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Abstract— This paper proposed an embedded HW/SW 

implementation for the computing system of a small scale 

without human  autonomous sailing boat. The system is 

integrated in a mono XILINX FPGA, and hosts a 

Microblaze soft processor surrounded with mixed, custom 

designed, control and processing modules than handle the 

interface with all the sensors, actuators and communication 

devices of the sailing boat. These interfacing modules 

implement tasks that have been decentralized from the 

master processor, thus alleviating its computational load and 

providing processing time for upper level software 

applications. Using FPGA to implement an integrated 

single-chip computing system, as an alternative to 

conventional processors, has proven to be a very flexible 

solution as it eases the migration of computation tasks 

between the hardware and software domains, and more 

importantly, allowing the rapid adaptation of the digital 

interfacing hardware in order to support additional 

peripheral devices required for an application mission. The 

software component of the boat’s control system runs on the 

top of the uClinux embedded operating system and is 

formed by various concurrent applications developed in C 

with the standard Linux libraries. Remote monitoring, 

configuration and operation of the sailing boat is done via a 

WiFi link, using a graphics interactive application that runs 

on a conventional PC. For this paper reference of paper "An 

FPGA-based Embedded System for a Sailing Robot" by 

José C. Alves and Nuno A. Cruz from Faculty of 

Engineering University of Porto Porto, Portugal is been 

taken. 
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I. INTRODUCTION 

The development of a sailing robot for long term 

autonomous oceanic sailing is a technology challenging 

task. Contrary to land robots, where the working 

environment does not change over time (not considering the 

presence of dynamic obstacles), boats navigate on the 

constantly varying water-air interface that affects the boat’s 

dynamic behavior. Although present weather forecast 

technology reduces significantly the uncertainty of the 

expected navigation conditions, in practical terms there is no 

way to completely avoid unfavorable situations during long 

term journeys. The whole navigation procedure is dictated 

by the condition of the sea, and almost any boat has to adapt 

its behavior to the present navigation conditions and also 

those predicted to be found in the future. 
 This gets far more complex for a sailing boat that 

uses exclusively the wind as the only source of mechanical 

energy for locomotion. Sailing conditions vary significantly 

from a flat sea with a soft wind to a heavy storm with high 

waves and gusting winds. The choice of the right 

combination of sails and the way the sails and rudder are 

dynamically controlled make sailing a constant defy in the 

search for the best speed. People use sail boats from 

thousands of years and rely on a key issue still in use today: 

adaptation or reconfiguration either for its hardware (the rig 

and combination of sails) and the software (the sailing 

algorithm). This is what makes real sailing difficult, in 

special during long term oceanic journeys subject to a wide 

range of weather conditions: the crew has to choose the best 

route and the right hardware/software combination for each 

sailing condition. Besides, the hardware (hull, rig and sails) 

and software (people’s mind and real computers) has to be 

robust enough to work non-stop during days, weeks and 

even months, running flawlessly in a harsh environment 

where the electric energy is constrained for steering the 

boat, trimming the sails and running electronics. The 

Microtransat Challenge1 is an international competition 

launched in 2006 to promote the development of small scale 

autonomous robotic sailing boats. As its name suggests, the 

ultimate objective is a fully autonomous transatlantic 

crossing (transat) that will take place in a near future. Since 

2006, three shorter competitions have been organized, 

including the first World Robotic Sailing Championship that 

took place in Austria in May 2008. Besides the mechanical, 

hydrodynamic and aerodynamic aspects of boat design and 

construction, the challenge from the computing and control 

point of view is to develop a robust electronic system 

capable of handling efficiently the various tasks required for 

sailing and adapt its behavior to the different conditions, 

while maximizing the boat speed and minimizing the overall 

consumption of electrical energy. This paper presents the 

embedded computing system aboard an autonomous sailing 

boat, with emphasis on its FPGA based computing system 

and embedded software organization. Section II reviews 

relevant works in this domain and introduces our sailboat 

and discusses alternatives for the implementation of the 

embedded computing system. The organization of the 

FPGA-based embedded computing system is presented in 

details for the implementation of the electronic system.  

II. LITERATURE SURVEY  

Since the remote times people have devised increasingly 

sophisticated mechanisms to automate the steering of a 

sailing boat. First autopilots were fully mechanical using the 

power of wind and moving water to adjust a rudder in order 

to maintain a constant angle with the apparent wind 

direction (the wind observed from the boat). Nowadays, the 

autopilot (mainly electronic) is a piece of equipment 

mandatory in almost every sailing yacht to provide 

assistance to the crew during more or less long periods of 

time. This implements a rudder control system that keeps 

the boat in a given magnetic or true direction or maintaining 

a constant angle with the apparent wind. Nevertheless, the 

effectiveness of sailing is very dependent of the way the 

rudder is controlled and no autopilot can substitute an 

experienced sailor in this task. In sailing competitions that 

allow this piece of equipment, it is used only when strictly 

necessary, as to provide some short periods of rest to 

solitaire sailors. Besides keeping a boat navigating in a 

given direction, the complete control of a sailing boat 
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require the adjustment of sails (the "throttle pedal" of a 

sailing boat) and the decision of the route to take to 

maximize the speed towards the target. Because of the 

complex relationship between the boat speed, the direction 

of the wind and the waves, usually the fastest path between 

two points is not just a straight line but a combination of 

trajectories, not necessarily linear, sometimes requiring 

several sailing maneuvers and adjustments to the geometry 

of the sail plan. In practice, the best solution cannot be fully 

planned in advance because it depends greatly on the 

unpredicted variations of the wind and has thus to be 

decided dynamically during the course. In spite of being 

technically possible to implement fully autonomous real size 

commercial or recreational boats, this has not been 

addressed from a commercial point of view because the 

international sea regulations require continuous human 

supervision in any vessel navigating on the sea. To comply 

with the sea regulations boats have to know the position, 

speed and direction of any other vessel in their vicinity, 

what cannot be guaranteed today for any boat only by 

electronic means, using current commercial equipments. In 

addition, when several boats meet together the application of 

these rules can be quite complex and even ambiguous. Some 

recent works have addressed the issue of automatic 

interpretation of the sea anti-collision rules [1], [2], although 

relying on precise information of the other vessels, what can 

be possible for commercial ships equipped with AIS 

(Automatic Identification System). Small scale fully 

autonomous sailing boats have the great advantage of using 

only the wind for its propulsion, and requiring (electric) 

energy only for powering its electronic systems and the 

motors that control the rudder and adjust the sails. With 

current low power computing devices, high efficiency 

actuators and high capacity batteries, the energy 

requirements can be fulfilled with renewable sources (sun 

and wind) in order to provide fully autonomous operation 

for long periods of time. Enhanced with a variety of sensors, 

huge amounts of memory and even satellite data links, small 

autonomous sailing boats can be a valuable tool to support a 

wide range of serious scientific, commercial and even 

military applications as a competitive alternative to current 

motorized or drifting floating devices [3]. Robotic sailing 

has been a research topic for some years. Several works 

address the problems of maneuvering a sailing boat through 

a set of waypoints, holding station within a given area and 

maximizing upwind navigation speed [4], [5], [6], [7], [8]. 

To handle the non-linear nature of a sailing boat, some 

authors explore control techniques based on fuzzysets [9], 

[10], neural networks [11] or other artificial intelligence 

techniques [12]. All the works known so far rely on 

commercial embedded computers or microcontroller-based 

systems to implement the computing platform that runs all 

the navigation, control and communication tasks. 

Investigation have been concentrated on the development of 

the navigation and control algorithms and little attention has 

been given to the overall power efficiency, development 

methodology and also flexibility of the computing system 

for supporting additional tasks that may be necessary for 

serious autonomous missions.  

III. THE FAST ROBOTIC SAILING BOAT 

The project FASt (FEUP Autonomous Sailboat2) is a 2.5 m 

autonomous sailing boat (figure 1) designed and built at the 

University of Porto [13]. FASt is a fully autonomous sailing 

boat designed and built as a response to the Microtransat 

challenge by a team of university students and professors of 

the Faculty of Engineering of the University of Porto, 

Portugal. The objective was to create a sailing vessel 

capable of fully autonomous navigation under sail, with an 

electronic system flexible enough to easily accommodate 

different additional computing and control tasks as well as 

new sensors or actuators, while minimizing the redesign or 

rewiring of the physical boards. In addition, power 

consumption was an important issue for this category of 

autonomous robot that intends to provide non-stop operation 

for long periods of time. 

IV. THE ELECTRONIC SYSTEM 

A. The option for FPGA 

Besides the processing power, energy consumption and 

physical size, one important issue when choosing a 

computing platform for this application was the availability 

of enough input/output ports for connecting the necessary 

sensors, actuators and other devices. There are in the market 

several small and highly integrated embedded computers 

supporting the Linux operating systems (and variants)3, but 

most of them lack a fundamental feature to fulfill the 

requirements of this project: flexibility of their input/output 

ports. In fact, there is a variety of standard interfaces 

available in most of these computers (serial ports, Ethernet, 

I2C, SPI, bare digital I/Os, analog I/Os, etc), but no board 

can provide exactly the type and number of interfaces 

needed for a particular configuration of an embedded 

system. 

To overcame this, an effective solution is to attach 

a reconfigurable device (FPGA) to a conventional processor, 

to accommodate all the dedicated interfacing circuitry 

necessary for a given application. This solution is now being 

adopted by some companies (Armadeus4 or Technologic 

Systems5) that provide small single board embedded 

computers combining an ARM processor with a FPGA to 

host custom designed peripherals. With the availability of 

FPGAs that include hardcore of processors (e.g the XILINX 

Virtex 4) or support the implementation of processor 

softcores (the XILINX MicroBlaze or the NiosII from 

Altera), a combined hardware/software embedded system 

can be easily integrated into a low cost and low power 

FPGA device, as a cost-effective and highly integrated 

alternative for less demanding applications. The computing 

system developed for the FASt autonomous sailing boat is 

built on a single FPGA device that implements all the digital 

functionality of the system, as a combined 

hardware/software integrated solution. The high level 

navigation and control tasks run as software threads 

executed by an embedded microprocessor and dedicated 

digital processing modules provide the custom interfacing 

with the various peripherals of the sailboat. A general 

purpose FPGA with an embedded soft-processor was 

chosen, to maintain the reconfigurable fabric uncommitted 

for any particular function, thus opening room for the 

evaluation with different heterogeneous implementations. In 
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addition, the fast reconfiguration feature of FPGAs may also 

be used to select among different digital systems according 

to special requirements of a given task. 

B. Organization of the electronics 

The electronic system is built around a small footprint 

FPGA-based single board embedded computer that runs the 

uCLinux operating system on an embedded Microblaze soft 

processor. Section IV-C details the organization of the 

digital system implemented in the FPGA and figure 2 shows 

the general organization of the boat’s electronics. The 

sailboat will includes a set of sensors required for sail 

navigation: GPS, compass, inclinometer, wind direction, 

wind speed and angle of the sail’s boom (the horizontal pole 

supporting the lower side of the main sail). 

 
Fig. 1: Organization of the electronic system of the 

autonomous sailboat FASt. 

Additional sensors include internal temperature, 

ambient light, power supply and battery monitoring. A few 

spare digital I/Os and analogue inputs (16-bit A/D) are 

available for future expansion. The present configuration 

uses as actuators two standard servo motors for the twin 

rudders and a high torque geared motor that controls the sail 

angle. The sensors and actuators connect directly to FPGA 

pins through isolation buffers and power drivers. For manual 

operation, convenient during launch and recovery, the 

sailboat can be controlled by a standard two stick radio-

control. In addition to the direct command of the rudders 

and sail, this also provides additional functions for some 

semi-autonomous navigation modes; a Wi-Fi data link 

implemented with a wireless router is used for short range 

data communication and to provide locally wired Ethernet 

for some additional network enabled devices. The electric 

energy is gathered from a 45Wp solar panel and stored into 

a 190W h Li-ion battery pack through an high efficiency 

off-the-shelf integrated solution that manages the batteries 

charge and provides continuous monitoring to the central 

processor  

C. The FPGA-based embedded computer 

The computing system is implemented with a FPGA-based 

embedded single board computer (Suzaku SZ130 [14]). 

Figure 3 presents the organization of the SZ130 board. It 

includes a Xilinx Spartan3E 1200 FPGA, 32 MB of 

SDRAM, 8 MB of Flash memory, a dedicated Ethernet 

controller, serial port and power supply regulators. The 

board is surrounded by 86 digital I/Os directly connected to 

the FPGA pins. These terminals are not shared with the 

other devices on board and can thus be freely used for the 

user application.  

 
Fig. 2: Organization of the Suzaku SZ130 single board 

computer 

Figure 2. Organization of the Suzaku SZ130 single 

board computer. This board is delivered with a base project 

for the Xilinx EDK tool suite that includes one Microblaze 

32-bit RISC processor [15], the peripherals with the 

memories and serial port, and a pre-installation of the 

uCLinux operating system6. This base project occupies 

roughly 30% of the FPGA logic resources, leaving plenty of 

room for adding additional custom processing blocks 

attached to the main processor. The uCLinux implements a 

Linux kernel for processors with no memory management 

unit and enables a set of convenient services for system 

development: standard TCP/IP network services, structured 

file system, multitasking and a serial RS232 console. The 

development of software is done with a customized version 

of gcc and the standard C libraries for Linux. At power-up 

the FPGA is configured with a bitstream kept in a specific 

section of the flash memory. To reconfigure the FPGA with 

a different bitstream (i.e. implementing a completely 

different logic circuit), an utility application copies the new 

bitstream to the appropriate section of the flash memory and 

then issues a reboot command. This mechanism implements 

a basic dynamic reconfiguration of the whole FPGA under 

control of software running in the main processor. Although 

this feature is not being used in the present implementation, 

it allows the rapid switch (less than 1 second) among 

different logic circuits previously built, specialized for 

navigation conditions or tasks to carry during a mission 
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V. CONCLUSION 

This paper presented the embedded computing system of an 

autonomous unmanned sailing boat, implemented on a 

FPGA- based reconfigurable platform. This platform 

integrates a RISC processor with custom hardware modules 

for interfacing with the peripherals and front-end data 

processing. The hardware reconfigurability and the support 

of a common operating system make this a convenient 

platform for the rapid development of highly integrated 

embedded systems. 

 This system also supports a simple mechanism for 

dynamic reconfiguration of the whole FPGA, under control 

of the operating system. This may be exploited for 

minimizing the energy consumption by choosing among 

different hardware configurations optimized for specific 

navigation conditions or mission applications. The current 

implementation runs the control and navigation tasks as 

software processes on the top of the uCLinux operating 

system. 

 Current developments are exploring different 

organizations of the computing system, by balancing the 

computation tasks between hardware and software, in order 

to reduce to a minimum the clock frequency of the 

embedded processor and thus minimize the dynamic power 

consumption. 
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