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Abstract: The development of SMU-I, a new autonomous & remotely-operated vehicle (ARV) is described.
Since it has both the characteristics of autonomous underwater vehicle (AUV) and remote operated underwater
vehicle (ROV), it is able to achieve precision fix station operation and manual timely intervention. In the paper
the initial design of basic components, such as vehicle, propulsion, batteries etc. and the control design of
motion are introduced and analyzed. ROV’s conventional cable is replaced by a fiber optic cable, which makes
it available for high-bandwidth real-time video, data telemetry and high-quality teleoperation. Furthermore, with
the aid of the manual real-time remote operation and ranging sonar, it also resolves the AUV’s conflicting issue,
which can absolutely adapt the actual complex sea environment and satisfy the unknown mission need. The
whole battery system is designed as two-battery banks, whose voltages and temperatures are monitored through
CAN (controller area network) bus to avoid battery fire and explosion. A fuzzy-PID controller is designed for its
motion control, including depth control and direction control. The controller synthesizes the advantage of fuzzy
control and PID control, utilizes the fuzzy rules to on-line tune the parameters of PID controller, and achieves a
better control effect. Experiment results demonstrate to show the effectiveness of the test-bed.
Copyright © 2014 IFSA Publishing, S. L.
Keywords: Autonomous & remotely-operated vehicle, Test-bed, Programmable logic controller (PLC), User
data protocol (UDP), VxWorks.

1. Introduction
Today, there are mainly two kinds of underwater
vehicles including the ROV (remotely operated
vehicle) [1, 2] and AUV (autonomous underwater
vehicle) [3, 4], while the former have been used in
the fields of military and scientific researches, the
latter have been utilized in national defense field [5].
A great array of vehicle types and applications has
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been produced along with a wide range of innovative
approaches for enhancing the performance of UUVs
(unmanned underwater vehicles) [6-11]. ARV
(autonomous & remotely-operated vehicle) is a
hybrid underwater vehicle [12, 13]. ARV is superior
to the traditional ROV on the economy, flexibility
and scope of activity. The vehicle can be operated as
a ROV with the ability of dynamic positioning, but
the ARV can also cruise at a wide range of several
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kilometers according to the preprogrammed
commands. At the attractive point the ARV maybe
the good study platform for the AUV.
An ARV test-bed, as our own research platform,
is proposed in order to act as a test-bed platform for
research and experimental validation of hardware,
sensors and control algorithms. The design criteria of
the vehicle were defined as follows: 1) Open frame
structure, easy to mount the equipments needed;
2) Dynamic remote program download for AUV
experiment; 3) Suited with typical sensors;
4)Conventional cable is replaced by a fiber
optic cable.
In this paper, the development of a SMU-I (ARV)
is described. The design and development of the
vehicle consisted of implementing a mechanical and
electrical system, as well as the integration of
subsystems [1, 14, 15] and all kinds of sensors, such
as sonar [16, 17], accelerometer [18], vision,
compass [19], pressure and current & voltage
sensors [20]. In most occasions the vehicle is
designed as a test-bed platform for a variety of
research in underwater technologies especially
involving high-performance and multi-purpose
underwater vehicles. Specifications of the hardware
and software design are introduced in the following
sections and experiment results are shown as well.
This paper is organized as follows. In Section 2 the
design and development of its mechanical and
electrical system, as well as the integration of
subsystems are being introduced. Section 3 describes
the communication protocol and control design,
while the tank test is presented in Section 4. Finally
in Section 5, some concluding remarks and future
work on the vehicle will be given.

underwater system information, including Intel
Pentium M processor board (PMI-6D), multi-serialport board (MSP-8), data acquisition board
(DMM-32X) and power board HE104. The main
components include sonar, pressure sensor, camera,
lithium-ion batteries and thrusters etc. System
principle will be introduced in subsequent chapters.

Fig. 1. Physical layout of the vehicle.

Table 1. Specifications of the ARV.
Dimensions
Depth Rating
Weight
Maximal Speed
Power Supply
Thrusters
Sensors
Video Cameras
Lighting

(1080  710  480) mm
150 m
85 kg
3.0 knot
150 VDC, 1.5 kWh
4 total, 2 horizontals and 2 verticals
Digital Compass
Pressure Sensor (Depth Sensor)
Ranging Sonar
1/3″DSP CCD
LED lights

2. Vehicle Description
2.1. Overview
SMU-I is an open-frame ARV with dimensions of
1.08 m × 0.71 m × 0.48 m (length, width and height),
weight 85 kg, and a maximum underwater depth
rating at 150 m, as shown in Fig. 1. The
specifications of the vehicle are illustrated in Table 1.
The ARV possess a good maneuverability due to four
DOFs (degree of freedom), including surge, heave,
pitch, and yaw, and the vehicle is designed to be
passively stable in roll and pitch [21].
The hardware architecture design of the vehicle
was shown in Fig. 2. The overall system includes two
parts, the first part of the surface control unit is
mainly used to transmit operating instructions and
receive underwater system information, including
industrial computer (GEN-E9455), Programmable
Logic Controller (WAGO750-841), and power board
(PBA300F). The main components include joysticks,
a monitor and an optical multiplexer etc.; the second
part of the underwater system is mainly used to
receive operating instructions and transmit

Fig. 2. Hardware architecture design of SMU-I ARV.

2.2. Mechanical Design
Fig. 3 shows the schematic design of SMU-I
ARV. The vehicle with a dimension 1.0 m long,
0.7 m wide has been designed to include a frame
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structure for modification of mounted devices and
thruster allocation. From the three-plane projection
drawing, there are camera, sonar and LED lights, the
middle two vertical thrusters in the center, the rear
two horizontal thrusters. The ARV has two hulls, and
the length of pressure hulls becomes 0.57 m, the
diameter 0.18 m and thickness 6.0 mm. Two pressure
hulls provide the essential buoyancy and the
watertight compartment for all on-board electronics
and sensors. Four caps are especially designed to
complete the two hulls, and are attached to each end
of the hull so that they reliably seal the hulls. Sealing

is achieved with commercially available o-rings. The
front caps have three watertight connectors while the
rear caps have five watertight connectors for electric
connection. The caps also make it accessible to enter
into the interior for easy repair and maintenance in
the field.
The red cube on top of the vehicle is a buoyant
material with density of 0.38 gram/cm3, and the
buoyancy of the vehicle in water and gravity is
almost equal, showing an overall slightly floating
state. Fig. 4 shows the layout of batteries in the
electronic cabins.

(a) Top

(b) Right

(c) Front
Fig. 3. Schematic design of the vehicle.

(a) Left

(b) Right

Fig. 4. The layout of batteries in the electronic cabins.
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The propulsion system consists of four ducted
propellers developed for this project. The propellers
are driven by 150VDC motors. Two horizontal
thrusters are mounted aft of the vehicle to provide
both forward and backward movement. Yaw is
provided by operating the thrusters in opposite
directions. Two vertical thrusters are mounted
symmetrically on the front and rear sides of the
vehicle. They make the vehicle’s motion in heave and
pitch possible. The general arrangement of the
vehicle will be given later.

2.3. Control System Architecture
Control system is the core part of ARV, which is
directly related to the system performance, work
capacity and running environment. It includes surface
display and control subsystem, motion control
subsystem, implementation subsystem, sensor
subsystem, power subsystem and fiber optical micro
cable transmission subsystem. The overall
architecture of the ARV control system is illustrated
in Fig. 5.
Power supply for the underwater system is
150VDC (Li-polymer rechargeable battery), which
makes it easy to power up the vehicle. Video signal is
transmitted directly to the surface monitor through a
thin optical fiber cable. Extreme low-power Intel
Pentium M processor board is used to deal with data
acquisition, information processing and output
calculating, and VxWorks real-time operating
system [22] is adopted. The power supply for the
surface system is 220 VAC. Intel AtomTM N270

processor is high-performance and low-power, and
the operating system Windows XP has good
application compatibility.
The underwater system is the important part of the
whole control system. Several main boards of the
underwater system are described as follows: PMI-6D
(Pentium M PC/104 module) is a highly-integrated
CPU board solution for embedded system designers
featuring the compact form factor, wide operating
temperature range, and low consumption. It can be
stacked with other PC/104 expansion modules to
form a highly-integrated control system. It is a highdensity performance board with a keyboard and
mouse interface, two serial ports and one parallel
port, 10/100 Base-T Ethernet, CF card socket
onboard, EIDE interface, four USB 2.0 ports, USB
boot capability/Legacy, Intel integrated graphics
controller with dual independent display support and
dual channel LVDS interface. MSP-8 is a multi-serial
port board with 8 PCI serial ports with 128 Byte
FIFO and RS232/RS485/RS422 mode is optional.
DMM-32X-AT is a PC/104-format data acquisition
board with a full set of analog and digital I/O features
as shown in Fig. 6. It offers 32 analog inputs with 16bit resolution and a programmable input range;
250,000 samples per second maximum sampling rate
with FIFO operation; 4 analog outputs with 12-bit
resolution; user-adjustable analog output ranges;
31 lines of digital I/O; one 32-bit counter/timer for
A/D conversion and interrupt timing; and one 16-bit
counter/timer for general purpose use. All signals
connected to the serial board and data acquisition
board, and schematic of the data acquisition board is
shown in Fig. 6.

Fig. 5. Overall architecture of the ROV control system.
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Fig. 6. Schematic of the data acquisition board.

2.3.1. Underwater System
Fig. 7 shows the structure and arrangement of
mounted devices. They are designed to be installed in
the pressure hulls. The motion sensors include a
digital compass, a pressure sensor and forwardlooking ranging sonar. The operating frequency of
the sonar is 330 kHz, and its working range is up to
30 meters. The state sensors include voltage, current
sensors and water-leakage alarms. Digital compass,
HRM3000, is mainly used for measuring heading; it
can provide accurate heading (0.1°) measurement
over a 0-360° tilt range. Its working voltage is
5 VDC; sampling frequency is 20 Hz, and a
RS232 serial data port is used for connection to the
MCU (Microcontroller Unit) board. It also provides
an accurate angular (0.1º) measurement over a
–40~+40° tilt range of roll and pitch. The pressure
sensor can output 0-5 V voltage signal.
The underwater MCU can acquire all the above
sensor data.

In Fig. 7 above: 1 – Power detection board;
2 – Li-polymer battery; 3 – Optical fiber terminal;
4 – MCU board; 5 – Optical fiber cable; 6 – Charge
interface; 7 – Motor interface; 8 – Digital compass;
9 – Power distribution board; 10 – Water-leakage
alarm; 11 – Voltage and current sensors.
One CCD camera, UWV325, provide a good
vision of underwater environment for the operator.
As shown in Fig. 1. LED lamps and thrusters are
attached to the vehicle frame. They are all driven by
voltage signal. The maximum output of a thruster is
300 W with a supply voltage of 150 V. According to
the surface commands these actuators update their
status and action. Flow chart of underwater system is
shown in Fig. 8.

Fig. 8. Flow chart of underwater system.

Fig. 7. Underwater system.
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40 Li-polymer rechargeable batteries supply the
power of the ARV and were placed in the electronic
cabins as shown in Fig. 4. CAN bus was used to
manage the batteries. Because it has a strong antiinterference ability capability, suitable for use in
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harsh environments to connect a large number of
nodes, in order to ensure adequate security. The
maximum speed of SMU-I is 3 knots, and it can
operate for up to 8 hours when fully charged (tested
at a speed of 1 knot). Every battery module is
equipped with a separate board for real-time

monitoring the voltages of the battery cells and the
temperatures in the corresponding battery module to
ensure battery’s over-charge/over-discharge and
avoid battery fire and explosion.
Battery network monitoring system is shown
in Fig. 9.

Fig. 9. Battery network monitoring system.

2.3.2. Surface Control Unit
The SCU (Surface Control Unit) is in charge of
operation of the whole system as shown in Fig. 10.
A thin optical fiber cable connects SCU to the vehicle
for providing data, video link between them. The
industrial computer, GEN-E9455, receives the
control commands sent out by joysticks and press
buttons from the PLC module by UDP (User Data
Protocol), and sensor data and underwater images are
displayed on the LCD monitor in real time. Data flow
diagram of surface control unit is shown in Fig. 11.
AI and DI in the Figure indicate the analog and
digital inputs respectively.

In Fig 10 above: 1 – LCD monitor; 2 – Video
output; 3 – Power switch; 4 – Press buttons; 5 –
Potentiometer (Vertical); 6 – LED tune; 7 – Minikeyboard; 8 – Joystick (Horizontal); 9 – Mode select;
10 – Optical fiber cable.

Fig. 11. Data flow diagram of the surface control unit.

Fig. 10. Surface control unit.

PLC750-841 module processes the data from one
analog input module 750-457, two digital input
modules 750-430 and interrupt management
module750-600 because of the manual operation.
UDP has been selected as a transport protocol. Only
synchronous calls of the DLL (dynamic link library)
are supported for calls from Visual BASIC. The DLL
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supports synchronous and asynchronous reading and
writing of values, and Specifications of
MBTReadRegisters are shown in Table 2.
Table 2. Specifications of MBTRead Registers.
Word
address
00
01
02

Read/
Functions
write
Joystick-X
R
axial
Joystick-Y
R
axial
ThrusterR
vertical

03

R

04

R

Word values

0x000=0V;0x1fff=neutral;
0x3fff=5V
0x000=0V;0x1fff=neutral;
0x3fff=5V
0x000=0V;0x1fff=neutral;
0x3fff=5V
0x000=0V;0x1fff=neutral;
Pitch-tune
0x3fff=5V
Bit(0):lamp;Bit(1):mode;
Bit(2):camera;
Bit(3):autoSwitch
heading;Bit(4):sonar;
state
Bit(5):auto-depth;
Bit(6):power; Bit(7):autoheight; Bit(8):auto-speed

2.4. Software
SMU-I’s software architecture has a scalable,
flexible, reliable and compatible structure for any
modification or additions. Fig. 12 shows the software
architecture of SMU-I. Modular and flexible software
based on VxWorks real-time operating system is
developed for the underwater system. The real time
OS VxWorks is embedded in PMI MCU. VxWorks is
the most widely adopted real-time operating system
(RTOS) in the embedded industry. At the heart of the
VxWorks run-time system is the highly efficient
wind microkernel. The target development has
features with dynamic linking loader and flexible
booting form ROM, local disk, or over the network.
Both the surface software and the underwater
software comprise four universal modules. The Main
Entry module is the entrance of the whole program.
The Target Init module initializes on-board resources
such as DIO, ADC, and DAC etc. The ParaInit
module initializes global variables and initial state for
mounted devices. The User Task Init module creates
user tasks.

Fig. 12. Software Architecture.

Five tasks are designed for underwater software
and three for surface software as shown in Fig. 12.
The Communication task implements communication
protocol and exchange data between surface and
underwater. The Vehicle Operation task is in charge
of updating user operation and generating control
commands. The Sensor Sampling task carries out
sensor data acquisition. Other devices such as lights,
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camera etc. are operated in the Peripheral Control
task. Control strategy, such as auto-heading and
obstacle-avoidance, is utilized in the Motion Control
task. Automated decisions are made based on the
sensor data when the vehicle is in AUV mode. This
architecture is outstanding in its performance of
controllability, flexibility and stability.
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3. Communication Protocol and Control
Design
3.1. Communication Protocol
The surface system and underwater system
communicate with each other, up-down through
RS485 and down-up through UDP by an optical fiber
cable. The underwater system has features with
dynamic linking loader and flexible booting over the
network, so the underwater system program could be
updated through the surface system. The
communication data format from underwater system
to surface is shown is Table 3. The communication
data format from surface system to underwater
system is shown in Table 4.
Table 3. Data format from underwater to surface.
Byte
0-2
3-4
5-6
7-8
9-10
11-12
13-14
15-16
17-18
19-20
21-22
23-24
25-26
27-28
29
30

Definition
0x41,0x52,0x56
Surge displacement
Sway displacement
Depth
Heading angular
Pitch angular
Roll angular
Surge speed
Angular velocity z-axis
Heave speed
Battery voltage
Loop current (150 V)
Loop current (24 V)
Ranging sonar
Water alarm state
Check sum

Description
ARV
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
low and high bytes
bit0:left,bit1:right
from byte 3 to byte 29

Table 4. Data format from surface to underwater.
Byte Definition
0-2
0x41,0x52,0x56

Description
ARV
thrusters, sonar and camera
3
Power switch
etc.
4
Motion switch
auto-depth, auto-speed etc.
5-6
Surge control (left)
low and high bytes
7-8
Surge control (right) low and high bytes
9-10 Heave control (front) low and high bytes
11-12 Heave control (rear) low and high bytes
13
Lamp tune
0-5 V
14
NULL
spare
15
NULL
spare
16
NULL
spare
17-18 SCU runtime
Unit: second
19
Check sum
from byte 3 to byte 18

3.2. Control Design
It should be noted that we employed the
simplified model without consideration of DOF of
pitch and sway, as the thruster configuration does not
allow for 6 DOF. where M is the inertia matrix

including added mass; C  v  is the matrix of Coriolis
and Centrifugal terms including added mass; D  v 
is the hydrodynamic damping matrix; J   is a
transformation
matrix
and
the
kinematics
transformation relates the body-fixed velocities to the
time derivative of the positions in the local

geographical frame; g   denotes the vector of
gravitational and buoyant forces and moments.

 M  v   C  v  v  D  v  v  g    
,

  J   v

(1)

where  denotes the position and orientation vector
with coordinates in the earth-fixed frame, while v
denotes the linear and angular velocity vector with
coordinates in the body-fixed frame and T is used to
describe the forces and moments acting on the
vehicle in the body-fixed frame. u is the vector of
control inputs. A simplified relationship between
 and T can be expressed through the linear
mapping: u  LT . L is a matrix known as the
thruster control matrix (TCM). SMU-I has the
following TCM:

1000 
T0 
001 
T 


L
T  1
000L fx  Lrx 
T2 


 
T3  ,
 Lby 0 Lby 000 
where Li is the moment arms,

(2)

T j is the moments.

First, classic PID approach is adopted for
autopilot design and Ziegler-Nichols tuning rules are
applied to produce good values for the PID
parameters [23, 24].
According to the structure character and the
demand of ARV, a four-degree equation is set up.
Based on the motion model of ARV in the paper,
then a fuzzy-PID is designed for both depth control
and heading control. Fuzzy-PID controller utilizes the
fuzzy rules to on-line tune the parameters of PID
parameters and achieves a better control effect, as
shown in Fig. 13.
Here ud denotes the vector of PID controller
outputs, and w denotes the current heading or depth
with ordinates in the earth-fixed frame. The initial
setting value of heading or depth is r .
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r

ud

e

w

de
dt

u

oscillatory depth error was around 20 cm. This is a
reasonable amount of error in most applications. We
can find that fuzzy-PID controller is more rapid and
accurate, and improves dynamic performance of
ARV. The controller has good application in depth
control and direction control, and satisfies the control
requirements of ARV.

T

ec

Fig. 13. Fuzzy-PID controller for depth control
and heading control.
Auto-depth

4. Experiment

2.2

2

1.8
Depth(m)

After the various parts of the whole system are
fully integrated, the tank experiments were carried
out to verify the performance of this control system.
The water tank, as shown in Fig. 14, is located in
Institute of Underwater Engineering, Haigang
Avenue, China, the pool has a size of 28 m (length)
by 25 m (width) by 5 m (maximum depth).

1.6
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1.2

1
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Time(s)
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Fig. 16. Auto-depth in tank test.

5. Conclusion

Fig. 14. SMU-I during tank test.

Fig. 15 show the auto-heading result where the
desired heading angle was set to 80 degrees, and the
controller shows oscillatory heading error of around
2.5 degree.
Auto-heading
85

This paper describes the SMU-I (ARV) test-bed
and introduces the design implementation of the
underwater system and the surface control unit, and
communication protocol and control design also are
given briefly. Experiments have been designed and
conducted to test the effectiveness of the whole
system. The improvement of the vehicle has been
scheduled. Accelerometer or Doppler velocity log
(DVL) and GPS, would be mounted on the vehicle in
order to get the hydrodynamic parameter through the
experiments. Afterwards the autonomous navigation
and navigation control experiments will be carried
out. Finally I hope this will become a basic platform
that can be easily transplanted to other
similar vehicles.
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The auto-depth experimental data was plotted in
Fig. 16 where the target depth was 2.0 m, and
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