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Abstract

We proposed and developed a small bionic amphibious spherical robot system for tasks such as coastal environment monitoring and
offshore autonomous search and rescue. Our third-generation bionic small amphibious spherical robots have many disadvantages, such as
the lack of maneuverability and a small operating range. It is difficult to accomplish underwater autonomous motion control with these
robots. Therefore, we proposed a fourth-generation amphibious spherical robot. However, the amphibious spherical robot developed in this
project has a small and compact design, with limited sensors and external sensing options. This means that the robot has weak external
information collection capabilities. We need to make the real time operation of the robot’s underwater motion control system more reliable.
In this paper, we mainly used a fuzzy Proportional-Integral-Derivative (PID) control algorithm to design an underwater motion control
system for a novel robot. Moreover, we compared PID with fuzzy PID control methods by carrying out experiments on heading and turning
bow motions to verify that the fuzzy PID is more robust and exhibits good dynamic performance. We also carried out experiments on the
three-dimensional (3D) motion control to validate the design of the underwater motion control system.
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1 Introduction

Amphibious robots have developed rapidly since
first appearing. Such robots can be used to accomplish
many types of missions, such as maritime search and
rescue, monitoring of coastal transitional and marine
biological environments, and long-term monitoring of
marine organisms''!. To accomplish a variety of mis-
sions, excellent motion control is required for these
robots® . The motion control of amphibious robots
requires very wide-ranging knowledge, which is the key
to the multidisciplinary research necessary for devel-
oping this type of robot technology. For example, dy-
namics calculations, path planning, optimal control,
information fusion, vision, communication and naviga-
tion skills are required. The main difficulty with respect
to the underwater motion control of amphibious robots is
that the robot works underwater, where disturbances in
the water and the influence of various uncertainties
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make it difficult to build a motion control systems for
[5-7]
robots™ .

Nature’s evolution has introduced highly efficient
biological functions and mechanisms. Using this ap-
proach, a number of new application areas have re-
cently received significant interests in the robotics

8-12
I Recently, many researchers have

community’
focused on amphibious robots. For example, Case
Western Reserve University and Naval Postgraduate
School designed the Whegs series in the shape of a
cymbal. Amphibious robots can adapt to all ter-

(13141 "Tokyo Institute of Technology designed an

rains

amphibious snake-shaped robot named ACM-R5!",
which features a multi-joint modular design with the
same structure for each joint and a separate control unit
for movement on land and in water. However, the robot
is not able to achieve autonomous movement in water.
An amphibious autonomous robot, AQUA, was pro-

]

posed[s’”’. Rotundus AB designed an amphibious
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spherical robot named Groundbot, which was pro-
posed as an alternative design for a Mars rover.
Groundbot is driven by a pendulum and is capable of
navigating rough outdoor terrains at speeds of up to 3
m-s”' and climbing slopes of up to 15° — 18°'"). Ye ez al.
developed an amphibious spherical robot called BY SQ,
and a motion control system with visual feedback is
proposed"'®. Yin et al. developed an amphibious robot
named Chigon. The robot uses Central Pattern Gen-
erator (CPG) to generate gait control signals and
ADAMS simulation software to analyze the charac-
teristics of the motion of the robot, and model and
optimize its structure!'”). A salamander-like amphibi-
ous robot named Salamandra Robotica I and its im-
proved model named Salamandra Robotica IT were
designed”. The robot simulates the motion mecha-
nism of the salamander and uses CPG control algo-
rithm for motion control. However, the robot cannot
achieve flexible movement in the water'?**'!. Ding et
al. developed a multimodal amphibious robot!?.
Zhang et al. developed an amphibian robot named
AmphiHex-1*!. Cui er al. proposed and designed an
amphibious robot called AmBot, which was used to
monitor the ecology of the Swan-Canning estuary'>*.
Vogel et al. developed an amphibious robot named
RoboTerp). Kim et al. developed a six-legged am-
phibious robot that simulates a caterpillar lizard***"!,
Scaradozzi et al. proposed a hybrid propulsion un-
derwater research vehicle!*®!,

In the case of underwater spherical robots: Man-
chester University (UK) developed two underwater
spherical robots named MK-V and MK-VI. This series
of robots is mainly used to monitor nuclear storage tanks
and sewage treatment equipment. After implementing
step-by-step updates and improvements to the me-
chanical design of these robots, the robot team instigated
related research designed to improve the motion control

[29,30

of underwater spherical robots***". Kaznov er al. de-

veloped an amphibious spherical robot named
GroundBot"!. Satria ef al. developed an amphibian
spherical robot named Salamander®”. Guo et al. de-
veloped an underwater spherical robot named SUR-II.
The robot performs underwater vector water-jet propul-
sion through three water jet motors and is equipped with

a microelectromechanical systems (MEMS) sensor, a

pressure sensor and so on. The speed of the underwater
. -1 . .
movement is 0.4 m-s *, and zero-radius rotation can be

33,34] . . [35-42]
. In our previous studies , an am-

realized!
phibious spherical robot was developed.

The above-mentioned robots all have the short-
comings of not being able to move freely on both land
and water. There is no barrier to walking on land, which
is not equivalent to any motion in water; underwater
motion remains challenging. Most of these robots have
low autonomy and most use remote controls, or are still
being simulated. Therefore, we developed an amphibi-
ous spherical robot with high mobility, concealment, and
adaptability, among other advantages. We adopted a
hybrid drive mechanism to accomplish motion control in
the amphibious environment. The hybrid drive mecha-
nism includes mechanical legs and water-jet thrusters.
There are various control algorithms for robots. Com-
mon ones are CPG, PID control, fuzzy control, neural
network control, adaptive control, and sliding mode
control. The control algorithm of existing works ana-
lyzed the dynamic and kinematic models to specify
transitions from one steady-state motion to another.
However, the subjects of all of these studies were either
amphibious robots that were not spherical, or amphibi-
ous spherical robots that move by rolling. Thus, we
cannot use any of the proposed control strategies with
our amphibious spherical robot because it is driven by a
compound drive mechanism with both legs and
water-jets.

Then, we developed an amphibious spherical robot,
named robot III. The structure of the robot is shown in
Fig. 1a. The mechanical structure of the robot has many
disadvantages, such as insufficient underwater thrust,
slow movement speed, poor waterproof performance,
wireless control limited to the surface of the water, low
control precision, and lack of capacity for 3D motion
control underwater. For example, the thrust of the wa-
ter-jet thruster is only 83 mN, and the maximum speed of
the robot is only 0.1 m-s . It is difficult to realize an un-
derwater motion control system if we use this type of
thruster with a small thrust. The maximum dive depth of
the robot is 3 m. We adopted a wireless debugging
method, but this cannot be used underwater. The under-
depth (depth of sight) of the
third-generation robot can only be measured to within

water camera
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Fig. 1 Amphibious spherical robot. (a) Amphibious spherical robot III; (b) amphibious spherical robot I'V.

small. The
third-generation robot hardware circuit control system

0.5 m and the working range is

has serious heat dissipation issues, high power con-
sumption, a lack of strong electrical isolation, and
wireless signal instability.

The robot III adopted PID controller to implement
walking motion on land and yawing motion in water.
However, the yawing angle error is very large, and the
robot can only implement one DOF motion in water by
adopting PID
problems, in this paper, we improve the mechanical

controller. To solve the above
structure and debugging method with robot IV, design
fuzzy PID controllers, and implement 3D underwater
motion.

The remainder of this paper is organized as follows:
in section 2, we describe our advanced robot design, the
wheel-legged water-jet composite driving mechanism,
and the electrical system for delivering either strong or
weak power. In section 3, we present and simplify
kinematic models of the robot, using the results of thrust
experiments with a water-jet thruster as a reference for
the robot’s vector control. In section 4, we introduce the
principle of fuzzy PID and explain how to design fuzzy
PID controllers. In section 5, we describe our forward
motion, heading angle control, and depth determination
experiments. The underwater 3D experiments enabled us
to verify that the designed algorithm is a good solution
for underwater 3D motion control. We conclude the
paper in section 6.

2 The new generation robot and control
method

2.1 The mechanism

To solve some problems of current amphibious
robots and robot III, we aimed to optimize the me-
chanical structure of robot III. We designed a new
water-jet thruster with a maximum thrust of approxi-
mately 2 N, and the maximum speed increased to 1 m-s .
We also used Acrylonitrile-Butadiene-Styrene (ABS) in
the design of the spherical shell. The maximum dive
depth of the robot was increased to 10 m. We also used
an optical fiber plug and cables to implement commu-
nication between the robot and the ground station, al-
lowing us to debug the robot when underwater. The
fourth-generation robot uses a binocular camera, which
can determine the 3D spatial position information of
objects to within 5 m in the land field of view and
measure over a wider range. The structural explosion
diagram of robot IV is shown in Fig. 1b.

A significant feature of our robot is the hybrid drive
system, as shown in Fig. 2. The robot has four legs, and
each leg had two servos and one water-jet thruster. The
robot can walk on land with these legs, and can swim
underwater using the water-jet thruster.

2.2 The electronic circuit
The hardware circuit system of the third-generation
robot also has many disadvantages. For example, the
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circuit radiates significant heat, and does not allow for
the collection of depth information. We improved the
underwater motion control system by upgrading the
hardware circuitry and mechanical structure. In the case
of the hardware circuit, we used strong and weak elec-
trical isolation to ensure safety of the robot’s circuitry.
We used a high-precision depth sensor so that we could
control the depth of the robot, etc. As a power supply, the
amphibious spherical robot IV contains three batteries,
one of which provides power to the control center and
sensor. The other two batteries provide power to the
servos and thrusters. We used a TK1 (Nvidia) for the
robot control center. The TK1 can receive data directly
from the camera and hydrophone. However, the TK1
does not have interfaces for its depth sensors, or for
control of the warning Light-Emitting Diode (LED). To
receive data from the depth sensors and control the
warning LED, we used a middle control board —
STM32F103. The TK1 can communicate with the
STM32 via a USB to UART module. The servo control
board is controlled by the TK1 via the UART, and can
receive commands from the TK1 and send instructions
to the servos and thrusters. In this way, the robot can
walk on land or swim in water. The entire electronic
circuit can be described intuitively, as shown in Fig. 3.

2.3 Kinetics analysis

To fabricate a 3-D underwater motion control sys-
tem, it is necessary to fully understand the kinetics of the
robot. We focus on practical applications, not the deri-
vation of mathematical formulas, in this paper. The ki-
netic model of the robot consists of rigid body forces and
their moments, as well as hydrodynamic forces and their
moments. If the underwater environment is stationary,
then the kinematic equation can be written as:

T=Mpy+ M )W+(Coy M)+ C, () v+

(D, +D,(v))v+g(O), )

where Myg is the mass matrix, My is the additional mass
matrix, Cgg (v) is the Coriolis force matrix, Ca (v) is the
Coriolis matrix, D, is the linear damping matrix, Dq (v)
is the nonlinear damping matrix, g (&) is the restoring
force and moment, and zis the control vector.

From this model, it is clear that the robot
is a nonlinear system. The most commonly used PID

(a) ®)
Fig. 2 The motion mode of amphibious spherical robot IV. (a)
Land mode; (b) underwater mode.

algorithm cannot meet our accuracy requirements,
which need to take the underwater motion of the robot
into account.

2.4 Fuzzy PID

We can see from 2.3 that the kinetics model of the
robot is nonlinear. Traditional control method such as
PID cannot be applied to these kinds of system. However,
intelligent control methods, such as neural networks,
have some disadvantages, such as slow convergence and
long training times. If we waste too many resources on
controlling the robot, then we will not have enough re-
sources for the visual system, because image processing
requires a lot of time and resources. Hence, we need a
control method that is appropriate for a nonlinear system,
but has good real-time and reliability properties. The
fuzzy PID control method has good robustness in
nonlinear systems, as well as good real-time and reli-
ability properties. A block diagram of a fuzzy PID con-
trol system is shown in Fig. 4.

A fuzzy PID controller involves the following
processes: First, it fuzzifies the system input; then, we
obtain the PID offset by fuzzy inference and defuzzifi-
cation, and update the PID parameters; finally the ac-
tuator is operated through the PID controller.

3 Experiments

3.1 Land motion experiments

In the closed loop control of the robot’s land motion,
the heading angle obtained by the JY901 module is used
as feedback. When there is an error in the direction of
motion, the robot needs to adjust the heading
direction through the steps of the mechanical legs on
both sides.
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Fig. 3 The motion of amphibious spherical robot IV.
e 3.2 Forward motion experiment in water
rt) + e(?) L Fuzzy PID R .
4 lec controller In this section, we use the example of the am-
- “ar phibious spherical robot IV undergoing underwater
K K; K . . . ..
? ¢ forward motion to introduce the basic principles of the
PID controller fuzzy PID control method. First, the robot collects
MEMS sensor data and the robot’s real-time heading
Sensor - Actuator angle, y;, is obtained. Then we subtract the setpoint

Fig. 4 Block diagram of a fuzzy PID controller.

Fig. 5 shows the experimental results of amphibi-
ous spherical robot III. In the experiment of tracking the
heading position, the four red asterisks “vx” are the four
heading points, and the blue line is the reference track.
The positioning system based on the global camera re-
cords the trajectory of the robot. Through the analysis of
robot tracking results, the maximum deviations of
closed-loop PID tracking and open-loop control tracking
are 7 cm and 10 cm, respectively, and the average de-
viations are 3.42 cm and 4.16 cm. Compared with the
open-loop trajectory results, the maximum deviation and
average deviation of PID closed-loop tracking decreased
by 30% and 17.9%, respectively.

value, s, from the current heading angle y; to obtain the
input error value, ei, and then subtract the previous error
value, e;1, from the current error, ¢;. Hence, we obtain
the current error change, Ae;, the error, e;, and the varia-
tion in the error, Ae;, and use these values as the input to
the fuzzy PID controller. After the fuzzy PID controller
completes its calculation, we obtain the control quanti-
ties for the four water spray motors, which specify how
to vary the spray from the four water spray motors. The
water speed value controls the direction of the move-
ment of the robot through the vector spray of the four
water spray motors. Other types of motion that are
similar to the forward motion are not described here.
First, we carried out a forward motion experiment with
our amphibious spherical robot, controlled with a fuzzy
PID control algorithm in a static water tank in the labo-
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ratory, and used the motion control system to advance
the robot by about 2 m in the pool. As shown in Fig. 6,
we ensured the accuracy of the experimental results by
repeating the forward motion experiment more than
15 times and averaging the final experimental results.
Figs. 6a — 6d show the forward motion experiment. Each
image is from a video of the robot. The video was re-
corded by a camera installed above the pool. In the fig-
ure, the red line represents the direction of the robot’s
motion, which is also the direction of its head. We can
see from Fig. 6 that the robot moves about 2 m between
Fig. 6a and Fig. 6d, which takes about 15 s. Fig. 6 shows
the results of the forward motion experiment, with the
motion controlled by the PID controller. Fig. 7 shows the
robot’s forward motion when controlled by a fuzzy PID
controller.

Fig. 8 shows the relationship between the forward
movement of the robot and the heading angle, based on
the fuzzy PID control algorithm and the PID control
algorithm.

Compared with Groundbot robot and AQUA robot,
these two amphibious robots adopted open loop control,
which could not implement high precision of motion
control. The robot III adopted PID controller to imple-
ment walking motion on land and yawing motion in
water. So, we compare the experimental results of the
fuzzy PID control algorithm to the PID control algo-
rithm. When the robot moves forward in a straight line,
the maximum error of the PID control algorithm is ap-
proximately 8.45°, while the maximum error of the
fuzzy PID control algorithm is approximately 2.65°.
From Fig. 8, we can see that the PID control algorithm
slowly converges to the desired value. Though it is not
good to converge to the desired the value, the conver-
gence speed of the fuzzy PID control algorithm is fast,
and the error remains small. We can also see that
the fuzzy PID control algorithm performs better than the

PID control algorithm, with less error. In addition,
we also compute the mean square errors in the forward
motion experiments. The mean square error is 0.8884°
for the fuzzy PID control algorithm in this paper, while
that is 10.8607° for the PID algorithms.

3.3 Turn bow motion experiment

In an experiment on the transition motion of the
amphibious spherical robot, first, the robot heads
straight for 80 cm, then turns 90° and heads straight

ool T T T T T T T ™
C (130, 90)
8ol D (20, 90) |
* Heading position
60 Desired 7
g — PID
= = Without PID
40 -
20 E
A (20, 20) B (130, 20)
0 1 1

020 40 60 80 100 120 140 160
x (cm)

Fig. 5 The performance of the PID algorithm in the land motion
experiments.

© (d)

Fig. 6 PID-based forward motion experiment. (a) 0 s; (b) 5 s; (c)
10s;(d) 15s.

(d

Fig. 7 Fuzzy- PID-based forward motion experiment in water. (a) 0 s; (b) 5's; (¢) 10s; (d) 15 s.

@ Springer



Shi et al.: A Fuzzy PID Algorithm for a Novel Miniature Spherical Robots with

again, for another 120 cm. Fig. 9 shows the results of the
PID-based transition motion experiment. To ensure the
accuracy of the experimental results, we repeated the

Three-dimensional Underwater Motion Control 965
10
8 "
—— FuzzyPID
ol —PID
=== Desired

transitional motion experiment more than 15 times and
averaged the results. Figs. 9a — 9d show the results of the
transition experiments. Each picture shows the motion
of the robot at different times. We can see from Fig. 9
that the robot completes the transition motions shown in
Figs. 9a — 9d in about 16 s. Fig. 10 shows the robot’s
forward motion when controlled using the fuzzy PID
controller.

Fig. 11 shows the relationship between the rec-
tangular motion of the robot and the experimental
time-heading angle diagram when controlled by the
fuzzy PID control algorithm and the PID control algo-
rithm under hydrostatic conditions. As shown in Fig. 11,
the robot adopts the rise time of the PID control algo-
rithm during the transitional motion; the rise time of the
fuzzy PID control algorithm is equal to the peak times of
the standard and fuzzy PID control algorithms. Fig. 11
shows that the speed of the PID control algorithm con-
verges slowly to the expected value. However, the con-
vergence speed of the fuzzy PID control algorithm is fast,
and remains close to the expected value. The peak value
of the fuzzy PID algorithm is larger than that of the
standard PID algorithm. However, the fuzzy PID algo-
rithm responds and converges quickly. The fuzzy PID
controller is already stable by the time that the PID al-
gorithm reaches its peak. We can see that the fuzzy PID
control algorithm performs better than the PID control
algorithm even when the error is large, and the fuzzy
PID control algorithm has better dynamic performance
than the PID control algorithm.

3.4 3D motion experiment

We carried out a 3D underwater motion experiment
with the amphibious spherical robot: We allowed the
robot to travel in a straight line at a certain depth, then let
the robot turn through a right angle. Once the robot
reached a desired position, we moved it down towards a
specified depth range to complete the experiment.
Fig. 12 shows the results of the underwater 3D motion
experiment when controlling the robot with the fuzzy PID
algorithm. We ensured the accuracy of the experimental
results by repeating the experiment more than 15 times

Yawing angle error (*)

0 5 10 15
Time (s)

Fig. 8 Comparison between the performance of the fuzzy PID and

PID algorithms in the forward motion experiments.

(a) (b)

(©) (d)
Fig. 9 PID-based turn bow motion experiment. (a) 0 s; (b) 8 s; ()
12s;(d) 16s.

(@ (b)

() (d
Fig. 10 Fuzzy PID-based turn bow motion experiment. (a) 0 s; (b)
8s;(c)12s;(d) 16s.

and averaging the data. Figs. 12a — 12i show the results
of these experiments. Each picture shows the motion of
the robot at different times. We can see from Fig. 12 that
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Fig. 11 Fuzzy PID and PID algorithms for turn bow motion:
comparison of the experimental results.

the robot completed the underwater 3D motion experi-
ments shown in Figs. 12a — 12i in approximately 37 s.
Fig. 13 shows a video image captured by a camera in the
water during the period when the images shown in
Fig. 12 were captured.

Fig. 14 shows the relationship between the under-
water 3D motion of the spherical amphibious robot, the
time-heading angle diagram and the fuzzy PID control
algorithm under hydrostatic conditions. From Fig. 14,
we can see that when the robot is in the red section, it
moves in a line controlled by the fuzzy PID algorithm at
a constant depth, and then turns after traveling a certain
distance. The black section shows the expected value of
the heading angle, and the blue section shows the period
when the robot was not subject to heading control. Thus,
we can use this figure to determine the robot’s heading
when the depth is controlled.

Fig. 15 shows the time-depth relationship obtained
when the robot was controlled by the fuzzy PID control
algorithm under hydrostatic conditions. We can see that
when the robot is in the blue section, it travels in a line at
a constant depth, then turns and moves in a straight line
again. The red section shows the heading of the robot
when the robot is subject to depth control but without
heading control. The black section shows the expected
depth of the robot. Fig. 16 shows a 3D track result of
time-heading angle-depth value diagram based on fuzzy
PID control.

(€] (h) (@
Fig. 12 3D motion experiment with fuzzy PID control (pool
camera). (a) 0s; (b)4.5s;(c) 9s;(d) 13.5; () 18 s; (f) 22.5 55 (g)
27 s; (h)31.5s; (i) 37 s.

© m )

Fig. 13 3D motion experiment with fuzzy PID control (under-
water camera). (a) 0s; (b)4.5s;(c)9s; (d) 13.5s; (e) 18 s; (f) 22.5
s;(g) 27s; (h) 31.5s; (1) 37 s.

110
100

Yawing angle (*)
W
S

—— Fuzzy PID

20 —— No yawing control
10 === Desired
0
o 1 O 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 37

Time (s)

Fig. 14 Time-heading angle diagram obtained from the underwater
3D motion experiment with fuzzy PID control.
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0 5 10 15 20 25 30 3537
Time (s)

Fig. 15 3D motion experiment time-depth value diagram based on
fuzzy PID control.

4 Conclusion

In this paper, to solve some problems of current
amphibious robots and robot III, we improved the design
of our amphibious spherical robot, developed a
fourth-generation model and an underwater motion
control system based on a fuzzy PID algorithm. The
improvements to the design of the mechanical structure
mainly involved driving mechanism and waterproof
system. To solve the problems of heat dissipation issues
and high power consumption, we redesigned the robot
hardware circuit control system. Due to the real-time
nature of the motion control system, we also developed
an underwater motion control system based on a fuzzy
PID algorithm to increase the motion control precision.
We analyzed the kinematics and dynamics of the am-
phibious spherical robot by deriving a dynamic model of
the robot. We then compared the forward and transition
motions obtained using fuzzy and standard PID control
algorithms, and validated the design of the underwater
kinematic control system by carrying out experiments to
characterize the rectangular motion, depth and under-
water 3D motion control based on the fuzzy PID control
algorithm. For the 3D motion, the robot moved in a
straight line at a certain depth, then turned through a
right angle. Once the robot reached a desired position, it
dived towards a specified depth range. When the robot
moves forward in a straight line, the maximum error of
the PID control algorithm is approximately 8.45°, while
the maximum error of the fuzzy PID control algorithm is

approximately 2.65°. The mean square error is 0.8884°
for the fuzzy PID control algorithm in this paper, while
that is 10.8607° for the PID algorithms. The results of
these experiments show that the fuzzy PID algorithm is
more accurate and has better response characteristics
than the standard algorithm.
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