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The collaborative operation of multi-underwater robot formation is an effective way to deal with the complex
underwater environment. A formation control strategy with high efficiency and accuracy in moving obstacle
avoidance is very important. Based on the multi-robot experiment platform, a moving obstacle avoidance-
constrained adaptive model predictive control (MOAC-AMPC) strategy is proposed for Underwater Spherical
Robots (USRs). The strategy is optimized in two main aspects: Firstly, based on model predictive control, an
adaptive weight matrix based on tracking error is designed to solve the tedious parameter tuning problem and
reduce the tracking time. Then, the Velocity Obstacle (VO)-based dynamic constraints are designed to avoid
multiple moving obstacles. Finally, the multi-underwater spherical robots experiment platform is built. Pool
experiments are set up on the platform to verify the multi-robot formation with obstacles avoidance. The
feasibility and superiority of the proposed strategy are verified by simulations and experiments. The application
of the proposed multi-USRs strategy has certain practical value in multi-robot trajectory tracking and obstacle

avoidance.

1. Introduction

In recent years, the research of multiple underwater robots has
attracted more attention (Yin et al., 2022; Han et al., 2022; Liu et al.,
2021). The robot formation composed of multiple underwater robots has
robustness and may effectively perform large-scale search and explora-
tion tasks, such as underwater rescue, resource exploration, underwater
equipment repair and so on (Peng et al., 2024; Li and Guo, 2023; Yin
et al., 2023). The control methods applied to formation are the core part
of multi-robot systems (Fu et al., 2020; Pan et al., 2022). Leader-follower
method is widely used in formation and its control (Heshmati-Alamdari
et al., 2021). The leader follows its desired trajectory. The follower
maintains a predefined geometric relationship with the leader. How-
ever, failure of the leader may lead to failure of formation maintenance.
The tracking errors of the followers accumulate with the increase of the
tracking distances. The behavior-based method (Wen et al., 2023) uses
weights to combine various patterns of formation behavior such as
forming formation, achieving rendezvous, avoiding obstacles, etc. As the
permission of some conflicting behaviors, the behavior-based method

cannot ensure convergence with theoretical analysis. The virtual struc-
ture method uses a reference point as a leader. The desired trajectory
points of all formation members are determined by the reference point
(Zhen et al., 2022). However, the real-time virtual structure method of
path planning is not flexible to the collision avoidance of moving ob-
stacles. When one robot encounters an obstacle, the path of the other
robots is affected. Many studies have further promoted the improvement
of formation performance. Zhao et al. proposed a switching dynamic
event-triggered prescribed performance formation control algorithm to
satisfy the high-precision formation control task (Zhao et al., 2024).
However, the balance between flexibility and reliability still needs to be
further explored in the research of underwater robot formation.

The formation trajectory tracking is a basic problem of multi-
underwater robot systems. The formation trajectory tracking needs to
consider time to ensure that each member reaches the local target point
at the corresponding time. Algorithms commonly used to control un-
derwater robots for trajectory tracking include Active Disturbance
Rejection Control (ADRC) (Tang et al., 2021), Proportional Integral
Derivative (PID) Control (Shi et al., 2020) and backstepping (Peng et al.,
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Fig. 1. The earth-robot coordinate system of USR.

2022). Constraints of the actual environment in robot control need to be
considered, such as actuator saturation or the safe distance to obstacles.
Considering these constraint conditions, the above control algorithms
may not achieve the optimal control performance. In contrast, Model
Predictive Control (MPC) simultaneously handles system constraints
and achieves optimal control performance (Li et al., 2022a). Many re-
searchers have used MPC to solve the formation trajectory tracking
problem (Wei et al., 2021; Erskine et al., 2021). Wang et al. designed an
adaptive MPC method based on Laguerre function. The recursive least
squares algorithm was introduced to identify the model parameters of
the system, to realize adaptive MPC (Wang et al., 2022). Wang et al.
proposed an MPC method based on the lateral motion compensator and
obtained the control output (Wang et al., 2023). However, many
MPC-based algorithms did not have an off-line adjustment of weight
matrix or real-time parameter identification, which limits their appli-
cation in time-varying environments (Hou et al., 2024). Therefore, we
expect to adjust the parameters of MPC adaptively to optimize the
control process.

In the multi-underwater robot systems, obstacle avoidances must be
considered to ensure the safety of formation members, that is, to avoid
collision with other formation members and obstacles. Compared with
static obstacles, obstacle avoidances for moving obstacles with
randomness and uncertainty is more challenging and practical (Li et al.,
2022b; Li and Guo, 2022). Pang et al. designed a variable formation
reconstruction and obstacle avoidance control scheme based on affine
transformation and improved artificial potential field (Pang et al.,
2024). Meng et al. realized obstacle avoidances among underwater ve-
hicles by adding a carefully designed artificial potential field cost term
into the formation tracking cost function (Meng et al., 2023). In the
above method, the relative speed was not taken into account, which
cannot effectively avoid the obstacles (Hou et al., 2024; An et al.,
2022a). The Velocity Obstacle (VO) method is a local obstacle avoidance
algorithm that considers both relative position and relative velocity (An
et al., 2022b). Therefore, based on the velocity cone of the VO method
between the robot and the obstacle, the safe velocity is calculated on the
convex polygon. This property can be used for convex optimization
problems of MPC.

Based on affine transform and the improved artificial potential field,
Pang et al. proposed a formation reconfiguration scheme with obstacle
avoidance (Pang et al., 2024). The method adjusts the formation ac-
cording to the obstacles in real time, and makes tracking and obstacle
avoidance actions. Zhen et al. developed an advanced formation control
and obstacle avoidance strategy for autonomous underwater vehicles

(AUVs) in SE(3) based on gyroscopic force, and verified this through
simulations (Zhen et al., 2024). Ding et al. proposed an AUV formation
obstacle avoidance method based on virtual structure and artificial po-
tential field method which are verified by simulation (Ding et al., 2024).
Although the above methods achieve formation obstacle avoidance,
there are some aspects that need to be improved, such as the formation
needs to be re-planned due to obstacles, the obstacle avoidance is not
flexible, or the lack of relevant experiments and considering realistic
constraints.

To perform the task of exploration in the shallow marine environ-
ment with moving obstacles, a flexible formation tracking strategy with
obstacle avoidance is necessary. To obtain the optimal performance of
formation tracking under actuator constraints and avoid moving ob-
stacles, a formation tracking strategy with adaptive MPC optimization is
proposed in this paper. This strategy optimizes the control process of
multi-robot formation trajectory tracking and obstacle avoidance, and is
implemented in pool experiments. The main contributions of this paper
are as follows:

1) To solve the complicated parameter tuning problem in MPC and
obtain a faster response to achieve flexible obstacle avoidance, an
adaptive model predictive control (AMPC) strategy is established.
The adaptive weight matrix is designed in the course of trajectory
tracking. The trajectory tracking error is introduced to change the
weight matrix adaptively.

2) The collision avoidance of moving obstacles and formation members
is realized through the VO method and its application to the
constraint design of MPC. The VO uses both relative position and
relative speed to avoid obstacles more efficiently.

3) A formation control strategy combining global path planning and
local obstacle avoidance is established. The global path planning
based on virtual structure method can assign a reasonable global
path with time information to each robot. Local tracking and obstacle
avoidance control enhances the flexibility during formation
movement.

The rest of this paper is organized as follows: In Section 2, the
components of multi-USR formation and the experimental platform are
introduced. Then, Section 3 describes the problems and introduces the
proposed MOAC-AMPC strategy for multi-USRs. Simulation and exper-
imental results are presented in Section 4. Then, the experimental result
is discussed in Section 5. Finally, the conclusion is given in Section 6.
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Fig. 2. The main structure of USRs and the multiple USRs platform.

2. The overview of Multi-USR control system

In this section, the kinematics and dynamics models of USR are first
presented. Further, the robot structure, sensor arrangement, multi- USR
formation and its experimental platform are introduced.

2.1. The USR coordinate system

To accurately describe the mathematical model of multi-USR
collaborative formation, the earth-robot coordinate system is shown in
Fig. 1.

The pose of the USR in the inertial coordinate system can be
expressed as:

=0y, mx] = [x.y,2,¢.0,y] @

where, 51 = [x,y, 2] is the position of the USR; 5z = [¢,0,y] is the Euler
angle of the USR.

The velocity of the USR in the body coordinate system can be
expressed as:

V= [VTvvR} = [u,V, vavqrr] (2)

where vy = [u, v, w] is the linear velocity of the USR translating along the

X, Y, and Z axes of the body-frame, and vg = [p, q,7] is the angular ve-

locity of the USR rotating around the X, Y, and Z axes of the body-frame.
Here, the pose and velocity of the USR are expressed as:

n=J(mv 3

where J(11) € Rex6 is the transition matrix from the body coordinate
system to the earth coordinate system.

In USR formation control, to facilitate control, the vector drive sys-
tem adopted by the USR is X-shaped (the robot’s adjacent legs are set at
an angle of 90-degree, see Fig. 1). In this X-shaped mode, the structure of
the robot in the horizontal plane is symmetrical and its center of
buoyancy and center of gravity nearly coincide, so the robot can better
maintain its attitude, without rotation in the direction of pitch and roll,
and its dynamic model can be simplified to:

My+Dv)v=1 “@

where M stands for mass matrix of robot, m = 6.5 kg is the mass of the
robot.

m 0 0 O
0Om 0O
M= )
00 mO
00 0 I

where I, represents the inertia tensor matrix about the Z axis associated
with the mechanical structure of the robot (Hou et al., 2024).
D(v) represents the matrix associated with hydrodynamic drag.

D(V) =D;+ Dy (V) (6)

where D;,Dy(v) represent linear hydrodynamic damping force and
second-order nonlinear hydrodynamic damping force, respectively. 1 is
for driving force.

2.2. The prototype of USRs

The design of the bionic USR is shown in Fig. 2. The total weight of
the robot is 6.7 kg. The upper body mimics the shape of the tortoise’s
hemispherical shell, which has an overall diameter of 30 cm (Li et al.,
2024; Xing et al., 2022; Li and Guo, 2024). The lower half contains a
three-jointed leg-like structure that mimics the crawling of a turtle and a
water-jet that mimics the propelling of a jellyfish. The multi-joint leg
structure design of the robot in our team, on the one hand, meets the
design of the robot amphibious movement, and on the other hand, it can
freely adjust the angle of the water-jet stream to achieve the underwater
vector drive. Please refer to Ref (Xing et al., 2021) for a more detailed
description. The driven leg structure improves the flexibility and
maneuverability of USRs.

Circuits, control modules, and various sensors, such as Inertial
Measurement Units (IMUs), pressure sensors, UAV cameras, and speed
sensors, are integrated into the robot’s upper hemispherical shell to
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Fig. 4. The planning and control of USR formation with X-shaped (see Fig. 1) vector drive system.

sense information about the external environment. The UAV camera
information processing relies on NVIDIA Jetson Nano module. For the
binary images obtained after processing, morphological image pro-
cessing is used to obtain a relatively ideal contour map, and template
matching is performed. IMU adopts the LORD Sensing 3DM-GX5 series
industrial inertial navigation system to predict the posture, motion
speed and position of the robot through the posture and acceleration
changes. The speed sensors mainly measure the propeller speed through
the current feedback, which can be used to correct the measurement of
robot speed by IMU. Pressure sensors are used to sense underwater
depth. IMU and speed sensors are used to verify and optimize the
camera’s measurement results.

The multi-USR platform shown in Fig. 2 consists of multiple USRs, an

Unmanned Aerial Vehicle (UAV), and a computer control system. The
camera attached to the UAV provides location information to the USRs
and obstacles. The Kalman filter is used to predict the position and ve-
locity of the robot. The principle is shown in Appendix A. In shallow sea
environments, the combination of UAV and underwater robots can
effectively provide the relative position relationship between robots and
the position of obstacles, which is conducive to formation and collabo-
rative obstacle avoidance.

The computer control system is the brain of robots and is responsible
for processing perceptual information and task requirements to produce
appropriate instructions. The underwater acoustic communication
module is used for communication in ocean environments. In pool ex-
periments, to reduce the communication error and focus on the research
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Fig. 5. The schematic diagram of formation control strategy under the virtual
structure method.

of formation obstacle avoidance in this paper, the communication
structure is mainly realized through optical fiber module, local area
network and ROS communication module, as shown in Fig. 3. The USRs
and the UAV communicate via the ROS multi-robot communication
module. In the case of short-distance optical fiber transmission, there is
almost no communication failure. The optical fiber connections ensure
reliable communication. The planning and control based on task
decomposition is shown in Fig. 4.

2.3. The multiple USRs formation with virtual structure method

The virtual structure method uses a reference point as a leader, from
which the desired track points for all formation members are deter-
mined. In this paper, this method is mainly used to control the global
position information of the robots, so the USRs still have greater freedom

Tracking trajectory
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in other aspects.

The virtual leader’s track points are provided by a predefined
reference track. The trajectory points of formation members are ob-
tained from formation shape parameters. In Fig. 5, Ow is the origin of the
world coordinate system. Py; = (Xwi, Yw;) represents the position of
robot i in the earth coordinate system, assuming that the robot is labeled
1, 2, ..., n. Pys (xg, yo) represents the position of the formation center in
the earth coordinate system. Dyg represents the side length of the virtual
triangle structure. 6 is the forward heading angle of the formation under
the virtual structure. Yrrepresents the moving direction of the robot and
is also the positive direction of the Y-axis of the formation reference
frame. Xy is the positive X-axis of the formation reference frame. The
robot vectors in the formation reference coordinate system are Pg; = (Xp;,
Yr) i =1 ... n. The coordinate transformations from the vector Pr to Py
require rotation and translation. The rotation matrix R and the trans-
lation matrix T are as follows. The robot has a strong resilience to keep
from turning, so the rotation is in the horizontal plane.

_ | cos(9) —sin(0)
" |sin(6) cos(0) @
T = (X0, ¥0,%0) (8

The steps of the virtual structure method are as follows: Firstly, the
position of each robot member in the formation is obtained, and the
coordinates of the virtual structure point in the formation are calculated.
Secondly, the coordinates of virtual structure points expected at the next
time are updated according to the expected speed and step size. Finally,
the control algorithm is invoked to control the speed and position of the
robot to make the robot track the desired trajectory.

3. The moving obstacles avoiding and formation control
strategy

The virtual structure method is used to plan the trajectory of the
USRs formation globally. Then, the trajectory tracking and obstacle
avoidance of the robots are realized by the improved MPC trajectory
tracking algorithm and the moving obstacle avoidance and constraint
strategy locally. In resource exploration and maintenance work in
shallow sea, the overall multi-USR formation control system is shown in

|
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Fig. 6. The diagram of the Multiple USRs control system.
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Table 1 \ ’ /
The Mean Square Errors (MSEs) for the AMPC and the MPC trajectory. A 4 4
q (MSEs) jectory . VO area 7 /
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X 2.66%107° 3.03%1072 12.2 % b _v v y
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Fig. 9. The velocity constraint.

Fig. 6. The dotted yellow lines represent the planned trajectories. The
advantages of this design of multi-USR formation control system are:
First, the inflexible structure of virtual structure method in the obstacle
. L o avoidance process is reduced. Otherwise, when one robot avoids ob-
Fig. 8. The schematic diagram of the VO method. (a) The velocity increment . X X . .
- ; stacles, other robots will deviate from their own trajectory. In this way,
calculated from the velocity of the USR relative to the obstacle. (b) The change ther f N b . d b b ) id
in the absolute velocity of the USR. other formation members are not affected by obstacle avoidance
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members, but along the globally planned trajectory. This may reduce the
robots’ excess affected obstacle avoidance movements and fluctuations,
which can reduce energy consumption.

Then, most underwater obstacles are not stationary and their motion
state is difficult to predict, local obstacle avoidance based on velocity
obstacle method enhances the flexibility of obstacle avoidance. In
addition, the trajectory of global path planning made by the virtual
structure method is time-dependent and has the alignment of formation.
The formation can be formed when every robot tracked the trajectory.

In the following, the MPC trajectory tracking algorithm is improved,
aiming to speed up the tracking process and reduce the time required to
track to the trajectory. The obstacle avoidance constraint matrix is
designed based on the VO method to avoid obstacles while tracking the
trajectory.

3.1. The improved formation trajectory tracking method

To enhance the robustness and efficiency of the MPC method, an
adaptive weight matrix adjustment method based on output error is
designed. Suppose that the system state model of the i-th USR in the
formation tracking problem obtained from Equations (4)-(6) is as
follows:

. J(n)v:
X | (- D~ D) | ©

For the i-th USR, x; = col(r;, ;) € R® is the state vector, 7, is the
position vector, v; is the velocity vector, and 7; € R® is the control input.
The reference trajectory X,sx.1 is used to create the new state & _,, as
shown in Equation (10).

&1 = A + BAT,
. = C& (10)
€1 = X1 — Xrepkn
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The discrete matrices A and B are described below:

A:{I-&-TA[ TB[}B:{TBt

Onw I, I, }C:szz 11)

where the linearization parameter is

_ [ 022 I _ | 0O2x2
At— |:02><2 M—l(_Dl_anl|V|):|7Bt— |:M—1:| (12)

To establish a standard quadratic problem, Hessian matrix Hy and
gradient matrix Gy are designed. A and ¢ are added to the secondary
optimization to prevent the occurrence of no solution.

min Ji = [Az], e|Hy[At], €] T4 Gy [At], €] T

(13)
s.t. A'l'min < A'tk < ATmaxaAunquTk < buneq
[ T
H=|9Q+R 01 ¢ >0 as)
| 0 A
CB
CA2 CAB
o= |“ | o= |: 15)
: N-1
| CAY C ( ZAi> B
i=1

The coefficient matrix A,nq of the control increment in the control
constraint is as follows:

Adownne @ Iny Onue,1
Aypeg = ’ 16
uned |: _Adawn.Nc ®@Iny  Onunca (16)
where A gown N Duneq is as follows:
1
AdownNe = | } a7)
1 T 1 Nc
INc.l & Tmax — INc 1 ® Tk
b — \ ) 18
4| =Inea @ Tmin + Inca ® T as)

In a multivariable system, the effects of parameters on different vari-
ables are coupled, which increases the parameter tuning complexity of
the MPC. To solve this problem, an adaptive weight matrix adjustment
method based on tracking error is designed. The reference trajectory is:

T
Yref.k = [nref,kv ey nref.k+Np} (19)

The output error of the system satisfies:

Np
_Z; [Yisj — Yretkaj]
Err—1— 9
L Np (20)
The weight matrix is designed as follows:

Qudok = KadoErT (21)

where K4, is a constant parameter. The parameter K4, of the weight
matrix needs to obtain a suitable value, a small parameter value will lead
to poor tracking effect, and a large value will lead to unstable motion. In
this paper, Ky, = 10. Standardized Qpoymax is used to balance the
control effects of various state variables.

1

Qrormaik = 17 e Q25 (22)

The comparison of the AMPC and MPC algorithms is shown in Fig. 7.
The tracking errors in the X direction are very small, and there is no
obvious difference between the two algorithms. The tracking errors of
AMPC in the Y direction are smaller than that of MPC. Compared with
MPC, AMPC can achieve similar effect for trajectory tracking with small
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Fig. 11. The simulation verification of the robot avoiding moving obstacles. (a) Three-dimensional diagram. (b) XY plane diagram at t1. (c) XY plane diagram at t2.

Table 2
The robots and obstacle information.

Object Radius (m) Start point (m) End Point (m) Velocity (m/s)
Robot-1 0.30 (-2.00, 5.00) (6.00, 2.70) time varying
Robot-2 0.30 (-2.00, 3.00) (5.00, 4.70) time varying
Robot-3 0.30 (-1.50, 2.00) (5.00, 0.70) time varying
Obstacle-1 0.30 (4.00, 2.00) (-0.80, 2.00) (-0.80, 0.00)
Obstacle-2 0.30 (6.00, 5.00) (1.20, 5.00) (-0.80, 0.00)

initial error. For the track tracking with large initial error, AMPC can
track the target track faster and reduce the tracking time through
parameter adaptive adjustment. In the weight matrix, the weights in the
X direction and the Y direction are equal. The AMPC adaptively adjusts
the weight matrix according to the errors in the Y direction to reduce the
errors.

The percentage reduction of the Mean Square Errors (MSEs) for the
AMPC compared with MPC trajectory in X and Y directions are 12.2 %
and 30.2 % respectively, shown in Table 1. Noted that, the control input
and control increment are within the constraint range.

3.2. The Moving Obstacle Avoidance Constraint design

The Moving Obstacle Avoidance Constraint (MOAC) was designed
based on the Velocity Obstacle (VO) method. In Fig. 8, rops represents the
radius of the obstacle, and r,, represents the radius of the robot. ryo
represents the expanded radius of the obstacle, thus forming the area VO
where a collision may occur. v; represents the current velocity of the

robot. v, represents the speed of the robot to avoid obstacles at t + 1
moment. Vs represents the velocity of obstacles, and u represents the
velocity increment. n represents the normal vector of the nearest
boundary to escape VO.

Then, the nearest boundary is selected to calculate the normal vector
n and the velocity increment u. Finally, the velocity of the USR is
calculated. The green arrow in Fig. 9 shows the robot’s velocity relative
to the obstacle, falling on the right half of the VO area. The starting point
of the velocity increment escaping the VO boundary (orange arrow in
Fig. 9) is the endpoint of the robot’s velocity relative to the obstacle. The
endpoint is the projection of the robot’s velocity relative to the obstacle
to the VO boundary. The solution v;;; for the absolute velocity of the
robot is shown in the purple line in Fig. 9.

Assume that the velocity of the obstacle at the predicted horizon is a
constant. The velocity constraint inequality can be described as:

(V1 — (W +6v))n<0,k=1...Np (23)

where v, represents the increment in velocity. Here, the dynamic
constraint transforms to Nyox(Viy1 — Vi — 6Vi) < 0.

To obtain the velocity vector in the state vector, a normal vector
matrix containing zero vector is designed.

n; 014 vr 014
0.4 n K :
Nyor=| 4 7 0 24
: 1x4
01x4 01><4 nsz
where n,; = [01x2 n], and Nyo Vi1 can be obtained from the prop-

erties of normal vector matrices.
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Fig. 12. The comprehensive experiment of moving obstacle avoidance in formation. (a) t = 4s. (b) t = 12s. (¢) t = 16s. (d) t = 20s. (e) t = 24s with the collision
avoidance of the formation members. (e) t = 24s without the collision avoidance of the formation members.

Nyoi Vi1 =Nvory 4 (25)

where 7., , are calculated by controlling increment 7, which provides a
transformation from velocity constraint to control increment constraint.

M = Py + OAT; (26)

Since the control increment is the target quantity to be solved, the
output state #,_; at k + 1 is unknown. It is important to note that the
final predicted output state #, is not computed by Az,_;, but by the
unknown vector Azy. Therefore, the output state 7, at the current time is
needed.

Hox = (X Oramp1) ]T @7)

The velocity constraint inequality is expanded in the prediction time
domain, and the inequality including control increment is obtained.

Nyox (@i + O AUL) <

Nyox ((Tase (Pt + OcAUR) + 1o i) + Vi) @8

To make sure it corresponds to the dimensions of Nyox, 6Vi1 is
designed to be

5Vk:[01><2 Wi 012 5VNpT] (29)
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Fig. 13. The comprehensive experiment of moving obstacle avoidance in formation. (a) t = 1s. (b) t = 2s. (¢) t = 3s.

Fig. 14. The moving obstacle avoidance experiment of a single robot.

Table 3

Moving obstacles and robot information. byo =Nyox (Ilast,ktbknk — Dy + 1o+ 6Vk) (32)
The start point of The end point of The start pointof ~ The end point of The final form of an optimization problem that considers all obsta-
obstacle (cm) obstacle (cm) robot (cm) robot (cm) . . . .. .

cles can be solved with a linear constrained objective function solver, as
(145.0, 104.0) (57.0, 110.0) (40.0, 100.0) (250.0, 100.0) shown in Equation (33).
. - . . T T
The matrix coefficients of control increment are extracted and the min Jx = [A‘r,f, e] Hj [At,f,e} + Gx [Arf,e]
obstacle avoidance control increment constraint is obtained. St ATmin < ATk < ATpax
Avo=Nyok(Ok — Iuuy) @E0)  [Auwe Duneq 33)
o . . Ayo; byoa
Considering the effect of the relaxation factor, it is necessary to add . At < |
the zero vector to the coefficient matrix. )
AVO,Nobs bVO,Nobs

— [N, —1 . . Lo .
Avo = [Nvok(Ok ~ Tux®k)  Onpa | @D Optimization problems can be solved by quadratic objective function

. solvers with linear constraints. It can be seen that the obstacle avoidance
byo is calculated as:

10
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Fig. 15. The distance between the robot and the obstacle in the obstacle
avoidance experiment.
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Fig. 16. The control inputs of the robot in the X and Y axis.

strategy is suitable for robot systems that can transform velocity
constraint into control quantity constraint through dynamic model. And
the obstacle avoidance strategy should be used as a constraint term of
MPC or quadratic optimization problems.

Here, two obstacle avoidance strategies are designed based on AMPC
for comparison. The first is as shown in Fig. 9 which combined with
MOAC-AMPC to obtain obstacle avoidance velocity and obstacle
avoidance displacement. The other is to randomly select the obstacle
avoidance velocity that does not fall within the VO obstacle avoidance
boundary, and this strategy is labeled as RS-AMPC. To illustrate the
effectiveness of the obstacle avoidance algorithm more clearly in the
figure, a single robot is selected for obstacle avoidance experiments. The
radius of the robot is 30.0 cm, the starting point is (0.0, 1.2) m, the end
point is (0.0, —1.2) m, and the velocity is —0.1 m/s. The radius of the
obstacle is 10.0 cm, the starting point is (0.2, —1.0) m, the end point is
(0.2, 1.4) m, and the velocity is 0.1 m/s.

It can be seen from Fig. 10 that the minimum obstacle avoidance
distances of RS-AMPC and MOAC-AMPC are 0.44 m and 0.40 m,
respectively. Therefore, in terms of performance, the unnecessary
moving distance of the robot is reduced in the obstacle avoidance pro-
cess, and the reduction is 9 %. MOAC-AMPC (solid blue line) has a better
obstacle avoidance effect, and the robot is closer to the expected tra-
jectory while staying away from the obstacle (solid black line). Both of
them are greater than the sum of USR and the obstacle radius (0.40 m).
In addition, the calculation time consumption of the combination of the
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improved obstacle avoidance strategy and the AMPC is almost the same
as that before the improvement.

4. Simulations and experiments

Two simulation scenarios and two experimental scenarios were set
up to verify the proposed MOAC-AMPC strategy. The motion of USRs in
the first simulation scenario showed the obstacle avoidance effect of the
proposed strategy by avoiding moving obstacles without replanning the
trajectory. The second simulation scenario verified the strategy on
avoiding both obstacles and robots in formation. The first experimental
scenario verified the feasibility of avoiding obstacles. The second
experimental scenario verified the multi-USR formation trajectory
tracking in the presence of moving obstacles under the proposed
strategy.

4.1. Simulation results

Firstly, the proposed obstacle avoidance strategy is verified based on
the dynamic model mentioned earlier. The obstacle avoidance effect is
shown in Fig. 11. The dashed line represents the desired trajectory of the
robot, and the solid line represents the actual trajectory. Different robot
trajectories are distinguished by different trajectory colors. There are
two obstacles moving in the negative direction of the X axis. The
obstacle avoidance threshold of the VO method is set as 1.2 m. As the
radius of the robot is 0.3m and the radius of the obstacle is set as 0.9m. In
the virtual structure method, the robot position can be transformed into
the relative coordinate representation, and the center of the virtual
structure is the origin. Orange represents robot 1 and the relative co-
ordinates are (0.0, 0.0, 0.0) m. Blue represents robot 2 with relative
coordinates of (—1.0, 1.5, —1.0) m. Purple represents robot 3, whose
relative coordinates are (—1.0, —1.5, —1.0) m. The robot follows the
trajectory while avoiding obstacles. Fig. 11(b) and (c) show the robot’s
position state at different moments, which verifies the timeliness
requirement of the algorithm.

Next, the collision avoidance ability of the robot formation members
was verified. On the basis of verifying the computational capability of
the algorithm in the three-dimensional space in Fig. 11, obstacle
avoidance is returned to the two-dimensional plane to analyze the
obstacle avoidance process more clearly and intuitively. The experiment
scenario is that three robots start from any point and track the desired
trajectory while avoiding obstacles and the robot formation members.
Robot and obstacle information are shown in Table 2. The effect of
cooperative obstacle avoidance of robot formation is shown in Fig. 12.
Similarly, the dotted line represents the desired trajectory of each robot,
and the solid line represents the actual trajectory. The orange circle
represents Robot-1, and the orange line represents its trajectory. Blue
and purple represent Robot-2 and Robot-3, respectively. Obstacles are
represented by red circles. The straight segments in the circles represent
the velocity direction of the robots or obstacles at this moment.

The reference trajectory of the robot center is described as

{px = 0.1kT

py = 3 +5sin(0.1kT) k=1...1500

(€D)]

The solid blue line in Fig. 12(a) is curved, representing Robot-2 (blue)
dodging Robot-1 (orange). Robot-3 (purple) in Fig. 12(b) is avoiding
Obstacle-1 in the bottom half. Robot 2 in Fig. 12(c) is dodging Obstacle-2
in the top half. In Fig. 12(d), the three robots return to their respective
expected trajectories, and in Fig. 12(e), the robots arrive at the end. The
comparison between Fig. 12(f) and (e) aims to illustrate the obstacle
avoidance function between the members of the multi-robot formation.
In Fig. 12(e), the trajectory of the blue robot with the collision avoidance
strategy of formation members is bent at the initial stage. That of the
blue robot without collision avoidance strategy of formation members is
not bent in Fig. 12(f). The effectiveness of the collision avoidance
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Fig. 17. The comprehensive experiment of collaborative formation and obstacle avoidance.

Table 4
The obstacles and robot information.

Point Robot-1 (yellow) (cm) Robot-2 (Red) (cm) Obstacle (cm)
Start point (19.0, 169.0) (29.0, 65.0) (215.0, 114.0)
End point (297.0, 165.0) (281.0, 83.0) (95.0, 122.0)
250 ———disRobl Obs| |
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Fig. 18. The distance between the robot and the obstacle in the formation
obstacle avoidance experiment.

strategy of formation members is proved in simulations.

To further explain the collision avoidance process between robots
and the collision avoidance principle, the collision avoidance process of
1-3 s is shown in Fig. 13. It can be seen that when there is a possible
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collision (Fig. 13(a)), the two robots will adjust their local trajectories
respectively, as shown in Fig. 13(b). When there is no collision risk, the
robot returns to the global trajectory tracking path planned by the vir-
tual structure method, as shown in Fig. 13(c). However, there are some
idealizations in the simulation, such as the lack of ocean current
disturbance and random environmental disturbance(environmental
noise). Therefore, we further carried out the pool experiments.

4.2. Experimental results

To verify the ability of the VO method in avoiding moving obstacles,
the trajectory tracking and obstacle avoidance experiments of a single
robot were carried out. The influence range (obstacle radius) of the
obstacle is 15 cm which can ensure that the collision between the robot
and the obstacle is avoided.

The blue pentagram and the blue diamond in Fig. 14 represent the
starting point and the ending point, respectively, whose positions are
shown in Table 3. The obstacle track is a straight yellow line, and the
obstacle avoidance threshold is 0.7 m, that is, the obstacle avoidance
strategy is started when the distance between the robot and the obstacle
is 0.7 m. The robot starts tracking the desired trajectory from Fig. 14(a).
When approaching the obstacle, the robot begins to avoid the obstacle,
as shown in Fig. 14(b). After successfully avoiding the obstacle, the
robot continues to track the desired trajectory, as shown in Fig. 14(c). In
Fig. 14(d), the robot reaches the end of the desired trajectory. The effect
of the proposed algorithm satisfies both the control input constraint and
moving obstacle avoidance constraint. Fig. 15 shows the distance be-
tween the robot and the obstacle. The 49.4 cm marked point on the
figure is the minimum distance, which is larger than the addition of
robot radius (30.0 cm) and obstacle radius (15.0 cm). That is, the min-
imum distance between the robot and the obstacle is 4.4 cm. To avoid
the instability during the propeller suddenly starting under water and
the performance instability of the thruster at low speed or high speed,
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Fig. 19. The control quantity and increment of the USR in the formation obstacle avoidance experiment.

the output thrust base value of the propeller is set as 1.7 N. The robot is
stationary under water when all four propellers reach base value. Then,
by adjusting the input control quantity of each propeller based on the
reference value, the movement of the robot is realized. Fig. 16 shows the
robot’s X and Y axis control inputs. The solid green line represents the
base value of 1.7 N, and the control input constraint is 0.4 N. The al-
gorithm satisfy the control constraint.
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Then, the formation control and obstacle avoidance effects were
verified. In Fig. 17, the start and the end points of the yellow robot are
represented by the blue pentagram and diamond, respectively, whose
positions are shown in Table 4. The starting and end points of the red
robot are green pentagram and green diamond, respectively. The
obstacle track is the yellow line. To make the obstacle affect two robots
at the same time, the obstacle radius is set to 0.15 m, and the obstacle
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Fig. 20. Obstacle avoidance of formation members and obstacle trajec-
tory diagram.

avoidance threshold is set to 0.90 m. When the motion begins, the robot
tracks the desired trajectory, as shown in Fig. 17(a). When encountering
obstacles, the robot formation avoids obstacles, as shown in Fig. 17(b).
In Fig. 17(c), the robot avoids an obstacle chasing from behind the robot
after returning to the desired trajectory. In Fig. 17(d), the obstacle leaves
the obstacle avoidance range of the robot, and the robots retrack the
expected trajectory to reach the end point of the expected trajectory. In
the experiment, the robots maintained formation and avoided moving
obstacles twice before continuing to track the desired trajectory. As a
result, the tracking and obstacle avoidance of the robots are realized in
the experiment. However, compared with the simulation results, the
fluctuation in the experiment is larger, which is due to the small space in
the pool experiment and the reflection of the water flow fluctuation
through the wall caused by the robot movement, forming a strong
interference flow field environment.

Fig. 18 shows the distance between robots and the obstacle in the
comprehensive formation experiment. The minimum distances between
the two robots and the obstacle are 69.6 cm and 73.5 cm, respectively.
Both are larger than the radius sum 45.0 cm of the robot and the
obstacle.

5. Discussion
5.1. The control quantity and increment

In simulation, the variation of the control quantity and increment of
each robot is shown in Fig. 19. It can be seen that the y-direction control
of each robot is between —0.7N~0.5N, the x-direction control is be-
tween 0.1N~1.3N, and the control increment is between —0.3N~0.3N.
The function of adaptive linear model predictive control for the pro-
cessing of control quantity and increment constraints is verified.

5.2. Analysis of pool experiments

In pool experiment environment, the red line in Fig. 20 indicates that
the trajectory of USR1 is located in the positive direction of the y-axis of
the obstacle, where the solid line is the actual trajectory and the dashed
line represents the desired trajectory without considering obstacle
avoidance. The blue line indicates that the USR2 trajectory is located in
the negative y-axis direction of the obstacle, where the solid line rep-
resents the actual trajectory and the dashed line represents the desired
trajectory without obstacle avoidance. The solid black line in the middle
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represents the obstacle trajectory. The green dotted line connecting the
two robots represents the actual formation at the same time, and it can
be seen that the proposed algorithm can meet the expected trajectory of
the formation and recover the formation after obstacle avoidance.

The current disturbances were not added in the simulation, to clearly
reflect the performance of the strategy. However, in the experiment, due
to the robot movement and the wall reflection of the experimental pool
on the water flow, large random flows are formed, which are large
disturbances for the robot. The robot deals with underwater current and
noise disturbance in real time by AMPC and error feedback caused by
disturbance.

Then, the obstacle rate change is analyzed, which varies in the range
of about 6 cm/s~16 cm/s, and the expected rate of the robot is 10 cm/s.
In order to allow the obstacle to affect the two robots at the same time,
the obstacle avoidance threshold is 0.9m, and the obstacle radius is set to
15 cm, which is also the reason for the large fluctuation of the formation
trajectory error, but the overall effect is ideal.

In addition, the expected time of formation trajectory tracking is
analyzed, and the expected time without obstacle avoidance behavior is
about 28s, and the actual time is 32.66s, and the obstacle avoidance time
only increases by 16.64 %, which also verifies the performance of the
proposed obstacle avoidance strategy.

5.3. Discussion about limitation

It can be seen that in the experiment, under the condition of more
disturbance and uncertainty than in the simulation, the underwater
robot formation obstacle avoidance can be realized. However, the mo-
tion control stability of the underwater robot in the experiment is rela-
tively poor than in the simulation. Therefore, if robots are actually used
in the shallow sea environment, the anti-interference ability of our al-
gorithm needs to be enhanced. This research mainly focuses on the
successful formation obstacle avoidance of robots. The stronger anti-
interference ability of robots and the fault-tolerant ability of commu-
nication are also problems that we need to focus on in the future.

The pool experimental environment has limited width and is less
complex than real underwater exploration environment scenarios. The
water flow disturbance in the pool is mostly a small amplitude random
disturbance, which is formed by the changes of water flow and reflection
of pool wall during the robot movement, and lacks the larger amplitude
ocean current disturbance in the real application environment. In pool
experiments, fibre-based communication is chosen to reduce commu-
nication delays or failures. In the actual environment, underwater
acoustic communication will increase the communication cost and er-
rors, which needs further research. In addition, in experiments, the
upper-level decision-making are processed through the upper computer.
In the actual environment, the processor needs to be concentrated on the
robot, which requires more computing resources and energy. Therefore,
there are some limitations in the pool experiment, which can be used as
the preliminary verification of the improved algorithm.

6. Conclusion

In this paper, a moving obstacle avoidance constrained adaptive
model predictive controller (MOAC-AMPC) is designed. Firstly, the hy-
drodynamic model is linearized. Then, an adaptive weight matrix based
on tracking error is designed to reduce the tedious adjustment of the
weight matrix. In addition, the adaptive weight matrix can optimize the
tracking by reduce the tracking time. Then, to avoid multiple moving
obstacles during tracking, the VO method is used to design the velocity
constraint, so that USR can track the target trajectory without replan-
ning the new trajectory. At the same time, a new constraint trans-
formation method is proposed, which transforms the velocity constraint
into the control increment constraint. Finally, the effectiveness of the
algorithm is verified by numerical simulation and experiments in pool
environment. Simulation and experimental results show that USR can
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effectively avoid multiple moving obstacles and avoid other formation interests or personal relationships that could have appeared to influence

members in formation in relatively low disturbance scenarios such as the work reported in this paper.

pool experiments. In the future, we will further study relevant adaptive
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Appendices A. Velocity Estimation Based on Kalman Filter

To enhance the recognition accuracy of the velocity of the USR and the obstacle, considering the interference factors such as delay, the Kalman
filter method was used to obtain the velocity of USR in the nonlinear state. The state transition and the observation equations of the Kalman filter can
be expressed as:
{xk =f(xk1) + &k

2, = h(xk) —+ Ok (A.1)

where xi is the state quantity, 2 is the observational measurement, ¢ is the process noise, and & is the observation noise.
The prediction of the state process first deduces the state transition equation according to the dynamic equation of the USR model, satisfy:

J/C; Xk_1 + Vk_1 COS O 1At

}/’Af _ Yik-1 + Vi1 Sin Gx_1 At A2
Vi Vk-1

Or Or-1

where X, Yk, V1.0 in the state vector represent the predicted values of the horizontal and vertical position, velocity, and heading angle of the robot in
the earth coordinate system, respectively. The covariance matrix for state estimation is P, = Fx_1px_1Ff_; + Q.P;. P is iteratively obtained by setting
the initial covariance matrix. F;_; is a Jacobian matrix resulting from the linearization of x by a nonlinear system.

The adjustment update process can be expressed as:

Gy =P HI (HP H +R) (A.3)

And then the optimal value of the pose state can be estimated, satisfy X; = X + Gi(zx — h( xx)). Where 2 = [x¢, ¥x, Gk]T. Hy is the partial derivative
of h(x).
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