitating the parameter tuning of the ADRC. Since
the RG coordinate system rotates synchronously with the robot, the attitude angles of
the robot ¢, 1, and 6 in the RG coordinate system are all zero. The transformation of the
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position of the robot from the inertial frame O — X;Y;Z; to the RG frame O — XrgYrGZrG
can be expressed as follows:

Xrg @ sf 0 |x
Yrg| = | =30 c0 0] |y (17)
Zrg 0 0 1]z

Furthermore, by combining the kinematic and dynamic models, the dynamic model of the
robot in the O — X;¢YyeZye coordinate system can be obtained as:

jérg = ﬂ]lxrg + ﬂ]2i’%g + blTu
Yre = a21Yrg + a22y%g + b1y
Zrg = A312rg + A3Z7e + 3Ty
é = Ll419 + H4292 + b4Tr

(18)

The first three equations are expressed in the RG coordinate system, and the fourth equation
is in the inertial coordinate system.

|
‘\ Reference Trajectory

0-X K Y, sr Z sr

0- X}{YHZH

O0—-X, Y2

RGY RGH RG

rg-ref

Figure 7. Relationship among different coordinate systems.

Considering that disturbances caused by currents in the ocean are exerted on the robot
in the form of forces, the mathematical model of the robot with current disturbance forces
can be expressed as follows:

frg = a11%g + a1y + 017y + 01Oy,
Yrg = a21Yrg + anlzg + baTy + b2y,
Zrg = 31Zrg + a3zz'$g +batw + b3y
0 = 04160 + a426% + byT + by Qy,

(19)

In Equation (19), the first three equations are defined in the RG coordinate system, while
the last equation is in the inertial coordinate system. Q¢,, Q,, Oy, and ), represent the
current disturbance forces/torques acting on the robot in the surge, sway, heave, and yaw
directions, respectively.
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3.2. Modeling of the Regular Polygon Virtual Structure

The virtual structure method treats the formation system as a rigid body. The vertex
coordinates of the rigid polygon structure are assigned as the target positions for the
individual robots in the formation system. In this paper, each small spherical robot is seen as
a vertex of the virtual structure, and the center of regular polygon of the virtual structure is
seen as a virtual leader. Without loss of generality, a regular polygon structure is established
as shown in Figure 8. The circumradius of the polygon is set to Rys. The parametric
equation of the circumcircle in the virtual structure coordinate system O — XygYysZyg is
given as follows.

(Xogrer1> Vusrer150)

(x,_(,, 19 Vref19Zref1 )
.

X! s
Figure 8. Regular Polygon Virtual Structure.
Xus = Rops 0s(6ys)
Yous = Rys Sin(gvs) (20)

Zos = 0

If the regular polygon has # sides, then the reference position for the ithrobot (i = 1,2,...,n)
in the O — XysYysZys system, which corresponds to the vertex position, is given by
Equation (21). Assume that the yaw angle of the virtual structure with respect to the inertial
frame is . The reference position of the circumcenter in O — X;Y7Zj is [x,, £0 Yrefor Zre fo] T,
The coordinate transformation for the reference position of the ith robot from the virtual

system O — XysYysZys to the inertial system O — X;Y]Z; is given by Equation (22):

Xos—refi = Ros cos(27(i —1)/n)

Yos—refi = Ros sin(27(i — 1) /n) (21)
Zys—refi = 0
Xrefi o —sy0 Of |Xps—refi Xrefo
Yrefi| = |S70 €70 0 Yos—refi + Yrefo (22)
Zrefi 0 0 1 Zys—refi Zref0

Furthermore, the reference positions of each robot in the RG frame can be obtained based on
Equation (17), denoted as [xrg,re Fir Yrg—refir Zrg—re ﬁ]T. Subsequently, the formation tracking
task can be accomplished by designing an effective controller to ensure that the robot
accurately tracks the desired position.

https://doi.org/10.3390/biomimetics11040273
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3.3. Dual-Loop Formation Tracking Control Law Based on Consensus-ADRC

Directly applying Active Disturbance Rejection Control (ADRC) to each robot for
formation tracking lacks robustness due to the absence of communication among robots.
Conversely, traditional consensus protocols are often designed for integrator-chain systems
to achieve formation. However, there are nonlinear terms and external disturbances in the
dynamic model of the BUSR, which have a significant impact on the system. It is obvious
that the consensus algorithm is not feasible for formations of multiple small spherical robots.
Therefore, this paper proposes a dual-loop control law that integrates consensus control
with ADRC. As illustrated in Figure 6, this controller operates as a dual-loop system.

The outer loop is a consensus-based controller. The current positions and reference
positions of the robots are input signals. Based on the consensus protocol, the desired
velocity for each robot is output.

The inner loop is an ADRC-based velocity tracker. The desired velocity provided by
the outer loop is set as the reference signal. The output of the inner loop is the real control
value that is exerted on the robots. The synergy of these two control laws achieves robust
and accurate formation trajectory tracking.

3.3.1. Communication Topology of the Formation System

Consider a formation system consisting of n small spherical robots, indexed by
1,2,...,n. The index of the virtual leader in the formation system is n + 1. G, 41 = (V, E)
is a directed graph of the communication, which contains n + 1 nodes and n edges.
V,i1 = {1,2,3,...,n+ 1} represents the set of nodes. E, 1 C V,11 X V41 is the set of
edges. A1 = [a;] € R("+1)x(#+1) js the adjacency matrix. The elements of the adjacency
matrix indicate whether there is a communication link between two robots. Specifically,
forie€ {1,...,n}andj € {1,...,n+ 1}, if there is a directed edge from node j to i, a;; = 1,
otherwise a;; = 0. L1 = [lij] e R+1)x(n+1) jg the Laplacian matrix associated with the

n+1

graph G, 1, where [;; = —a;;(i # j), and [;; = ijl,j;éi a;(i,j =1,2,3,...,n+1).

3.3.2. Consensus-Based Outer-Loop Control Algorithm

Considering that the control of actual spherical robots and the information interaction
among robots are realized through switches and optical fibers, the following assumptions
are supplemented in combination with the actual situation of multi-robot formation.

Assumption 1. Almost all robots in the formation system can receive the position of the virtual
leader in real time.

According to the above assumption, the outer-loop consensus controller for the ith
robot is designed as follows:

Ure—di = Xrg—refi T klu{_ai[xrgi - xrg—refi]
n
- Z aij[(xrgi - xrgj) - (xrgfrefi - xrgfrefj)]}
=1
Vrg—di = yrg—refi + klv{_“i[yrgi - yrg—refi}
- (23)
- Z aij[(yrgi - ?/rgj) - (]/rg—refi - yrg—refj)]}
=1

Wrg—di = ngfrefi + klw{_“i[zrgi - ngfrefi]

n
- 21 aij[(zrgi - ngj) - (ngfdi - ng—refj)}}
j=
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where U, 4i, Vg gi, and w4 represent the surge, sway and heave velocities of the ith
robot, respectively. X,¢_yefi, Yrg—refi, and Zygref; represent the reference position informa-
tion of the ith robot in the RG frame, which can be obtained based on the virtual structure.

3.3.3. ADRC-Based Inner-Loop Control Algorithm

The outer-loop controller provides the desired velocity for the inner-loop controller.
The dynamic model with disturbance of the robot is as follows:

ﬂyg = a11Urg + alzufg + blTu + bl()fu
Urg = A21Vrg + a221/r2g + b + b2va (24)
Wrg = A31Wrg + A3Wre + b3Tw + 130

To track the desired velocity provided by the outer-loop controller based on the X-
shaped motion mode, ADRC must be applied individually to the three basic motions includ-
ing surge, sway and heave. Based on the mathematical model presented in Equation (24),
it is evident that the models for the surge, sway, and heave directions are formally identical
and they are first-order nonlinear models. Therefore, a controller based on three parallel
first-order ADRCs, named POV-ADRC, was designed. Given the similarity of the con-
trollers across these three directions, only the design of the surge-direction ADRC controller
is described in detail.

(1) Design of the Tracking-Differentiator (TD)

The primary role of the TD is to overcome noise disturbance and extract the input
signal. The TD was designed according to the fastest comprehensive function (fhan) derived
by Professor Han Jingging;:

futmns = *(”tmnsl - ”rgfref)ﬁu (25)

Utrans1 = Utrans1 + N futrans
where ¢, is a speed factor that influences the tracking speed. & is the integral step size.
Usrans1 18 used to track Urg—ref-
(2) Design of the LESO

Since the dynamic model of the robot is first-order, a second-order linear extended
state observer (LESO) was designed to observe all uncertain terms.

iy = 0y + h(fly + Ay iy + buTy) (26)
fly = 1y + h/\uzﬁl

where 71 is the observation value of uy. il; represents the observed value of all uncertain
terms. To facilitate parameter adjustment and minimize the number of parameters in the
controller, A,; and A, in the above equation were set to 2wy, wl% respectively. For the
second-order LESO mentioned above, only one parameter, the bandwidth w,,, needs to be
adjusted. When the system sampling frequency is sufficiently high, a larger bandwidth
needs to be set to accurately observe the uncertain terms of the system.

(3) Design of the LSEF

The linear state error feedback (LSEF) controller primarily counteracts disturbances
and eliminates the output error of the TD and ESO. The state error feedback controller
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essentially functions as a proportional-derivative (PD) controller for the ADRC. The error
compensation controller is designed as follows:

Uel = Utrans1 — U1

(27)
Ty = futnms + ,Buuel

where 1,9 is the output of the LSEFE. The parameter o is a parameter that needs to be
adjusted. However, the actual control value shown in Equation (27) needs to include the
observed disturbance.

Tu - 122
by

The above controller contains 4 parameters: ¢, wy,, By, and by,. To ensure the observa-

T, = (28)

tion accuracy of uncertain terms including disturbance, the bandwidth of the LESO can
be set relatively large. When the parameter b, is adjusted to approach by, the disturbance
observation term accurately observes the nonlinear terms of the system.

3.4. Stability Analysis

Since the yaw angle adjustment is unavailable for the robot in the X-shaped motion
mode, when the robot tracks the desired trajectory, the heading is not required to be
consistent with the reference trajectory. In addition, based on the characteristics of the
spherical robot operating in water, the following assumptions are made:

Assumption 2. The input—output relationship of the actuators in the motion control system is
approximately 1.

According to the above designed formation controller, the following theorem is given:

Theorem 1. If the above assumption is satisfied, to successfully complete the trajectory tracking
task based on VS-C-POV-ADRC, the following conditions must be satisfied: ¢,; > 0, ¢,; > 0,
Owi >0 =12,...,n);wy >0,wy, >0,andwy >0 =1,2,...,n). The parameters must be
set such that b,; = by;, by; & by;, by = b3 (i=1,2,...,1n); k1, >0,k >0, ki > 0; Bui >0,
Boi >0,Bwi >0,anda; >0(1=1,2,...,n).

Proof of Theorem 1. Considering that the three degrees of freedom of the X-shaped motion
mode are symmetrical, the proof can first be carried out for the surge degree of freedom.
The model of the ith robot along the x,¢ direction is depicted as follows:

JZrgi = Upgi

. 2
Urgi = 1ilhrgi + A12iUpg; + b1iTui + 0110y

(29)

The position x,; is controlled via a cascaded approach. Because u,; is not directly actuated,
the control process begins with manipulating the input 7,; to regulate the velocity u,;,
which ultimately governs the position x,;. Firstly, we need to prove that u,,_,.y; is able to
drive x,¢; to converge to X, f;. By substituting Equation (30) into X,¢; = 1,¢;, we obtain
Equation (31).

Urg—di = J.Crgfrefi + klu{_“i[xrgi - xrgfrefi]

- (30)
- gaij[(xrgi - xrgj) - (xrg—refi - xrg—refj)]}
]:
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Xpg—refi — Xrgi = klu{_ai(xrgfrefi - xrgi)
- 31)
- Zaij[(xrg—refi - xrgi) - (xrg—refj - xrgj)]}
j=1
Define %¢; = Xy refi — Xrgi; then, the following equation is obtained:
. n
J?rgi = klu[_aifrgi - Z aij(-frgi - jrgj)] (32)
i=1
The matrix form of the above equation is written as follows:
JLf‘rg = *klu(Ln + Qn)xrg (33)

where Q, = diag{ay,ay..., 0y}, a; > 0,(i = 1,2,3,...,n). L, is the Laplacian matrix.
k1, > 0. According to Theorem 3.6 in reference [27], it can be easily seen that the eigenvalues
of —ky, (L, + Q) have negative real parts. Therefore, Xyqi 1s able to converge to zero. In
other words, x,¢; is able to converge to x,,_.f;. Secondly, we need to prove that 7,; is

able to drive u,,; to converge to u,, 4. By substituting Equation (27) into the following
2

equation, and defining f() = ay1uygi + ar2i; oi

+ b1,Qf,, we obtain Equation (35).
llygi = A11;lhrgi + A12itlyg; + b1iTui + b1iQpy (34)

firansi + ,Buli(urgfdi - Mrgi) — Uobs2i

urgi = f(/) + by b (35)
u0i
where by; = by;, f() = 0, frransi = Uyg—gi- Then, Equation (35) is written as follows:
Upgi — Upg—di = :Bui(urgi - urg—di) (36)
Defining #,¢; = Uygi — Urg—4i, W€ can obtain:
ﬁrgi = *ﬁuiargi (37)

where B,; > 0. Finally, it is easily obtained that #,o; — 0, — 0. It also means that 7;; is
able to drive u,¢; to converge to u,,_g;. U

As demonstrated above, the controller developed in this paper can effectively drive
the robots to fulfill the formation tracking mission.

4. Simulation Results and Analysis

In order to verify the effectiveness of the proposed formation control algorithm, a
series of simulations were conducted.

4.1. Parameters Setting for Simulations

The simulation system consisted of three robots which formed an equilateral triangular
formation with a side length of 21/3 m. The parameters of the above formation controllers
for the three robots were set to be identical in the simulation, where k1, = k1, = k15, = 2.
The Laplacian matrix was set as follows:

L= (38)
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The communication topology is depicted in Figure 9. The numbers in the figure refer
to the IDs of robots in the multi-robot system. Without loss of generality, three-dimensional
straight-line and three-dimensional spiral trajectories were selected as the desired formation
trajectories. For comparison with the method proposed in this paper, another algorithm
denoted as VS-POP-PID was used in the simulation. The VS-POP-PID algorithm computes
the desired positions of each robot according to the formation trajectory and then achieves
position tracking based on a parallel proportional-integral-derivative (PID) controller.

Virtual Leader

Figure 9. Communication topology of the formation composed of three robots.

4.2. Simulation Result Analysis of Three-Dimensional Straight-Line Trajectory Tracking

The equation of the desired formation tracking trajectory is described as follows:

Xpf =01t,  0<t<60
Vs =01t,  0<1t<60
Zper = —0.05t, 0<t<60

(39)
urgf =01
Vref =0.1
Wyer = —0.05

In practical underwater operations, the BUSRs are mainly affected by low-frequency, slowly
varying ocean currents caused by water flow oscillation. To better simulate realistic under-
water environments, sinusoidal disturbances with different amplitudes and frequencies
were selected to imitate these typical hydrodynamic disturbances [23]. Considering that
different robots are subject to different water flow disturbance forces, the disturbances
acting on the three robots are given as follows:

T
—t

Qfi :3sin(6 )

T
=t

Q1 = 2sin( 3 ) (40)

Qfp1 = sin(gt

)
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s
Q= 2sin(—t
iz = 25in( 1)
Qpp = sin(gt) (41)
Qfp = 3sin(%t)
. T
Qp3 = sm(zt)
Qrz = 3sin(zt) (42)
fv3d = 6
Qfyp = ZSin(gt)

The above three equations correspond to the disturbances acting on the first, second, and
third robot, respectively. The initial positions of the first, second, and third robot were (1 m,
0m, 1m), (=3.5m,3.5m,0m), (3.5m, —3.5m, —1 m), respectively. The sampling time was
set to 0.02s. The parameters of the POV-ADRC were set as follows: ¢,; = ¢,; = ¢; = 10;
Wy = wyi = Wy = 30; by = by; = by = 2.37; Bui = Bui = Pwi = 10 (i = 1,2,3).

The simulation results are depicted in Figures 10-13. The formation trajectory tracking
results based on the 3D perspective and the 2D perspective are described in Figure 10 and
Figure 11, respectively. The gray dashed line indicates the triangular formation formed
by the robots. It can be seen that the three robots are able to form the equilateral triangle
and track the desired trajectory. The comparison of tracking errors for each robot in all
degrees of freedom along respective trajectories based on the VS-POP-PID and VS-C-
POV-ADRC formation controllers are shown in Figure 12. It can be observed that, in
comparison with VS-POP-PID, the VS-C-POV-ADRC controller ensures that all robots
eliminate obvious environment disturbance and exhibit no obvious oscillations when
tracking the corresponding reference trajectories. However, there exists a large oscillation
amplitude based on the VS-POP-PID controller. The specific mean square trajectory tracking
errors for each robot along all degrees of freedom based on the VS-C-POV-ADRC controller
are presented in Table 3. According to Figure 12, each robot tracks the desired trajectory after
5 s. Therefore, to better reflect the steady-state errors after convergence, error calculations
commenced at 5 s once the multi-robot formation had stabilized. The error of the desired
and real distance between each two robots is labeled as formation error in Figure 13. The
formation error based on VS-C-POV-ADRC converges to zero after 5 s, which indicates that
the formation maintains a regular triangular shape throughout the entire 3D straight-line
trajectory tracking task. In contrast, the formation error based on VS-POP-PID fluctuates
continuously, and the maximum error even reaches 0.5 m, which illustrates that the three
robots are not able to form the desired formation shape. The comparisons of control inputs
based on the two control methods are shown in Figure 14. It can be found that the proposed
VS-C-POV-ADRC controller generates smoother, smaller-amplitude control inputs.

Table 3. Mean square errors of 3D straight-line trajectory tracking based on VS-C-POV-ADRC.

- Robot 1 Robot 2 Robot 3
Along X direction (m) 0.0009 0.0006 0.0001
Along Y] direction (m) 0.0006 0.0001 0.0009
Along Z; direction (m) 0.0001 0.0009 0.0006
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Figure 11. Formation tracking result (2D perspective) of the straight-line trajectory case. (a) X;OY].
(b) Y[OZI. (C) XIOZI.
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Figure 12. Tracking errors of VS-POP-PID and VS-C-POV-ADRC in the case of straight-line trajectory.

https://doi.org/10.3390/biomimetics11040273


https://doi.org/10.3390/biomimetics11040273

Biomimetics 2026, 11, 273

19 of 29

1-2 distance (m)
(=}

VS-C-POV-ADRC
VS-POP-PID

-1
0 10 20 30 40 50 60
time (s)
’é‘ 1 T T T T T
=
g of
-]
g
=i
n
bl‘ —92 1 1 1 1 1
0 10 20 30 40 50 60
time (s)
’é‘ 1 T T T T T
=
o
<
-]
<
z
=]
n
,_l‘ ) 1 1 1 1 1
0 10 20 30 40 50 60
time (s)

Figure 13. Formation errors of VS-POP-PID and VS-C-POV-ADRC.
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Figure 14. Control inputs of three robots based on two different controllers in the case of straight-line
trajectory. (a) Input of robot 1. (b) Input of robot 2. (c) Input of robot 3.

4.3. Simulation Result Analysis of Three-Dimensional Spiral Trajectory Tracking

The equation of the desired formation tracking trajectory was as follows:

Xpof = 2cos(15 )

. 7T
Yref = ZSm(Et)

Zrop = —0.05¢
(43)

2

Uper = —ﬂ(— sin —t)

15 15

27 T

Vref = S cos Et

W,er = —0.05, 0<t<60
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The disturbances acting on the first robot, second and third robot were as follows:

. 271
Qp = 3s1n(?t)
. 4
Qp1 = ZSII’I(?t) (44)

Qfyp1 = sin(27tt)

47
—t

Qg = 2sin( 3 )

Qo = sin(27tt) (45)
. 27
Qpup = 3sm(?t)

Qg3 = sin(27tt)

.2

Qp3 = 3sm(?t) (46)
L %

wa3 = ZSIH(?t)

The initial positions of the first, second and third robot were (1 m, 0 m, 1 m), (2 m, 0 m,
0m), (3 m, 0 m, —1 m), respectively. The sampling time and the parameters of the V5-C-
POV-ADRC were all consistent with those in Section 4.2. The formation tracking results
are shown in Figures 15 and 16. The gray dash line indicates the triangular formation.
The legend of Figure 16a is consist with that of Figure 16b. Each robot was able to track
the corresponding desired trajectory and form the desired formation shape. The tracking
errors based on VS-C-POV-ADRC and VS-POP-PID are compared in Figure 17. It can be
seen that in contrast to VS-POP-PID, the tracking errors based on the VS-C-POV-ADRC
controller almost converge to zero in three directions and exhibit no obvious oscillations
under strong disturbance. However, the tracking error based on the VS-POP-PID method
not only exhibits a large oscillation amplitude but also has a non-zero median during that
oscillation, which indicates a significant steady-state error. The concrete tracking errors
based on VS-C-POV-ADRC are listed in Table 4. The formation errors between each two
robots are described in Figure 18. The formation errors based on the VS-C-POV-ADRC
almost converge to zero, and there exist slightly minor oscillations, which illustrates that
the formation basically maintains a regular triangular configuration while tracking the
3D spiral trajectory. The comparisons of control inputs based on the two control methods
are shown in Figure 19. The above simulation results demonstrate that the controller
proposed in this paper performs well even under spiral formation trajectories and strong
environmental disturbance.

Table 4. Mean square error of 3D spiral trajectory tracking based on VS-C-POV-ADRC.

- Robot 1 Robot 2 Robot 3
along X; direction (m) 0.0353 0.0089 0.0140
along Y7 direction (m) 0.0155 0.0092 0.0735
along Z; direction (m) 0.0001 0.0009 0.0006

https:/ /doi.org/10.3390 /biomimetics11040273


https://doi.org/10.3390/biomimetics11040273

Biomimetics 2026, 11, 273 21 of 29

= = =desired trajectory

real trajectory of robot 1
real trajectory of robot 2
real trajectory of robot 3

Figure 15. Formation tracking result (3D perspective) of the spiral trajectory case.
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Figure 16. Formation tracking result (2D perspective) of the spiral trajectory case. (a) X;OY7.
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Figure 17. Tracking errors of VS-POP-PID and VS-C-POV-ADRC in the case of spiral trajectory.
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Figure 18. Distance errors of VS-POP-PID and VS-C-POV-ADRC.
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Figure 19. Control inputs of three robots based on two different controllers in the case of spiral
trajectory. (a) Input of robot 1. (b) Input of robot 2. (c) Input of robot 3.

Overall, the VS-C-POV-ADRC formation tracking controller proposed in this paper is
able to drive robots to accomplish trajectory tracking tasks while maintaining the formation
shape stably under strong disturbance.

5. Experiment Results and Analysis

In this section, an experiment was carried out to further validate the performance of
the algorithm proposed in this paper. To this end, a real robot formation system composed
of two BUSRs was developed as shown in Figure 20.

Robot 1 Robot 2

Figure 20. The two spherical robots used in the experiment.
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5.1. Experiment Setting

The experiment was carried out in an indoor pool with a dimension of 3.5 m x 2.5 m
x 1 m (length x width x height), as shown in Figure 21. The framework of the multi-
spherical robot formation system mainly consisted of a global positioning system based on
a global camera, two BUSRs, and a wireless AP /router. The communication relationship
is depicted in Figure 22a. The global camera performed real-time position detection for
the two robots. In order to ensure position acquisition, the two robots floated on the water
surface. The positions of the two robots were transmitted via an industrial switch over
optical fibers, which guaranteed fully real-time data transmission. In this way, each robot
received not only its own position information but also that of the other one. Figure 22b
describes the communication topology of the formation system. The global camera acted
as a virtual leader, which sent the formation reference trajectory to the two robots. Based
on the trajectory, the two robots reproduced the corresponding reference trajectories based
on the regular polygonal virtual structure method. In the experiment, the two robots were
required to form a straight-line formation shape and track a rectangular trajectory. The
equation of the desired rectangular trajectory was as follows:

1
Xor = 045 — 6 t
f real
Yref = 045
16 (47)
”ref B Treal T
Vref:O/ 0<t< Zﬂl
Xpef = —0.45
16
Yref = 0.45 — t
Treal (48)
Upef = 0
16 Treal Treal
= —— <t <
Vref Treal ’ 4 - P= 2
16
Xrop = —045 -+ 7=t
Yrer = —0.45
" 16 (49)
Upef = ———
ref Treal T 3T
_ real real
Vref =0, 2 <t< 4
Xpef = 045
16
Yref = —0.45 + t
real (50)
u,ef =0
16 3T ea
Vref = E/ 1 <t < Thear

The center position of the desired rectangular trajectory was (0,0), and the side length
was 0.9 m. The sampling time was consistent with that in the previous simulation. The
running time T,,; was 120 s. Parameters of the V5-C-POV-ADRC algorithm were set as
follows: a1p = dp1 = 0.25, klu = klv =02, ,Bui = IBVZ' =08, l9ui = 191/1' =5, Wy = Wy; = 10,
by = by; =1 (i = 1,2). The initial positions of robot 1 and robot 2 were (0.85 m, 0.97 m) and
(—0.34 m, 1.02 m), respectively.
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Figure 21. Experiment environment.
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Figure 22. Information interaction for the formation system. (a) Data transmitting. (b) Communica-
tion topology.

5.2. Experiment Results

In order to observe the experiment results, the two robots tracked the desired trajectory
three times. A series of temporal visualization during the process of the rectangular
trajectory formation tracking is depicted in Figure 23. The green line and yellow line
represent the movement trajectory of robot 1 and robot 2, respectively. Since the initial
position of robot 1 deviates significantly from the reference trajectory, the robot conducts
a rapid movement in the early stage. A comparison between the reference and actual
trajectories of the two robots is presented in Figure 24. It can be seen that during the
formation tracking, the process is divided into two phases. The first phase is to form the
desired formation shape, and the second phase is to track the reference trajectory and to
maintain the formation.

The real and desired positions of the two robots in the X and Y directions are depicted
in Figure 25. As shown in the figure, the two robots form the straight-line formation
shape and track the corresponding trajectory after 70 s. Due to the small size of the
experimental water tank, the reflection of water flow off the tank walls, and the water
flow disturbance generated by thrusters lead to a complex flow field in the experiment
tank. Therefore, slight oscillations were exhibited when the two robots tracked the desired
trajectories. Figure 26a presents the Euclidean distance errors between robot 1, robot 2 and
their respective reference trajectories. The trajectory tracking errors of robot 1 and robot 2
exhibit large transient peaks in the initial phase (0-50 s). The errors then converge rapidly
and enter a steady state. Figure 26b presents the absolute values of the distance errors that
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refer to errors between their reference and actual relative distance. The distance error also
presents a transient peak of around 0.75 m at the beginning, followed by a quick decay,
and then it enters a steady state. The Euclidean trajectory errors of the two robots and the
formation distance error after convergence are shown in Table 5. As described in the above
table, the median tracking errors of robot 1 and robot 2 are 8.29 cm and 4.12 cm respectively.
The median formation error is 6.99 cm. According to Figure 26 and Table 5, the trajectory
tracking errors are less than the body length and the formation error is approximately 18%
of the formation desired distance, which illustrates that the VS-C-POV-ADRC is able to
control the multiple robots to achieve formation and trajectory tracking tasks.

Figure 23. Process of the formation tracking.
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Figure 24. Contrast between desired formation trajectory and real trajectory.
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Figure 25. Tracking trajectory of the two robots in X and Y directions (a) Tracking trajectory of robot
1. (b) Tracking trajectory of robot 2.
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Table 5. Tracking and formation errors.

- Min Max Median
Robot 1 Euclidean trajectory errors (m) 0.0003 0.3012 0.0829
Robot 2 Euclidean trajectory errors (m) 0.0001 0.2253 0.0412
Formation distance error (m) 0.0009 0.3560 0.0699

trajectory error of robot
trajectory error of robot 2 | 7 07

distance (m)
distance (m)
s
IS
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Figure 26. Error of trajectory tracking and formation (a) Error of trajectory tracking. (b) Error

of formation.

6. Discussion

On the basis of the simulation and experiment analysis in Sections 4 and 5, the pro-
posed formation tracking method was demonstrated to be feasible and effective for multiple
BUSRSs. In particular, the flow disturbance of the small pool was highly complex in the
experiment, and each robot was subject to extremely severe external disturbances. Never-
theless, even under such intense external disturbances, the VS-C-POV-ADRC algorithm
could still achieve formation trajectory tracking with an accuracy of approximately one
body length. The excellent tracking accuracy and strong robustness mainly stem from two
key designs of the proposed method. First, the dual-loop consensus-ADRC framework
ensures formation coordination through the outer consensus loop, and uses the inner
POV-ADRC to actively estimate and compensate for unmodeled dynamics and external
environmental disturbances in real time. Second, the rotating global (RG) coordinate system
eliminates trigonometric nonlinear terms and stabilizes the bandwidth of the extended
state observer, which significantly improves the precision of disturbance observation and
tracking stability.

The formation method proposed in this paper was designed under a fixed and con-
nected communication graph with a virtual leader structure. All robots could receive
information from the virtual leader in real time, which ensured reliable consensus con-
vergence and stable formation control even under strong current disturbances. However,
the proposed approach has several known limitations. First, communication delays were
not considered in the current design. Excessive or time-varying communication delays
will reduce the convergence speed, increase tracking errors, and even affect the stability
of the formation system. Second, if the communication topology switches frequently or
becomes disconnected, the consensus convergence may be slowed down or interrupted,
and formation accuracy will degrade.

To this end, a distributed consensus algorithm with event-triggered or self-triggered
mechanisms will be combined with ADRC in future work to enhance the adaptability to
switching communication topologies and expand the application to large-scale swarm systems.
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7. Conclusions

In this paper, the formation tracking problem for multiple biomimetic underwater
spherical robots was studied. This study aimed to find a method with a simple structure, a
small number of tunable parameters, convenient parameter tuning and anti-disturbance
capability to promote the engineering implementation and practical application. To this
end, a VS-C-POV-ADRC formation tracking controller integrating a virtual structure (VS),
consensus protocol and parallel output-velocity-type active disturbance rejection control
(POV-ADRC) was proposed. Firstly, the reference positions of each BUSR were obtained
according to the global reference trajectory and defined formation shape based on the
virtual-structure strategy. Then, a rotating global (RG) coordinate system was designed to
decouple the position and heading angle of BUSRs, which eliminated the trigonometric
nonlinear terms in the linear extended state observer (LESO) of ADRC and simplified the
parameter tuning process. Further, a double-loop control architecture was constructed for
the multi-BUSR system. The outer consensus control loop generated the desired velocity
for each robot based on the reference position to ensure formation consistency. The inner
POV-ADRC loop achieved high-precision velocity tracking with strong anti-disturbance
performance. The proposed controller had only five adjustable parameters per motion
direction to fit the limited computing capacity of BUSRs. The theoretical stability was
proved under the condition of reasonable parameter settings. Finally, simulations of three
BUSRs forming an equilateral triangular formation to track 3D straight-line and spiral
trajectories under sinusoidal water flow disturbances were carried out. The simulation
results showed that the VS-C-POV-ADRC method maintained a stable formation, and
formation error converged to zero within 5 s, significantly outperforming the VS-POP-
PID comparison method in anti-disturbance and tracking stability. Physical experiments
of two BUSRs tracking a rectangular trajectory in an indoor pool with complex flow
field disturbances were designed. The experiment results showed that the tracking and
formation errors of the system were all within 30 cm (one robot body length), which proved
the effectiveness of the proposed formation tracking method.

This research provides a feasible and practical engineering solution for the formation
tracking control of multiple BUSRs. However, the proposed method is based on the
centralized control assumption that all robots can receive the information of the virtual
leader in real time, which limits its application in large-scale swarm formation. In the future,
a distributed consensus algorithm with event-triggered or self-triggered mechanisms will be
combined with ADRC to enhance the adaptability to switching communication topologies
and expand the application to large-scale swarm systems.
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