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Abstract—Mobile robots are used for years as a valuable 

educational and research tool in form of available open-platform 

designs and Do-It-Yourself kits. Rapid development and costs 

reduction of Unmanned Air Vehicles (UAV) and ground based 

mobile robots in recent years allowed researchers and students to 

utilize them as an affordable education platform. Despite of 

recent developments in the area of ground and airborne robotics, 

only few examples of Unmanned Surface Vehicle (USV) 

platforms targeted for educational and research purposes can be 

found. Aim of this paper is to present development of open-

design USV drone with integrated multi-level control hardware 

architecture. Catamaran type surface drone is planned to be 

utilized as a research and education platform for students, where 

various control algorithms, communication interfaces and sensor 

payloads can be implemented and tested. Proposed USV enables 

autonomous navigation or direct control over wireless radio link, 

separate development of algorithms for optimal propulsion 

control, navigation and communication with the ground-based 

control station. Whole design is planned to be highly modular, 

where each component can be replaced or modified according to 

desired task, payload or environmental conditions.  

Keywords—unmanned surface vehicle, control system, mobile 

robotics 

I. INTRODUCTION

In recent years we are witnessing improvements in research 
and introduction of new applications for unmanned aerial 
vehicles, especially considering today ubiquitous 
multicomputer drones. As a result of reduction in size and 
advancement in motor and battery technologies, drones are 
becoming even more popular, and can be found in various 
areas such are traffic and environment surveillance, structure 
inspection, aerial mapping and as a novelty toy. Development 
of various multirotor drones like the ones produced by DJI

1
 and 

Parrot
2
 enables enthusiasts and researchers in academic 

community to modify and implement new control algorithms. 
There have been number of attempts to improve functionalities 
of those drones [1], [2], by modifying their control algorithms. 
There are also alternative approaches where researchers 

1
 http://www.dji.com/matrice-200-series 

2
 https://www.parrot.com/fr/drones/parrot-ardrone-20-elite-

edition 

completely overwrite existing (stock) firmware with costume 
one in order to achieve newly desired performance [3], [4]. 
Similar observation can be done while considering ground 
based mobile robots, which are also employed for various 
tasks, including military applications, structure inspection, and 
as service robots. Most of all, mobile robots are currently 
irreplaceable tools for student education in the field of robotics 
and control systems, where number of commercially available 
kits can be found, like Arduino Robot

3 
or DFRobotshop rover

4
.  

Considering the development of unmanned surface 
vehicles, their application is mainly aimed toward military and 
security task [5] or hydrographic research [6]. Only few 
examples of USV can be found that aim primarily on academic 
community, and which are meant to be utilized as an education 
tool [7] or platform for seaborne experiments [8]. Robotic 
projects are becoming increasingly useful tools for engineering 
based education, including mechanical engineering, naval 
architecture, electronics engineering and computer science.  

With the introduction of capable and affordable 
communication devices, enlarged capacity of batteries and 
advancements in brushless motors technology, development of 
small and affordable USV has become possible. USV 
presented in this paper aims to be primarily used as an 
education platform for robot seaborne navigation with 
implemented innovative multi-level control design. 
Contemporary mobile robots usually employ single 
microcontroller or onboard computer to control all robot tasks, 
which include communication, navigation and control of the 
actuators. Innovation presented in education robots like 
ArduinoRobot

3
, are representative of a simple differential drive 

education robot which has two microcontrollers, one on each of 
its two boards. The Motor Board controls the motors, and the 
Control Board reads sensors and decides how to operate. This 
separation of motor control from other tasks enables students to 
modify and develop only one robot functionality at a time, 
while other core functionalities are intact. This in turn enables 
easier development of pathfinding algorithms or 
implementation of alternative communication interfaces, while 

3
 https://www.arduino.cc/en/main/robot 

4
 http://www.robotshop.com/en/dfrobotshop-rover-tracked-

robot-basic-kit.html 
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control of robot drive and readings from ground-based sensors 
is completely independent of modifications performed on 
robot’s control level, and unaffected by their computing 
requirements. 

Similar approach is applied in our solution, where control 
over robot’s functionalities is separated in three control levels, 
all implemented on physically separate modules 
(microcontrollers) connected together by a shared data link. 
Proposed USV is designed in the form of a catamaran vehicle, 
with two propulsion units. Each propulsion unit is controlled 
by its own microcontroller, which is in charge of optimal and 
secure operation. Propulsion module is controlled by middle-
level navigation level, which is responsible for navigation 
planning and forwarding commands to the drive control 
microcontrollers. At top, command level is responsible for 
communication with the ground base station and forwarding 
commands to the navigation level. This design also enables 
improved performance of manual radio controllers by 
implementing drive-by-wire algorithms, where pilot is no 
longer responsible for adapting UAV to current environment 
situation (e.g. large waves, strong currents, wind) which is now 
of loaded to the navigation level. 

The rest of the article is structured as follows: in Section 
two used materials and methods are presented while in Section 
three three-level control design is described in detail. Finally, 
conclusions are presented in Section four. 

II. MATERIALS AND METHODS

Basic design of the proposed vehicle resembles a catamaran 
boat with two interconnected hulls. This design enables USV to 
be utilized as a stable platform for future researches 
applications which require stabilization of the payload. Each 70 
cm long hull contains its own drive module. Besides enabling 
more stable platform, two-drive catamaran type design offers 
more possibilities for implementation of various control 
algorithm designs as vehicle is driven by two independent 
drive modules, which have to cooperate in order to achieve 
desired  vehicle behavior especially in challenging sea 
conditions. Proposed USV must be capable of autonomous 
operation, which is enabled by integration of navigation 
sensors, and direct control over a radio link. Powerful motors 
and small mass (~3 kg) would enable USV to achieve speeds 
up to 40 km/h (22 knots) and to cope with high seas with 
autonomy over 30 minutes and estimated 10 km range. 
Conceptual USV design with labeled main components is 
depicted in Figure 1. Innovation presented in this paper, as 
described in previous Section, is splitting of main vehicle task 
on separate hardware microcontrollers and modules as 
described in more detail in the following Section(s). 

A. Control and Communication Module

Main module is a Control and Communication module
(C&C), which holds Silicon Labs Si4463 radio communication 
modem, EM506 GPS module and Siemens BMP 280 chip for 
reading the basic weather condition parameters. This module is 
responsible for receiving commands from the ground station, 
continuously parsing location data from GPS module (with 1 
Hz refresh rate) and collecting of status data from other 

modules, if ground station requests status report or self-
diagnostics. Control and communication module algorithms are 
completely implemented on Arduino Mini Pro microcontroller 
board with Atmega 328P MCU running at 8 MHz (3.3 V 
version compatible with most radio modems). 

Fig. 1. Conceptual 3D design of the proposed catamaran-type USV with 

labeled main modules. 

B. Navigation Module

Navigation module is responsible for optimal driving of the
USV to a desired location, as commanded by C&C level. It 
holds advanced Ardufruit BN0055 IMU sensor which 
continuously feeds integrated MiniPro microcontroller board 
(5V version running at 16 MHz) with the orientation data. 
Navigation module is continuously calculating desired speed 
and direction of rudder for both motor drive modules. As all 
components are modular and replaceable, future development 
in navigation level (module) could be done by replacing 
MiniPro microcontroller with by a more powerful on-board 
computer like Raspberry Pi that runs ROS (Robot Operating 
System) [9]. More processing power would enable advanced 
path planning and real-time regulation of motor drives to 
overcome heavy seas and achieve system’s maximum 
performance. 

Fig. 2. Drive Module design (top left),  back view  of a rudder (top right), 

Drive Module top view with components (bottom) Drive Module  
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The drive module, whose main components are depicted in 
Figure 2, is responsible for displacing the USV on a water 
surface. Each of the two drive modules consist of a single 
water cooled B2040 3000 KV brushless motor controlled by 
water cooled reversible ESC (Electronic Speed Controller). 
Motor is attached over a flexible shaft to a 3 fin 36 mm 
propeller. Propulsion is directed over a three connected rudders 
by a small 9 g servo motor, as shown in Figure 2 b). Propeller 
is enclosed to a plastic tube housing, which ensures safe 
operation and protects propeller from seizing nearby objects or 
inflicting injury. Whole system is water cooled with (sea) water 
pumped using a single 4.5 W water pump, where cooling liquid 
is first directed over a ESC controller and then over a brushless 
motor. Exiting temperature of water is measured by analog 
LM35 sensor, which ensures that both ESC and motor are 
inside safe operating temperature ranges. All electronic parts 
are controlled by a single Arduino MiniPro microcontroller 
board, running at 16 MHz. Drive module is placed in two 
compartments, one holding the motor, ESC and water pump 
(wet compartment) and second one that holds 11.2 V Lithium-
Polymer 3 Ah battery, microcontroller and servo system (dry 
compartment). 

 Drive modules are inserted in to the hull made from 
Styrofoam, which can also hold additional payload, according 
to current mission. C&C module and navigation module are 
placed on a small extruded tower at front of the USV, as shown 
in Figure 1.  All mechanical parts are 3D printed using a PLA 
filament and Ultimaker 2 3D printer

5
. 

III. CONTROL LEVEL DESIGN 

 As mentioned in previous Section, the main goal of this 
paper is to develop an open-architecture modular USV which 
could be used for educational and research purposes. Students 
can work with each individual module, without compromising 
other module functionalities. Design of each control level and 
communication between levels is depicted in Figure 3. This 
approach ensures that core functionalities, such as smooth 
operation of the propulsion system and communication with 
ground station are not affected by implementation of various 
navigation and path planning algorithms.  

 C&C module controller is continuously parsing serial data 
received from GPS module in NMEA (National Marine 
Electronics Association) format, holding the most recent 
readings in a memory. At the same time it is listening for any 
data available on radio channel, in case ground station issues 
new command or requests sensor readings. If new command is 
received, in form of a new waypoint, or direct command from 
operator’s joystick, it redirects data to a navigation module 
over an I2C line, following the I2C package format described 
in Table 1. Also, C&C module is in 1 Hz intervals sending the 
most recent location data to the navigation module. All future 
additional sensors and payloads would be connected directly to 
the C&C module. 

 Navigation module receives commands from C&C module 
(Waypoint or Direct command over an operators joystick), and 
the most recent USV location. With additional data received 

                                                           
5
 https://ultimaker.com 

from integrated IMU, navigation module decides how to 
operate motor drives. This level is most important for future 
development, as students could implement their own control 
algorithms here. 

 

Fig. 3. Three-level control design with connected sensors, actuators and 

communication devices 

TABLE I.  DESCRPITION OF I2C COMMUNICATION BETWEEN C&C 

MODULE AND NAVIGATION MODULE   

Type 
I2C Data Bytes 

1 2 3 4 5 6 7 
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TABLE II.  DESCRPITION OF I2C COMMUNICATION BETWEEN 

NAVIGATION MODULE AND DRIVE MODULES   

COMMAND 
I2C Data Bytes 

1 2 3 

Receiving Direction Motor Thrust Rudder Angle 

Return  
Battery 

Voltage 

Drive Status 

Code 
Temperature 
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 Navigation microcontroller is constantly recalculating new 
motor drive parameters and redirecting them to the drive 
modules using an I2C link. Commands consist of 3 bytes 
containing motor speed, direction and rudder angle, while drive 
module is returning its status, as described in Table 2. Control 
level is designed “as it is” and is the only part that students 
normally should not interact with, as it controls cooling of ESC 
and brushless motor, and in case of overheating turns of motor 
drive while still pumping cold water. In case of any 
malfunction it sends error status to navigation and C&C 
modules. When control command or navigation level 
malfunctions, USV securely stops until self-diagnosis (WDT) 
reboots the whole system. In case of faulty algorithm is loaded, 
USV would not be lost due to exiting radio range or damaged 
due to overheating drive components.  

IV.   CONCLUSION AND FUTURE WORK 

 In this paper development of modular USV for education 
and research purposes is presented. Key innovation of the 
proposed system is multi-level modular control design, which 
enables students and researches to implement their own 
algorithm on desired control level/module, while other 
functionalities are intact. At first, this enables development and 
implementation of various navigation algorithms, adapting the 
USV for various missions or weather/sea conditions. As a most 
important part, drive module is devised as a separate modular 
part that controls USV movements, performs self-diagnosis and 
prevents failure.  

 Developed USV is currently under trials at the Faculty of 
Electrical Engineering, Mechanical Engineering and Naval 
Architecture, University of Split, Croatia.  

 As a future improvement of the proposed and developed 
system, navigation level controller could be replaced with more 

capable based on - board computer holding a ROS. Also, 
implementation of gyro-stabilized camera is planned, where 
operator can receive direct visual feedback and manually direct 
USV.   
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