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A B S T R A C T

Underwater spherical robots are good assistants for ocean exploration, where motion control algorithms play a
vital role. Conventional motion control algorithms cannot eliminate the coupling relationship between various
motion directions, which will cause the motion control of various directions to interfere with one other and
significantly affect the control effect. This study proposes a new decoupling motion control algorithm based
on the robot attitude calculation for an underwater spherical robot designed for offshore, shallow water,
and narrow terrain. The proposed method uses four fuzzy proportional–integral–derivative (PID) controllers
to independently control the robot’s movement in all directions. Experiments show that the motion control
algorithm proposed in this study can significantly improve the flexibility and accuracy of the movement of
underwater spherical robots.
. Introduction

The ocean is a huge treasure house of resources. Conventional
arine resource exploitation depends on artificial diving operations,
hich have various drawbacks [1,2]. First, there is a strict requirement

or divers’ physical aptitude and professional level, and only a few
ivers can explore complex caves. Second, the necessity of carrying
xygen supply devices severely limits the time and scope of underwater
perations, as well as their flexibility [3]. Third, diving operations
xpose divers to significant risks, increasing the risk of shallow water
ecompression sickness [4–6].

Because of the drawbacks of artificial diving operations, various
ountries have developed underwater robots to replace traditional ar-
ificial diving operations. Large autonomous underwater vehicle (AUV)
esearch and development are currently at a fairly advanced stage,
owever, the flexibility of large AUV movement is still low. In addition,
arge AUVs have a sonar scanning system and a high-power drive sys-
em [7–9]. These characteristics make large AUVs only suitable for deep
ea and pelagic environments but are incompatible with shallow water,
ffshore, and narrow space environments. Consequently, a small-sized,
ighly flexible underwater robot is urgently needed.

Most underwater robots are designed to be closed and smooth in
hape because the open-frame nonstreamlined design is easily entan-
led by water and grass, which affects the robot’s safety. Concur-
ently, the symmetrical design structure provides better resistance to

∗ Corresponding author.
E-mail address: shiliwei@bit.edu.cn (L. Shi).

the environmental disturbance caused by the disturbance of underwater
undercurrent. Thus, spherical underwater robots have emerged as the
circumstances require. The spherical structure has some unique prop-
erties over other types, such as higher motion stability, easy and rapid
situation recovery when the robot collides with obstacles [10,11], and
the ability to follow the path with the least resistance [12]. Meanwhile,
the spherical robot has the largest volume and highest accommodation
than other robots of the same size. It is most suitable for the transition
from large to small robots and has both the advantages of the two robot
types.

Spherical underwater robots mostly adopt a lightweight design,
small size, high symmetry, and smooth surface. This allows them to
move in any direction in three-dimensional space, and operate in
complex environments with narrow and full water plants, which has
expanded the current operating range of underwater robots and has
developed into a crucial tool for replacing artificial diving opera-
tions [13,14]. Spherical underwater robots mostly adopt miniaturized
designs due to structural design and driver output limitations, and
their carrying capacity, number of sensors, and processor performance
cannot be compared with more advanced large-scale AUVs or land
robots [15–19]. Consequently, high-performance control algorithms
and target recognition and tracking systems currently used in large-
scale AUVs or land robots cannot be applied to spherical underwater
robots [15,20–22]. These factors make the ability of independent un-
derwater movement a drawback that restricts the further development
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Fig. 1. Schematic of an underwater robot working in shallow water terrain. The serial number indicates the robot’s working environment, while the black box represents the task
requirements.
of spherical underwater robots. Therefore, the key to the current re-
search on spherical underwater robots is how to implement efficient
motion control algorithms under unfavorable conditions, such as the
loading capacity, the number of sensors, and the limited processor
performance, to reduce motion control errors and improve the robot’s
target recognition and tracking capabilities to enhance the robot’s
autonomous decision-making and reduce the risk of the dependence
on manual operation [23]. The development of spherical underwater
robots has advanced in several ways, as evidenced by Groundbot [24],
Salamander [25], BYSQ-2 [26], and SHU [27]. These spherical under-
water robots have good environmental adaptability but are limited by
the volume, power consumption, power computation complexity, and
amphibious environment factors [28].

Compared with the application environment of large robots, small
robots have more restrictions, such as narrow karst caves, which not
only limit the space movement but also form undercurrent. Therefore,
higher precision requirements are necessary for the motion control al-
gorithms for small robots. The motion control algorithm is crucial to the
industrial application of the spherical robot [29]. The main types of un-
derwater control methods currently used are gravity pendulum-based
propulsion and water-jet propulsion. The gravity-pendulum-based con-
trol method requires driving the robot shell to rotate at high speed,
and the viscous resistance of the water body is used to propel the robot
forward. However, this control method applies only to the water surface
and cannot be used in the underwater environment [30,31] due to the
movement’s nonlinearity and cross-coupling in a complex underwater
environment, as well as the marine environment [32]. Moreover, the
rotating shell makes it difficult to install external expansion modules
or operating platforms [33]. The jet-type-based control method is suit-
able for the water and underwater environments [34], with stronger
environmental adaptability, however, the existing underwater motion
control method or a fixed driver model [35] cannot adjust the thrust
direction in real-time [36], or in certain kinds of drive model switching
between different periods [37,38]. These control methods are not for
each direction of movement and rotation [39] and are independent of
real-time control ability [40], and this ability is crucial for the spherical
underwater robot to shoot [41], grab [42], follow [43,44] and perform
various tasks. A spherical underwater vehicle motion control method
with the ability of real-time and independent control of each motion
and rotation direction is urgently required for the needs of ocean
exploration in shallow water terrains, as shown in Fig. 1 [45,46] (see
Fig. 1).

Because of the low motion control precision of spherical under-
water robots and strong coupling between the direction of motion,
this study describes the real-time attitude-decoupling control algorithm
for spherical underwater robots, which uses four fuzzy PID controllers
2

for X, Y, and Z axes, as well as the course angle movement. Because
any assignment’s trajectory in the XOY plane can be divided into
straight line, steering, and curvilinear motion, experiments of yaw
angle control and linear motion control are designed to evaluate single-
variable control effect, and experiments of rectangle motion control
and orientation are designed to evaluate multivariable control effect.
It is established that the real-time attitude-decoupling control method
may increase the precision and adaptability of the motion control of
the spherical underwater vehicle compared with the previous H-type
control algorithm.

2. Spherical underwater robot platform

Fig. 2(a) shows the structure of the robot platform used in this
study. The robot is divided into two hemispherical shells, each mea-
suring 30 cm in diameter with a total mass of 6.6 Kg. The upper
hemispherical shell contains a sealed cabin and a water inlet cabin
for balancing gravity and buoyancy. The sealed cabin is equipped with
a robot motherboard, power control module, brushless motor driver,
and NVIDIA Jetson TK1 as the robot’s main processor. There are 12
high-precision pressure sensors evenly distributed on the surface, and
the robot’s depth and relative water flow speed are measured by the
average and difference of each sensor’s pressure data. The water inlet
tank is used to balance the robot’s buoyancy and gravity in water.
A counterweight and buoyancy block is installed in the water tank
to accurately balance the robot’s gravity and buoyancy in water. In
addition, a small hydroacoustic communication device is installed in
the water inlet tank to transmit control signals and robot state data.

The robot’s lower hemisphere is equipped with a detachable battery
compartment and four composite driving legs with amphibious motion
capabilities. The battery compartment is waterproof and can provide
the robot with power for more than 1.5 h of continuous operation.
Fig. 2(b) shows the structure of the robot’s compound-driving leg. Each
leg has 3 degrees of freedom and is driven by 3 waterproof-steering
gears. A leg-vector water-jet compound propeller is installed at the
end of the compound-driving leg. The robot’s lower hemispherical shell
is an open structure, comprising two quarter-spherical shells that can
be opened and closed. The robot can freely switch the opening and
closing states of the lower hemispherical shell based on the surrounding
environment and task conditions.

2.1. Electrical system

Fig. 3 shows the main functional equipment and structural block
diagrams of the circuit and control system of an ASR-IV spherical
underwater robot. The ASR-IV circuit system adopts a modular design,
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Fig. 2. Schematic diagram of the mechanical structure of an ASR-IV spherical underwater robot.
Fig. 3. ASR-IV circuit and control system structure block diagram.
w

mainly including power management, drive, sensor, and control sys-
tems. Each system’s modules are independent of each other on the line,
and optocoupler isolation measures are taken.

Fig. 4 shows the circuit and control system structure block diagram
of ASR-IV. The power management system consists mainly of 3 groups
of 2S Li–Po battery packs and power management modules. Each Li–
Po battery pack has a rated voltage of 7.4 V and a rated capacity of
4400 mAh, which powers the drive, sensor, and control systems. The
control system is composed of a robot motherboard, STM32 and Jet-
son TK1. The robot’s motherboard provides installation platforms and
wiring connections for various circuit components. The sensor system
consists of an inertial measurement unit (IMU), an underwater acoustic
communication module, a binocular camera, and a 12-channel pressure
sensor. The driving system provides the robot with the ability to walk
on the ground and move downstream. The robot’s lower hemispherical
shell is equipped with 4 composite driving legs, and each leg has 3
movable joints and a leg-vector water jet. A GWD SHARK waterproof-
steering gear is used to drive the movable joints. The leg-vector water
jet is equipped with a brushless motor, which is driven by a Hobby
Platinum 30 A brushless ESC.

3. Decoupling motion control algorithm

3.1. Kinematics modeling

This section establishes the world and robot coordinate systems

(Fig. 5) to obtain the spherical underwater robot’s underwater motion

3

law and improve its underwater motion control performance. The
world coordinate system is used to represent information such as the
robot’s position and posture, whereas the robot coordinate system is
used as the reference coordinate for the robot motion control.

In the aforementioned world coordinate system, the robot’s position
and attitude vectors can be expressed as Eq. (1).

𝜂 = [𝜂1 𝜂1]𝑇 = [𝑥 𝑦 𝑧 𝜓 𝜃 𝛷]𝑇 (1)

In the above formula, 𝜂1 = [𝑥 𝑦 𝑧]𝑇 represents the robot’s three-
dimensional position coordinates of the 𝑋𝑤, 𝑌𝑤, and 𝑍𝑤 axes in the
world coordinate system and 𝜂1 = [𝜓 𝜃 𝛷]𝑇 represents the robot’s
attitude angle (heading, pitch, and roll angles). The robot’s underwa-
ter kinematic equation can be obtained as Eq. (2) by analyzing the
underwater 6-degree-of-freedom motion of the robot.

(𝑀𝑅𝐵 +𝑀𝐴)𝑣̇ + (𝐶𝑅𝐵(𝑣) + 𝐶𝐴(𝑣))𝑣 + (𝐷𝑙 +𝐷𝑞(𝑣))𝑣 + 𝑔(𝜂) = 𝜏 (2)

here 𝑣 represents the robot’s underwater motion speed and 𝑣̇ rep-
resents the robot’s underwater motion acceleration. 𝑀𝑅𝐵∈𝑅6×6 rep-
resents the robot’s rigid body mass matrix. 𝑀𝐴∈𝑅6×6 represents the
robot’s additional mass matrix, 𝐶𝑅𝐵(𝑣)∈𝑅6×6 represents the robot rigid
body’s Coriolis force matrix, which is generated by the earth rotation,
𝐶𝐴𝑣∈𝑅6×6 represents the Coriolis force of the robot’s additional mass,
and 𝐷𝑙∈𝑅6×6 and 𝐷𝑞(𝑣)∈𝑅6×6 respectively represent the linear and
nonlinear damping matrices of the water when the robot moves in
the water. 𝑔(𝜂)∈𝑅6×6 represents the robot’s restoring force and moment
matrix and 𝜏∈𝑅6×6 represents the thrust and moment matrix generated

by the robot driver.
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Fig. 4. Structure block diagram of ASR-IV circuit and control system. The circuit system mainly includes power management, drive, sensor, and control systems. Each system’s
odules are independent of each other on the line, and optocoupler isolation measures are taken.
Fig. 5. Coordinate system. Where 𝑂𝑤 − 𝑋𝑤𝑌𝑤𝑍𝑤 is the world coordinate system and
𝑏 −𝑋𝑏𝑌𝑏𝑍𝑏 is the robot coordinate system. The coordinate origin, 𝑂𝑏, is at the robot’s
enter of gravity.

Fig. 6. XOY motion model. The robot’s four driving legs are symmetrically distributed
in the center, and the rotation angles, 𝜃, are equal, where 𝑂1, 𝑂2, 𝑂3, and 𝑂4 are the
rojection positions of the compound-driving legs.

.2. XOY motion control

Because the robot model is relatively complex, some parameters are
ifficult to obtain and have little influence on motion control; thus, the
odel should be simplified appropriately. The ability to independently

ontrol the robot’s three-dimensional speed and attitude angle is crucial
4

for ensuring movement flexibility. Fig. 6 shows the XOY motion model,
which only considers the thrust of the propeller on the X and Y axes.
It is a five-dimensional space composed of the control volume of the
robot’s XOY motion control process. Suppose the control quantity is 𝐾,
Eq. (3) is obtained as follows:

𝐾 = [𝑓1 𝑓2 𝑓3 𝑓4 𝜃]𝑇 (3)

where 𝑓1, 𝑓2, 𝑓3, and 𝑓4 are the thrusts generated by the propeller in
the water flow. The thruster received by the robot is the reaction force
and 𝜃 is the propeller’s horizontal angle. Considering the total force of
the X and Y axes and the moment of rotation around the 𝑍-axis when
the robot is moving underwater, Eq. (4) can be obtained as follows:

⎧

⎪

⎨

⎪

⎩

−𝑓1𝑥 + 𝑓2𝑥 + 𝑓3𝑥 − 𝑓4𝑥 = 𝐹 𝑥

𝑓1𝑦 + 𝑓2𝑦 − 𝑓3𝑦 − 𝑓4𝑦 = 𝐹 𝑦

[(−𝑓1𝑥 + 𝑓2𝑥 − 𝑓3𝑥 + 𝑓4𝑥) + (𝑓1𝑦 − 𝑓2𝑦 + 𝑓3𝑦 − 𝑓4𝑦)]⋅𝑑 = 𝐹 𝑦𝑎𝑤
(4)

where 𝐹 𝑥, 𝐹 𝑦, and 𝐹 𝑦𝑎𝑤 represent the thrust of the robot’s 𝑋-axis
motion, the thrust of the robot’s 𝑌 -axis motion, and the torque of
rotation around the 𝑍-axis, respectively. 𝑑 represents the distance from
the driving leg’s mounting point to the robot’s center of mass. From the
model shown in Fig. 7, the system of Eq. (4) can be simplified to Eq. (5)
as follows:
⎧

⎪

⎨

⎪

⎩

(−𝑓1 + 𝑓2 + 𝑓3 − 𝑓4)⋅𝑐𝑜𝑠𝜃 = 𝐹 𝑥

(𝑓1 + 𝑓2 − 𝑓3 − 𝑓4)⋅𝑠𝑖𝑛𝜃 = 𝐹 𝑦

(−𝑓1 + 𝑓2 − 𝑓3 + 𝑓4)⋅(𝑐𝑜𝑠𝜃 − 𝑠𝑖𝑛𝜃)⋅𝑑 = 𝐹 𝑦𝑎𝑤
(5)

𝑓1, 𝑓2, 𝑓3, and 𝑓4 are the thrusts produced by the four thrusters on the
XOY plane. Through observation, this equation system is found to be an
indeterminate system of equations. Set 𝑓4 as a free unknown number,
and the solution of the system of Eq. (5) can be obtained as Eq. (6), as
follows:
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑓1 =
1
2 ⋅(

𝐹 𝑦

𝑠𝑖𝑛𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 )

𝑓2 =
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 + 𝐹 𝑦

𝑠𝑖𝑛𝜃 )

𝑓3 =
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 )
𝑓4 = 0

(6)

𝑓1, 𝑓2, 𝑓3, and 𝑓4 solved in the above formula are not the optimal
control quantities for the robot’s underwater motion for two reasons.



P. Bao, Y. Hu, L. Shi et al. Biomimetic Intelligence and Robotics 2 (2022) 100067

i
m
w
t
c
t
m
z

t

E

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

t
t
i

𝑚

B
l
c
t
c

3

a
r

⎧

⎪

⎨

⎪

⎩

w
𝑍
r
t
o
b
a
r
g
t
c
h
c

t
r
a

a
t

⎧

⎪

⎨

⎪

⎩

First, 𝑓1, 𝑓2, 𝑓3, and 𝑓4 have negative numbers, and the thrusters
nstalled on the ASR-IV cannot produce reverse thrust. Second, since
ost of the robot’s power consumption is used to operate the thrusters
hen the robot is moving in the water, it is necessary to reduce the

hrust of each thruster as much as possible to minimize this power
onsumption. Reduced power consumption, load on circuit parts and
hrusters, failure rate, and negative impacts of nonlinearity on the robot
otion control due to the thruster approaching the thrust saturation

one can all be achieved by reducing the thrust of the thrusters.
Eq. (6) must be adjusted to obtain the optimal control amount of

he robot underwater. Therefore, 𝑓0 is constructed as shown in Eq. (7):

𝑓0 = 𝑚𝑖𝑛

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
2 ⋅(

𝐹 𝑦

𝑠𝑖𝑛𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 )
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 + 𝐹 𝑦

𝑠𝑖𝑛𝜃 )

𝑓3 =
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 )
0

⎫

⎪

⎪

⎬

⎪

⎪

⎭

(7)

q. (6) can be transformed into Eq. (8) as follows:

𝑓1 =
1
2 ⋅(

𝐹 𝑦

𝑠𝑖𝑛𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 ) − 𝑓0

𝑓2 =
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 + 𝐹 𝑦

𝑠𝑖𝑛𝜃 ) − 𝑓0

𝑓3 =
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 ) − 𝑓0
𝑓4 = −𝑓0

(8)

To obtain the optimal solution of thrust, it is necessary to minimize
the maximum value of 𝑓1, 𝑓2, 𝑓3, and 𝑓4 to obtain the minimum
hrust combination and successfully reduce the power consumption of
he robot’s underwater motion control. Therefore, the free unknown 𝜃
n Eq. (8) can be transformed into Eq. (9) as follows:

𝑖𝑛𝑖𝑚𝑖𝑧𝑒

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑚𝑎𝑥

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
2 ⋅(

𝐹 𝑦

𝑠𝑖𝑛𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 ) − 𝑓0
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 + 𝐹 𝑦

𝑠𝑖𝑛𝜃 ) − 𝑓0
1
2 ⋅(

𝐹 𝑥

𝑐𝑜𝑠𝜃 − 𝐹 𝑦𝑎𝑤

𝑐𝑜𝑠𝜃−𝑠𝑖𝑛𝜃 ) − 𝑓0
−𝑓0

⎫

⎪

⎪

⎬

⎪

⎪

⎭

⎫

⎪

⎪

⎬

⎪

⎪

⎭

(9)

ecause of the unusually complex nature of Eq. (9), it might be chal-
enging to calculate its analytical solution using standard derivative
omputation techniques. The numerical calculation method can be used
o solve the approximate solution of 𝜃 iterative calculation under the
ondition of controllable error.

.3. 𝑍 Axis motion control

Establish the model shown in Fig. 7 to represent the thrust gener-
ted by the thruster on the 𝑍-axis. Eq. (10) illustrates the mechanical
elationship derived from the graphical model:

𝑓1𝑧 + 𝑓2𝑧 + 𝑓3𝑧 + 𝑓4𝑧 = 𝐹 𝑧

𝑓1𝑧 − 𝑓2𝑧 − 𝑓3𝑧 + 𝑓4𝑧 =
𝐹 𝑝𝑖𝑡𝑐ℎ

𝑑
𝑓1𝑧 + 𝑓2𝑧 − 𝑓3𝑧 − 𝑓4𝑧 =

𝐹 𝑟𝑜𝑙𝑙

𝑑

(10)

here 𝐹 𝑧, 𝐹 𝑝𝑖𝑡𝑐ℎ, and 𝐹 𝑟𝑜𝑙𝑙 represent the thrust of the robot along the
-axis direction, the torque rotating around the 𝑌 -axis, and the torque

otating around the 𝑋-axis, respectively. 𝑑 represents the distance from
he far end of the thruster to the robot’s center of mass. A stable value
f 𝑑 is used to simplify the equation because the change in 𝑑 caused
y the rotation of the robot driving leg is minimal. 𝐹 𝑝𝑖𝑡𝑐ℎ and 𝐹 𝑟𝑜𝑙𝑙

re the respective control variables of the pitch and roll angles of the
obot moving in the water. Practically, because the robot’s center of
ravity and center of buoyancy are on the same vertical line, with
he center of gravity located below the center of buoyancy, the robot
an automatically stabilize the pitch and roll angles and maintain a
orizontal posture. Therefore, the control model can ignore the power
onsumption of the robot’s underwater motion, implying that 𝐹 𝑝𝑖𝑡𝑐ℎ = 0
5

Fig. 7. 𝑍-axis motion model. Where 𝐹1, 𝐹2, 𝐹3, and 𝐹4 are the total thrust generated
by the robot’s four thrusters. 𝑓 𝑧1 , 𝑓 𝑧2 , 𝑓 𝑧3 , and 𝑓 𝑧4 are the component forces of the total
hrust generated by the robot’s four thrusters in the 𝑍-axis direction, and the thrust
eceived by the robot in the 𝑍-axis direction is its reaction force. 𝛼1, 𝛼2, 𝛼3, and 𝛼4
re the angles between the robot’s four thrusters and the XOY plane.

nd 𝐹 𝑟𝑜𝑙𝑙 = 0. Therefore the system of Eqs. (10) can be simplified into
he following system of equations:

𝑓1𝑧 + 𝑓2𝑧 + 𝑓3𝑧 + 𝑓4𝑧 = 𝐹 𝑧

𝑓1𝑧 − 𝑓2𝑧 − 𝑓3𝑧 + 𝑓4𝑧 = 0
𝑓1𝑧 + 𝑓2𝑧 + 𝑓3𝑧 + 𝑓4𝑧 = 0

(11)

Similar to the XOY plane motion control model, it is necessary to
minimize

{

𝑓 𝑧1 , 𝑓
𝑧
2 , 𝑓

𝑧
3 , 𝑎𝑛𝑑𝑓

𝑧
4
}

to prevent the thruster from entering the
thrust saturation zone.

𝑓 𝑧1 = 𝑓 𝑧2 = 𝑓 𝑧3 = 𝑓 𝑧4 = 1
4
𝐹 𝑧 (12)

3.4. Fuzzy PID controllers design

To realize the independent control of the robot’s X, Y, and Z
axes in a three-dimensional space, the robot’s underwater motion con-
trol quantity must fall at a point in the vector space composed of
[𝐹1, 𝐹2, 𝐹3, 𝐹4, 𝜃, 𝛼1, 𝛼2, 𝛼3, 𝑎𝑛𝑑 𝛼4]. From Eqs. (3) and (12), the final
output control quantity of the underwater robot’s three-dimensional
motion control algorithm is given as follows:

𝐾 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢
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⎢

⎢

⎢

⎢

⎢

⎣

√

𝑓12 + (𝑓1𝑧)2
√

𝑓22 + (𝑓2𝑧)2
√

𝑓32 + (𝑓3𝑧)2
√

𝑓42 + (𝑓4𝑧)2

𝜃
arctan 𝑓1

𝑓1𝑧

arctan 𝑓2
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arctan 𝑓3
𝑓3𝑧

arctan 𝑓4
𝑓4𝑧

⎤

⎥

⎥

⎥
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⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(13)

Fig. 8 shows the structure of a fuzzy PID controller. The control
quantity is different when the four controllers are used to control the
robot’s motion on the X, Y, and Z axes, and the heading angle.

4. Experiments

We conducted underwater motion control experiments on the ASR-
IV spherical underwater robot platform to test the performance of the
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d

Fig. 8. Structure of the fuzzy PID controller. The control quantities are different when the controllers control the 𝑋-axis, 𝑌 -axis, 𝑍-axis, and heading angle. 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑 represent
the scale factor, integral coefficient, and differential coefficient, respectively.
1
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Fig. 9. Experimental environment. The pool has a water depth of 1 m and a global
camera is installed 3-m directly above the center of the pool. The size of the pool is
3 m × 2 m × 1.2 m.

Fig. 10. Result of yaw angle control experiment. ‘‘H’’ mode control algorithm has a
rise time of 𝑡𝑟1 = 1.12 s, peak time of 𝑡𝑝1 = 1.68 s, and no steady error, whereas the
ecoupling control algorithm has a rise time of 𝑡𝑟2 = 1.10 s, peak time of 𝑡𝑝2 = 1.69 s,

and no steady error.

decoupling control algorithm proposed in this study, and the exper-
imental results of the proposed algorithm were compared with the
underwater multimotion mode control algorithm under the same con-
ditions. This experiment was conducted in a pool of 3 m × 2 m ×1.2 m
(Fig. 9). The robot’s submergence depth in this experiment is 1 m,
where the actual design of the maximum submergence depth of the
robot is 3–4 m. The robot is identified and positioned through computer
vision algorithms and the coordinates of a two-dimensional plane are
calculated and recorded.

4.1. Yaw angle control experiment

The ASR-IV spherical underwater robot is equipped with a 3dm-gx4-
45 IMU from MicroStrain. The module has a built-in nine-axis sensor
 t

6

and uses the EKF algorithm to output the robot’s attitude estimation
value, which includes the robot’s heading angle. As an inertial device,
the cumulative error is inevitable, however, because the filter module
is preset in the selected model, the cumulative error is significantly
lower than it would be without the filter module. In addition, since
the total time of using IMU during the experiment process is short, the
cumulative error can be ignored and no additional filters are required to
minimize the error. The selected IMU model has a magnetic field sensor
that can calibrate the heading angle. However, because it is installed in
the robot’s geometric center and is close to the thruster, it is susceptible
to the magnetic interference of the thruster motor, which may result in
a heading angle measurement error. In the experiment, the calibration
function of the heading-angle magnetic field is turned off and the
initial value of the heading angle must be calibrated manually. The
experimental process is as follows:

First, subtract the initial value of the heading angle from the current
value to obtain the heading angle under the tank coordinate system.
Subsequently, the thrust of the robot’s X, Y, and Z axes in the still
water state is calculated using the PID algorithm. The initial expected
value of the heading angle is 0◦, whereas the expected value of the
heading angle is set as 90◦ in the 5th second. Then, the final output
control quantity, →

𝐾 , is calculated using the decoupling motion control
algorithm based on real-time attitude calculation, and the drive system
is controlled to output the corresponding angle and thrust. Finally,
record the experimental data and compare it with the ‘‘H’’ mode in the
multimotion mode control algorithm.

The analysis of the experimental results in Fig. 10 shows that
both methods do not have a steady error, and the ‘‘H’’ mode control
algorithm has a rise time of 𝑡𝑟1 = 1.12 s and a peak time of 𝑡𝑝1 =
.68 s, whereas the decoupling control algorithm has a rise time of
𝑟2 = 1.10 s and a peak time of 𝑡𝑝2 = 1.69 s. The results showed that the
erformance of the ‘‘H’’ mode control algorithm and the decoupling
ontrol algorithm alone in the heading angle control are consistent
hen measurement error and system noise are considered.

.2. Linear motion control experiment

In the linear motion control experiment, two mutually perpen-
icular linear paths are set for the robot. The first section is from
oint A (0.45 m, 0.1 m) to point B (0.45 m, 1 m), while the second
ection is from point B to point C (3 m, 1 m). The robot’s motion
rajectory and heading angle information are recorded using the camera
bove the pool and the motion trajectory error is calculated. The
xperimental results of the decoupling control algorithm based on real-
ime attitude calculations are compared with those of the multimotion
ode control algorithm. Fig. 11 shows the process of the two sets of

xperiments. Fig. 11(a) and (b) respectively show the trajectory data
nd experimental error data of the two methods.

The robot goes through the entire range in 15 s when using both
lgorithms. The robot uses the ‘‘H’’ motion mode in the AB section
nd the ‘‘X’’ motion mode in the BC section when using the mul-
imotion mode control algorithm. The motion trajectory reaches the
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m
t

Fig. 11. Results of linear motion control experiment. The robot uses the ‘‘H’’ motion mode in the AB section and the ‘‘X’’ motion mode in the BC section when using the
ultimotion mode control algorithm, and the maximum error of the motion trajectory is 0.19 m. When using the decoupling control algorithm, the maximum error of the motion

rajectory is 0.1 m.
Fig. 12. Results of the rectangular motion control experiment. The maximum trajectory error is 0.23 m when using the multi-motion mode control algorithm. The maximum error
of the decoupling motion control algorithm is 0.14 m and the heading-angle fluctuation is smaller than that of the multimotion mode control algorithm.
maximum at the inflection point B attachment, with a maximum error
of 0.19 m. When using the decoupling control algorithm, the robot
adjusts the layout and thrust of the four composite driving legs in
real-time based on the current position, and the motion trajectory’s
maximum error is 0.1 m. Experimental analysis shows that the spher-
ical underwater robot’s real-time attitude calculation and decoupling
control algorithm proposed in this study significantly improved control
accuracy compared with the multimotion mode control algorithm.

4.3. Rectangular motion control experiment

The rectangular motion is a sequence combination of linear motion
and heading-angle control. In the rectangular motion control experi-
ment, four target points were set for the robot, such as A (0.4 m, 0.4 m),

B (0.4 m, 2.6 m), C (2.6 m, 1.6 m), and D (0.4 m, 1.6 m). Let the robot

7

keep moving in a straight line through the four points ABCD and keep
the robot facing the target direction. Record the robot’s motion trajec-
tory and heading angle, and conduct a comparative analysis of the two
algorithms. Figs. 12(a) and (b) show the motion control trajectory and
motion control error, respectively. The robot completes the full range in
about 30 s. The maximum trajectory error when using the multimotion
mode control algorithm is 0.23 m. The position of the maximum error
is consistent with the linear motion experiment because the trajectory
turning point must be controlled by the heading angle to correct the
lateral drift, which appears near the inflection point where the heading
angle changes dramatically, as shown in Fig. 12(c). Combined with
the results of the straight-line experiment, this control method can
achieve a steady state during straight-line motion. However, the control
quantity did not reach the expected value within 7.5 s after turning 90◦.

We can infer that the steady state was not precisely realized.
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Fig. 13. Results of orientation experiment. The orientation experiment cannot be accomplished with the multimotion mode control algorithm. The experiment can be accomplished
using decoupling control, with a maximum trajectory control error is 0.07 m.
The maximum error of the decoupling motion control algorithm
is 0.14 m and the heading-angle fluctuation is minimal. Therefore,
the experimental comparison demonstrates that the control system’s
steady-state time is longer and its resistance to abrupt change variables
is weak. The overshoot is larger, the rise time is longer, and the
steady time is longer compared with the decoupling algorithm. The
experiments prove that the decoupling motion control algorithm is
superior.

4.4. Orientation experiment

A circular trajectory with a center at (1.5 m, 1 m) and a radius
of 0.7 m was set for the robot in the orientation experiment, and the
actual trajectory and heading angle change of the robot were recorded.
Fig. 13(a), (b), and (c) show the motion trajectory, control error,
and heading-angle change, respectively, during the experiment. The
experimental results show that the maximum trajectory control error
is 0.07 m and the robot maintains a constant speed motion, while its
heading angle keeps changing at a constant speed, and its head always
points toward the center of the circle.

5. Conclusion

This study realizes the objective of replacing divers with spheri-
cal underwater robots to achieve autonomous operations in offshore,
shallow water, and narrow terrain, as well as to improve the au-
tonomous movement capabilities of spherical underwater robots. An
ASR-IV spherical underwater robot platform is used in this study to
investigate a decoupling control algorithm suitable for underwater
environments and embedded platforms. First, the kinematic modeling
of the spherical underwater robot is completed, and the model con-
structs the mathematical relationship between the speed, acceleration,
and three-dimensional thrust of the propeller in the three-dimensional
underwater movement process. Then, the robot’s underwater X, Y, and
Z axes motion, and heading-angle control are decomposed into four
independent control variables based on the kinematic model using
a set of control strategies for real-time calculation of the propeller
8

attitude layout. Consequently, the coupling relationship between each
movement direction is broken. Further, four independent fuzzy PID
controllers designed to realize real-time independent control of the
robot’s movement in four directions are achieved.

Experimental results show that the proposed algorithm achieves a
linear motion control with a maximum error of 0.1 m and a control
accuracy increase of 47.4% compared with the multimotion mode al-
gorithm. In addition, it performs a rectangular motion with a maximum
error of 0.14 m and increases control accuracy by 39.1% compared
with the multimotion mode algorithm. Further, the proposed algorithm
can control the directional target orbiting motion, which cannot be per-
formed by the multimotion mode control algorithm, with a maximum
control error of 0.07 m. The experimental results prove that the pro-
posed algorithm has higher accuracy and flexibility when controlling
the motion of spherical underwater robots.
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