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With the construction of a large number of power plants along the river and the coast, more and more power plants have adopted
open water intake in the circulating water pool of the power plant and the number of underwater operations is increasing. In the
detection of complex underwater environments, underwater robots have been widely used as a kind of underwater intelligent
equipment. However, the current underwater robots generally have problems such as weak endurance, low intelligence, poor
detection ability, and large environmental disturbance. )e underwater robot designed in this paper is able to accomplish various
rotational and flat movement works in the water and also can realize the monitoring of the water environment. In this paper, the
underwater dynamic performance of the underwater robot is studied, the coordinate system and motion equation are established,
the hydrodynamic analysis is carried out, and the dynamic characteristics of the underwater robot are tested. )e experimental
results show that the underwater robot has achieved good results in underwater motion control and its dynamic performance,
showing the advantages of good robustness and accuracy, high control accuracy, and good dynamic characteristics.

1. Introduction

)e circulating cooling water of the condensers of thermal
power plants in coastal areas mostly uses seawater, and the
circulating water pool is used as the water intake for the
cooling water of the condensers of the power plants [1, 2].
Due to the complex marine environment, there are a series
of production difficulties [3, 4]. On the one hand, there are
many marine organisms. If the water intake of the cold
source of the power plant is invaded, the filter screen will be
blocked, and the condenser will lose a lot of cooling water.
Once the cooling source of the power plant is lost, it will
directly lead to the unplanned shutdown of the unit. In
recent years, there have been many serious incidents of
marine organisms attacking the cold source water intake of
the power plant in coastal power plants in China. On the
other hand, when the circulating water pump is repaired, it is
necessary to lift the large gate to isolate the circulating water
pump, but because the inlet gate cannot be closed tightly, the

isolation is not in place or cannot be effectively isolated
[5, 6]. Due to the limitation of the location, it is difficult to
effectively block the leakage of the inlet gate manually [7, 8].

Underwater robots have become an indispensable tool
for human exploration and development of the ocean and
are widely used in ocean development, underwater explo-
ration, underwater operations, underwater rescue, and other
fields [9–11]. Underwater robots can perceive the envi-
ronment, identify underwater objects, plan paths, avoid
obstacles autonomously, and complete underwater tasks
[12, 13]. )e application of underwater robots in the
complex underwater environment of circulating pools in
power plants can effectively solve difficult problems such as
underwater monitoring, maintenance, cleaning, and con-
struction of circulating pools [14–16].

)is paper focuses on the production problems such as
the difficulty of artificially plugging the leakage of the inlet
gate of the circulating pump room of the coastal power plant,
the difficulty and high risk of manual removal of debris in
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the trash rack at the water intake, and the lack of timely
artificial monitoring of marine life in the water intake, which
leads to the interruption of circulating water. An underwater
inspection robot for a circulating pool is developed to
monitor the underwater environment in real time and
maintain and repair the underwater equipment of the cir-
culating pool. )e underwater movement and operation of
the underwater robot are based on the underwater dynamics
model of the underwater robot. In order to establish an
accurate dynamic model, the main disturbance factors of the
underwater robot are deeply analyzed in this paper, and the
dynamic characteristics of the underwater robot are also
studied.

2. Underwater Robot System Design

2.1. Underwater Robot System Components. )e underwater
robot system designed in this paper can be divided into three
major components: the control system, the observation
system, and the carrier system. )e overall design of the
underwater robot is shown in Figure 1.

)e control system is a system that processes and an-
alyzes external information and can sense the underwater
environment through sensors [17–19]. )e underwater ro-
bot not only receives control commands in real time but also
feeds back relevant underwater information in real time
[20, 21]. )e underwater robot designed in this paper is a
cabled remote control type, which can realize the functions
of advancing, retreating, turning, observing, and underwater
grasping in the water.

)e observation system includes an underwater camera,
a depth gauge, and a robotic arm, which can transmit the
state of the underwater robot and the information of the
underwater environment to the man-machine system of the
ground station on the shore through the cable. )e operator
controls the underwater robot and the mechanical arm to
complete the required operations.

)e carrier system includes the shape structure of the
underwater robot, the sealed cabin, the floating body, the
propeller, the steering gear, and other hardware equipment
[22–24]. Among them, the sealed cabin is used to store the
electronic components of the underwater robot, including
the main control board, sensors, and other electrical com-
ponents. )e floating body is to provide buoyancy to the
underwater robot.)e propeller and the steering gear belong
to the power system. By controlling the speed and steering of
the motor, the propeller realizes the rotation and translation
of the fuselage, and the steering gear is mainly used for the
attitude adjustment of the underwater robot. )e technical
parameters of the underwater robot are shown in Table 1.

2.2. Mechanical Structure Design of Underwater Robots

2.2.1. Underwater Robot Body Structure and Architectural
Materials

(1) Overall Shape Design of Underwater Robots. Due to the
different purposes and working methods, the shape and
structure of underwater robots are very different.

Considering all aspects, the underwater robot designed in
this paper adopts the frame shape structure, which can
ensure navigation performance and reduce the resistance in
the water as much as possible during the navigation. At the
same time, the frame-shaped underwater robot can carry
more equipment, which is conducive to maximizing the use
of space, and it is convenient to adjust the center, buoyancy,
and resistance of the whole machine, as well as the assembly
and debugging of the underwater robot.

(2) Architectural Material Selection.. In the selection of the
overall architecture materials, after analyzing the advantages
and disadvantages of engineering plastics, aluminum alloys,
titanium alloys, and stainless steel and considering the actual
engineering complexity and the strength, stiffness, desig-
nability, manufacturability, economy, and corrosion resistance
of the materials, the stainless steel alloy material was used for
the underwater robot shape architecture designed in this paper.
)e stainless steel alloy material can effectively avoid corrosion
when the underwater robot works underwater for a long time,
while the stiffness and strength of the stainless steel alloy
material can effectively play a protective role. Of course, from
these two underwater bionic robots, we can also see that there
are two huge markets for the application of underwater robots
at present: the education industry and the fishing and animal
husbandry industry. A highly integrated, low-cost underwater
bionic fish needs to be designed urgently.

2.2.2. Shape and Material Selection of the Closed Cabin

(1) Shape Selection of the Closed Cabin. Because underwater
robots work underwater, they must use closed pressure
chambers to install electronic equipment to ensure that there
will be no leakage damage due to water pressure and corrosion.
)erefore, the cabin of the underwater robot should have
sufficient strength and reliable sealing. Underwater robots have
various cabin shapes. Considering that the cylindrical cabin can
effectively utilize the internal space of the cabin and facilitate
the placement of electronic components, the cylindrical cabin is
chosen as the sealed cabin in this paper.

(2) Material Selection for the Closed Cabin. )e working
environment of the underwater robot puts forward many
special requirements for the material of the cabin. Corrosion
resistance, strength, impact toughness, economy, etc. must
be considered when selecting the material of the cabin. In
addition, as part of providing buoyancy, the density of the
cabin material should not be too high. )rough the selection
and consideration of various materials, acrylic plastic is fi-
nally selected as the cabin.

(3) Sealing of the Cabin. After the underwater robot has
completed its underwater operations, it often needs to be
serviced, so the pressure-resistant compartment body must
have a removable head to allow for the assembly and removal
of the electronics inside the housing. A good seal should be
ensured between the detachable head and the cabin so that
the underwater robot does not leak, and the components and
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instruments in the pressure-resistant shell are not damaged.
In order to facilitate the assembly and disassembly of the
detachable head and ensure reliable sealing, a rubber O-ring
is used as the sealing element in this paper.

2.2.3. Floating Body Module Structure Design. )is paper
designs a cabled remote-controlled, floating underwater
robot. )erefore, in order to achieve the underwater sus-
pension control of the underwater robot with a small
propulsion force, and in the case of a power failure, the robot
can automatically float up and can be realized on the water
surface. To float autonomously to facilitate observation and
recovery by shore operators, it is necessary to provide
sufficient buoyancy for underwater robots. )e cabin of the
underwater robot will generate some buoyancy, but its own
buoyancy is far less than the gravity of the entire robot.
)erefore, it is necessary to arrange solid buoyancy blocks on
the underwater robot to provide most of the buoyancy for
the entire underwater robot, so as to ensure that the un-
derwater robot can sail in a suspended state in the water.

In order to ensure that the robot can float on the water,
according to the principle that the overall gravity to
buoyancy ratio of the underwater robot is designed to be 1 :
1.1, the floating body module needs to provide 65N of
buoyancy according to the calculation. In order to ensure the
stability of the underwater robot’s movement in the water,
the floating body module needs to be designed into a
symmetrical structure. Combined with the above-men-
tioned underwater robot body structure, this paper adopts 8
buoyancy modules, which are symmetrically placed on the
underwater robot. )e buoyancy module is made of foam
XPS specially used for mechanical architectural design
models. XPS foam is high-density foam with high

compressive strength and extremely low water absorption.
Its parameters are shown in Table 2. )e floating body
module is processed by an electrothermal cutting machine,
and there are two external dimensions. One is the floating
block installed on the four corners of the main body of the
underwater robot, and its size is 12 cm× 8 cm× 10 cm, and
the other is the floating block installed on the steering gear,
and its size is 10 cm× 6 cm× 5 cm.

2.2.4. Propulsion System Design. )e propellers used in this
paper all have the same performance. )e forward power of
the propeller is the same as the reverse power.)e positional
layout of the propellers is related to the motion performance
requirements of the involved underwater robots. In order to
ensure that the designed underwater robot has the functions
of advancing, retreating, turning, and lifting in the water,
this paper chooses to install four propellers to realize the
above functions.

In summary, the physical map of the underwater robot
designed in this paper is shown in Figure 2.

2.3. Design of the Electronic Control System for Underwater
Robots. )e hardware system of the electrical part of the
underwater robot can be functionally classified into un-
derwater robot power supply system hardware and under-
water robot control system hardware. )e control system
hardware is divided by location into three main parts: (1) the
ground station, including the remote control and computer;
(2) the body of the underwater robot with the controller; and
(3) the connection cable (the connection cable has a special
role, both as a power supply line and a signal transmission
line). )e hardware system block diagram of its electrical
part is shown in Figure 3. )e physical map of the ground
station, cable, and underwater robot is shown in Figure 4.

2.3.1. Underwater Robot Power Supply System. )e under-
water robot is connected to the battery on the shore
through a cable, and the battery can provide enough energy
for the underwater robot to complete the underwater work.

Video camera\Depth gauge 

Power module

Surface PC monitor

Surface controller

Operator instructions

Main controller of 
underwater robot

Propeller

Steering gear

Robotic arm

Underwater control system

Water 
control 
system

Figure 1: Underwater robot general design diagram.

Table 1: Technical parameters of the underwater robot.

Technical indicators Parameter
Speed 0.5∼1m/s
Size 0.45m× 0.45m× 0.2m
Diving depth 5m
Weight Approximately equal to 8 kg
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)e rated discharge voltage of the shore battery is 48 V, and
the electrical components in the underwater robot cabin
include control devices such as pixhawk2.4.8 flight control,
Raspberry Pi, and stm32 controller, as well as thrusters,
steering gears, and mechanical grippers. Different electrical
devices have different voltage requirements. If the 48V
power supply is directly supplied to the devices in the cabin,
it will cause damage to the electrical devices. )erefore, it is
necessary to use DC-DC to step down the 48 V voltage

differently. Considering the cost and the requirements of
the rated working voltage of the device, this product adopts
a three-stage step-down circuit, which first reduces the 48 V
to 24V and then uses the 24-12VBUCK circuit to reduce
the voltage to 12 V to provide power for the mechanical
claw. )e third-stage BUCK circuit is then used to reduce
the voltage to 6 V to supply power to the Raspberry Pi
controller, flight control, stm32 controller, and power
systems such as thrusters and steering gear.

Table 2: Performance index of XPS foam.

Compressive strength Density Water soluble Water absorption rate Color
350 kPa 40 kg/m3 Insoluble in water <1% Light yellow

Figure 2: Physical map of an underwater robot.
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Figure 3: )e hardware system block diagram of the electrical part of the underwater robot.
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2.3.2. Control Hardware System

(1) 4e Underwater Hardware Control Part of the Under-
water Robot. In order to better realize the stable and accurate
control of the underwater robot, this paper adopts the open-
source system scheme to construct the control system of the
underwater robot. )is paper adopts the Pixhawk-based
flight control and Raspberry Pi open-source system as the
control system of this underwater robot. At the same time, in
order to improve the accuracy of the control of the un-
derwater steering gear, this paper uses the stm32 control
board and the Raspberry Pi controller to work together to
adjust the angle of the steering gear to balance the under-
water motion posture of the underwater robot.

(2) Cable. )e cable is the connection channel between the
underwater robot and the ground station on the shore. Be-
cause the transmission attenuation of the WIFI signal in the
water is large, the information collected by the underwater
robot cannot be effectively uploaded to the ground station.
)e control instructions issued by the operator at the ground
station are also difficult to be received by the underwater
robot, and the functions of the underwater robot in deep
water cannot be effectively realized, which affects the effect of
underwater operations. )erefore, this paper adopts the cable
as the channel of information transmission to facilitate the
exchange of information between underwater and water.

(3) Ground Station. As a water control system, the ground
station consists of electrical hardware: a remote control
handle and a man-machine interface. )e operator on the
shore controls the underwater robot through the computer
and the handle, realizes the underwater movement of the
underwater robot and the corresponding camera and
grasping functions, and understands the underwater in-
formation through the man-machine interface:

(1) Remote Control Handle. )e operator controls the
underwater robot through the remote control handle
of the ground station. )e command transmission of
the ground station and the information transmission of
the underwater robot are connected by cables
according to the TCP/IP communication protocol.
Issue attitude adjustment commands transmit infor-
mation to the underwater robot through the remote

control handle. Control commands transmit infor-
mation to the capsule’s controller via a connected cable.
)e controller transmits signals to the steering gear, the
thruster, and the mechanical arm through the interface
to realize the underwater attitude adjustment, move-
ment direction adjustment, and underwater operation
of the underwater robot.

(2) Human-Machine Interface. )e man-machine in-
terface of the ground station computer is the core of
the whole control system. Temperature (1) represents
the temperature in the electronic cabin, Temperature
(2) represents the temperature outside the electronic
cabin; Pilot Gain represents the thruster gear;
Voltage represents the current voltage.

2.4. Software System Design of Underwater Robots

2.4.1. Software System Design. )e purpose is achieved
according to the design function of the underwater robot.
Under the control of the ground station, the underwater
robot needs to complete the basic movements in the water
in four directions, the underwater observation of the un-
derwater camera, and the action of the mechanical claw and
other practical functions and transmit the underwater
information to the ground station to form visual data,
images or videos, etc., for the shore operator to analyze and
make decisions. Its software control block diagram is
shown in Figure 5.

2.4.2. Critical Process Software Flow. )is section shows the
software flowchart of the key processes as follows, as
shown in Figure 6, which is the flowchart of the human-
computer interaction unit designed in this paper. )e first
step is to link the server, complete the communication
between the underwater robot and the computer, and then
wait for the keys to be pressed. If the control key is
pressed, the control command is sent to the robot to
complete the corresponding action in the water and wait
for the next control command to come; if the control key
is not pressed, it enters the secondary interface while
returning to the line graph and waiting for the key to be
pressed again. It also waits for the information sent back
by the underwater robot sensors, stores the real-time
information sent back by the sensors locally, and refreshes
the HMI in real time to display the sensor information in
the HMI.

Figure 7 shows the flow chart of the underwater robot
sensor acquisition unit designed in this paper. Send the
settings to the UART0, 1, 2 serial ports through the internal
program, set the ADC acquisition and I2C, and complete the
initialization. Firstly, I2C is used to collect magnetometer
and gravitational acceleration, and ADC is used to collect
angular velocity to complete the motion control of the car.
At the same time, ADC is used to collect depth gauge and
temperature, which is sent to the computer through UART0
to determine whether the data is sent and trigger different
interrupts to complete corresponding control.

Figure 4: Physical map of the ground station, cable, and under-
water robot.
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Figure 5: Software system block diagram.
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3. Underwater Robot Dynamics Study

When the underwater robot operates autonomously under-
water, it uses the underwater robot as a carrier and is equipped
with various sensors and operating equipment. However, due
to the complex and changeable underwater environment and
the large number of interference sources, the force of the
underwater robot is complex, so the dynamic modeling of the
underwater robot is more difficult. In this paper, research work
has been carried out on the coordinate system of the under-
water robot’s dynamic system, the equations of the motion
system, and the hydrodynamic analysis.

3.1. Establishing the System Coordinate System of the Un-
derwater Robot. Taking the mechanical body of the un-
derwater robot as the research object, the spatial six-degree-
of-freedom nonlinear mathematical model of the under-
water robot is established according to the momentum
theorem under reasonable motion assumptions. In this
paper, the underwater robot dynamics modeling method
based on the Guttler equation is used to establish the ki-
nematics and dynamics model of the underwater robot.
Considering the rigid body dynamics of the underwater
robot and the influence of the underwater current on it, two
different coordinate systems are used. )e first is the inertial

coordinate system E − ξηζ. )e coordinate system is fixed
with the Earth and is used to describe the motion of the
underwater robot in space. )e second is the motion co-
ordinate system O − xyz. )e coordinate system is fixedly
connected with the underwater robot and is used to describe
the body motion of the underwater robot.

As shown in Figure 8, the x-axis points to the lon-
gitudinal axis of the underwater robot, the forward is
positive, the y-axis points to the starboard, the z-axis is
determined by the right-hand coordinate system, and the
O point coincides with the center of gravity of the un-
derwater robot. In the inertial coordinate system, the
origin E is fixed to the Earth, the E − ξ and E − η axes are
parallel to the horizontal plane, and the E − ξ axis points
to the center of the Earth and is perpendicular to the
horizontal plane. In the motion coordinate system, the
origin O is fixed to the robot, the O − x axis points to the
forward direction of the underwater robot, the O − y axis
points to the starboard side of the underwater robot, and
the O − z axis points to the bottom of the underwater
robot.

)e underwater robot has six motion postures, and the
motion of the underwater robot is a compound motion of
various motions. )e coordinate origin O is relative to the
speed V of the inertial coordinate system, the angular ve-
locity Q around the origin, the force F of the underwater
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Figure 7: Flow chart of the sensor acquisition unit.
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robot, and the torqueM of the underwater robot.)e inertial
coordinate system and the motion coordinate system are
transformed by three rotations:

ξ

η

ζ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

cosψ cos θ cosψ sin θ sinφ cosψ sin θ cosφ + sinψ sinφ

sinψ sin θ sinψ sin θ sinφ sinψ sin θ cosφ − cosψ sinφ

−sin θ cos θ sinφ cos θ cosφ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

x

y

z

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (1)

By inverse matrix transformation, we have

x

y

z

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

cosψ cos θ sinψ cos θ −sin θ

cosψ sin θ sinφ − sinψ cosφ sinψ sin θ sinφ − cosψ cosφ cos θ sinφ

cosψ sin θ cosφ + sinψ sinφ sinψ sin θ cosφ − cosψ sinφ cos θ cosφ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ξ

η

ζ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (2)

3.2. Establishing the Equation of Motion of the Underwater
Robot. Underwater robots are subjected to two types of
forces while moving. One is hydrodynamic, i.e., the force
exerted by the water on the robot during its navigation. )e
other type is hydrostatic force, which is the buoyancy and
gravity of the underwater robot in the water. Combined with
the theory of underwater fluid mechanics and rigid body
dynamics, the equation of motion of the underwater robot is
researched and established.

In the motion coordinate system of the underwater
robot, the force of the underwater robot is
F � [X, Y, Z, K, M, N]T, and the coordinates of the center of
gravity G of the underwater robot can be expressed as
RG � (xg, yg, zg)T. According to the theorem of underwater
hydrodynamics and velocity synthesis, the velocity VG of the
gravity center G of the underwater robot relative to the
inertial coordinate system is expressed as

VG � Vx + Vy × RG. (3)

Substituting it into the force formula of the underwater
robot, we can get

F �
dH

dt
� mR Vx + Vy × Vx + Vy × RG + Vy Vy × RG  . (4)

Here, H is the momentum of the underwater robot. By
solving the above formulas, three moving mechanics

equations of the underwater robot in the motion coordinate
system can be obtained.

X � mR u − vr + wq + zgq + zgpr − xgr
2

− xgq
2

 ,

Y � mR v − wr + ur + xgr − zg
p + zgqr + xgpq ,

Z � mR w − uq + vp − xgq + xgpr − zgp
2

− zgq
2

 .

(5)

)en, according to the momentummoment theorem, we
can get

MR �
dL

dt
� MG + RG × F. (6)

Here, MR is the external force moment received by the
origin E of the inertial coordinate system, and MG is the
external forcemoment received by the gravity centerG of the
underwater robot. In the inertial coordinate system, the
dynamic moment of the external force on the center of
gravity of the underwater robot is expressed as

LG � Ixgpξ + Iygqη + Izgrζ. (7)

Here, Ixg, Iyg, and Izg are the rotational inertia of the
external force on the three coordinate axes of the motion
coordinate system of the underwater robot.

According to the moment of inertia theorem, we can get

E
ξ

η

ζ

O

xy

z

Figure 8: Establishment of the underwater robot coordinate system.
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Ix � Ixg + mR y
2
g + z

2
g ,

Iy � Iyg + mR z
2
g + x

2
g ,

Iz � Izg + mR x
2
g + y

2
g .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(8)

Here, Ix, Iy, and Iz are the moment of inertia of the
external force on the three coordinate axes of the inertial
coordinate system. By solving the above formulas, three
rotational mechanics equations of the underwater robot in
the motion coordinate system can be obtained.

K � Ix
p + Ixzr + Izxp + Izr( q − Iyqr + mR −zgv + zg(wp − ur) ,

M � Iyq + Ixp + Ixzr( r − Izxp + Izr( p + mR zgu − xg w + zg(wq − vr) − xg(uq − vp) ,

N � Izx
p + Izr + Iypq − Ixp + Ixzr( q + mR xgv + xg(ur − wp) .

(9)

Here,m is the mass of the underwater robot, u, v, w, p, q,
and r are the speed and angular velocity of the six degrees of
freedom of the underwater robot, u, v, w, p, q, and r are the
underwater robot speed and angular velocity of the six
degrees of freedom, xg, yg, and zg are the coordinates of the
center of the underwater robot, X, Y, Z, K,M, and N are the
moments of the six degrees of freedom, and Ix, Iy, and Iz are
the underwater robot aroundmoments of inertia of the three
axes of the motion coordinate system.

3.3. Underwater Robot Hydrodynamic Calculation Analysis.
When the underwater robot moves underwater, the hy-
drodynamic forces it receives can be analyzed into three
parts, viscous hydrodynamics, inertial hydrodynamics, and
near-wall hydrodynamics. )e hydrodynamic model can be
expressed as

τh � τi + τv + τR. (10)

Here, τi is inertial hydrodynamic, τv is viscous hydro-
dynamic, and τR is near-wall hydrodynamic. )e near-wall
hydrodynamic force is the additional hydrodynamic force
generated by the wall obstruction effect when the under-
water robot is moving. )e near-wall hydrodynamic force is
a function of the speed of the robot and the distance from the
wall. In order to complete the inspection of the power plant
pool, the underwater robot often moves close to the wall. In
this process, the hydrodynamic force of the underwater
robot will be more complicated, not only by the longitudinal
resistance but also by the hydrodynamic force or moment
caused by the wall obstruction effect.)erefore, by obtaining
the hydrodynamicmodel of the underwater robot, this paper
studies and establishes the hydrodynamic equation of the
underwater robot.

In the underwater longitudinal plane, the force of the
underwater robot is decomposed into Fx

c and Fz
c . )erefore,

the force equation of the underwater robot in the underwater
longitudinal plane is expressed as

F
x
c � −

1
2
ρScV

2
ccos

2αc,

F
z
c � −

1
4
ρScV

2
c sin 2αc.

(11)

Because the angle of attack is αc � α1 + δc, where α1 is
approximately 0, so αc � δc. )e declination angle δc has a
smaller value, so there are cos δc � 1 and sin 2δc ≈ 2δc. After
simplification, the force equation of the underwater robot in
the longitudinal plane is

F
x
c � −

1
2
ρScV

2
c ,

F
z
c �

1
2
ρScV

2
cδc.

(12)

In the underwater lateral plane, the underwater robot
moves along the coordinate system, so the force equation of
the underwater robot in the underwater lateral plane is
expressed as

F
x
f �

1
4
ηsρSfV

2
f sin αf sin 2αf,

F
z
f � −

1
4
ηsρSfV

2
f cos αf sin 2αf.

(13)

Among them, α2 is relatively small, so there are cos α2 �

1 and sin 2αf ≈ 2αf. Because the angle of attack αf � α2 +

δf and α2 is relatively small, it can be simplified to
sin α2 ≈ α2 � (w + qLf)/V.

After simplification, the force equation of the under-
water robot in the lateral plane is

F
x
f �

1
2
ηsρSfV

2
f

w + qLf

V
 

w + qLf

V
+ δf ,

F
z
f � −

1
4
ηsρSfV

2
f

w + qLf

V
+ δf .

(14)
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)en, the hydrodynamic coefficient in the underwater
robot model is dimensionless, and the hydrodynamic
equation of the robot can be obtained.

Xh �
1
2
ρL

3
Xu
′u +

1
2
ρL

4
Xq
′q + τRx V, lw( ,

Yh �
1
2
ρL

3
Yv
′v +

1
2
ρL

2
Yp
′p + τRy V, lw( ,

Zh �
1
2
ρL

3
Zuu + Zw w(  +

1
2
ρL

2
Zq
′u2

+
1
2
ρL

2
Zw
′wu + τRz V, lw( ,

Kh �
1
2
ρL

4
Kv
′v +

1
2
ρL

5
Kp
′p +

1
2
ρL

3
Kv
′vu + τRk V, lw( ,

Mh �
1
2
ρL

4
Mu
′u +

1
2
ρL

5
Mq
′q +

1
2
ρL

4
Mq
′qu + τRm V, lw( ,

Nh �
1
2
ρL

4
Nv
′v + Nr
′ru(  +

1
2
ρL

5
Nr
′r + Nr
′r|r|(  + τRn V, lw( .

(15)

Here, L is the characteristic length of the underwater
robot, and lw is the distance between the underwater robot
and the wall.

4. Dynamic Characteristics Test of the
Underwater Robot

Underwater robotics is a complex system that requires testing
and verification of its design, of which underwater motion
analysis is an important component. )e underwater robot
dynamics characteristics are mainly to analyze the hydrody-
namic changes causedwhen the robotmoves in thewater due to
the change of speed magnitude or direction of movement and
the reverse effect on the robot. In this paper, the hydrodynamic
characteristics of the underwater robot are studied by CFD
simulation calculations, and the hydrodynamic test experiments
of the underwater robot are carried out in the experimental pool
to verify the accuracy of the results of the wide-area hydro-
dynamic and near-wall hydrodynamic calculations in the un-
derwater robot dynamics model. In this paper, the steady-state
and dynamic dynamics of the underwater robot are measured
by installing force-sensing sensors on the underwater robot
under the action of currents with different flow velocities and
then compared with the simulation calculation results to verify
the accuracy of the underwater robot dynamics model and
numerical simulation.)ehydrodynamic test of the underwater
robot is shown in Figure 9.

4.1. Wide-Area Hydrodynamic Test of the Underwater Robot.
In this paper, the hydrodynamic characteristics of the drift
angle in the horizontal plane are firstly tested, and the re-
lationship between the wide-area hydrodynamic charac-
teristics of the underwater robot and the drift angle β is
studied. )e velocity of the underwater robot in the process
of motion includes longitudinal and lateral velocity

components. When the drift angle value of the underwater
robot changes, the lateral speed and longitudinal speed of the
underwater robot will change, and the bow hydrodynamic
force N and lateral hydrodynamic force Y received by the
underwater robot will also change accordingly.

In this paper, the longitudinal water velocity u is set to
0.5m/s and 0.8m/s in the test, and the angle of the drift angle
β is changed at the same time, and the data of the yaw
hydrodynamic force N and the lateral hydrodynamic force Y

are measured by the force induction sensor. )e simulation
calculation results are compared with the experimental re-
sults, where the red curve is the simulation value and the
blue curve is the experimental value, and the corresponding
data analysis is performed. )e comparison between the
experimental and simulation results is shown in Figure 10.
)rough the comparative analysis of the experimental data,
in the horizontal plane, there is an error between the wide-
area hydrodynamic test results of the underwater robot and
the simulation calculation results, but the error range is less
than 3.7%, which is within an acceptable range.

)e same as above, this paper conducts the test of the
hydrodynamic characteristics of the angle of attack in the
vertical plane and studies the relationship between the wide-
area hydrodynamic characteristics of the underwater robot
and the angle of attack α. When the value of the attack angle
α of the underwater robot changes, the vertical power Z and
pitch power M are received by the lower robot.

In this paper, the longitudinal water velocity u is set to
0.5m/s and 0.8m/s in the test, and the angle of attack α is
changed at the same time, and the data of the vertical force Z

and the pitch force M are measured by the force induction
sensor. )e red curve is the simulation value, and the blue
curve is the experimental value. )e corresponding data
analysis is carried out. )e comparison between the ex-
perimental and simulation calculation results is shown in
Figure 11. )rough the comparative analysis of the
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experimental data, there is an error between the results of the
wide-area hydrodynamic test of the underwater robot in the
vertical plane and the simulation calculation results, but the
error range is less than 5.4%, which is within an acceptable
range.

4.2. Underwater Robot Near-Wall Hydrodynamic Testing.
In this paper, the test of the near-wall hydrodynamic
characteristics is carried out, the relationship between the
near-wall hydrodynamic characteristics of the underwater

robot and the distance between the underwater robot and
the wall surface is studied, and the underwater robot is tested
when the underwater robot moves in the horizontal plane
near-wall hydrodynamics. )e longitudinal direction of the
underwater robot is parallel to the wall of the pool, then the
distance between the underwater robot and the near wall is
adjusted, and the water velocity is set to 0.5m/s and 0.8m/s.
)e near-wall hydrodynamic changes under different wall
distances and water velocity were measured by experiments,
and the simulation results were compared with the exper-
imental results.)e red curve is the simulation value, and the
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Figure 11: Wide-area hydrodynamic test results and simulation results of underwater robots in the vertical plane: (a) test value and
simulation value of vertical force when velocity� 0.5m/s and (b) test value and simulation value of vertical force when velocity� 0.8m/s.
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Figure 10: Wide-area hydrodynamic test results and simulation results of underwater robots in the horizontal plane: (a) lateral force test
value and simulation value when velocity� 0.5m/s and (b) lateral force test value and simulation value when velocity� 0.8m/s.

Figure 9: Hydrodynamic test of an underwater robot.
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blue curve is the experimental value.)e corresponding data
analysis is carried out. )e comparison between the ex-
perimental and simulation calculation results is shown in
Figure 12. )rough the comparative analysis of the exper-
imental data, there is a certain error between the results of
the hydrodynamic test and the CFD simulation calculation
results, but the errors are all below 6.3%, which is in an
acceptable range, which also proves the accuracy of the CFD
calculation results.

5. Conclusion

In this paper, a new method of underwater robot design is
designed to address the problem that underwater robots
accumulate errors over time, which affects the positioning
and control accuracy of underwater robots. By designing
the mechanical structure of the underwater robot, the
floating body module, the power unit, the electrical control
system, and the software system, the underwater robot is
controlled by a combination of software and hardware to
accomplish the goals it is intended to achieve. )rough
experiments, it is proved that the underwater robot
designed in this paper is able to complete coordinated
movements such as back and forth, rising, floating, and
flipping in the water, while adding a mechanical arm at the
front of the robot to complete the function of grasping
objects in the water, showing the advantages of very good
robustness and accuracy. In addition, the robot is equipped
with cameras, temperature, humidity, and depth sensors to
achieve the monitoring of the water environment. In this
paper, the underwater dynamics performance of the un-
derwater robot is studied, the coordinate system and
equations of motion are established, hydrodynamic anal-
ysis is performed, and the dynamic characteristics of the
underwater robot are tested. )e comparison between the
experimental results and the simulation results shows that
the robot meets the requirements of the design indexes in
each performance, shows the advantages of good robust-
ness and accuracy, and has high control accuracy and good
dynamics characteristics.
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