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Abstract 

 

Nowadays, almost all electronic circuit can contain multiple technologies and 

advantages in order to help in our daily life or make repetitive tasks. One of the most 

important applications in electronic systems is controlling. Controlling circuits handle 

some features of a process, therefore we could think in the cruise control of an 

automobile, the autopilot of a plane or a simply system that controls the temperature in 

a refrigerator. This project consists of creating one of these controlling systems: an 

autopilot for a boat. 

Autopilots are mechanical, electrical or hydraulic devices used to guide a vehicle 

without assistance from a human being. Modern autopilots use many technologies to 

geo-locate themselves in the land, sea, sky, etc. such as compass, laser or satellites. 

In this case, Global Positioning system (GPS) is used. 

The Global Positioning System (GPS) is a space-based global navigation satellite 

system that provides reliable location and time information anywhere on or near the 

Earth where there is an unobstructed line of sight to four or more GPS satellites. It is 

maintained by the United States government and is freely accessible by anyone with a 

GPS receiver.  

Due to the fact that a FPGA is an ideal platform for prototyping digital systems, it is 

used as the control system in this project; actually, it has been programmed with an 

embedded processor, known as Microblaze and manufactured by Xilinx. It is 

responsible for making complex calculations and controlling all the hardware involved 

in the project. 

Finally, the aim of this project is to convert a normal boat into an autonomous one by 

using GPS technology. The acquisition of the GPS signals is performed by an external 

antenna that collects information of the boat, such as position, direction, speed, etc. 

and sends the information to the control system which modifies the angle of the rudder 

and throttle in order to sail through the desired route.  
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Resumen 

 

Hoy en día, la mayor parte de los circuitos electrónicos contienen múltiples tecnologías 

y avances, para ayudarnos en nuestra vida cotidiana o hacer por nosotros tareas 

repetitivas y/o tediosas. Una de las aplicaciones más importantes de los sistemas 

electrónicos es el control. Éstos circuitos controlan características de los procesos, así, 

podemos pensar en el control de crucero de un coche, el piloto automático de un avión 

o un sencillo sistema que controle la temperatura de un frigorífico. Este proyecto, 

consiste en crear uno de estos sistemas de control, un piloto automático para un 

barco. 

Los pilotos automáticos, son dispositivos mecánicos, eléctricos o hidráulicos utilizados 

para guiar un vehículo sin la intervención de un ser humano. Los más modernos, 

utilizan multitud de tecnologías para la geo-localización de sí mismos en el cielo, la 

tierra o el mar por, medio de brújulas, láser o satélites. En este caso se utiliza el 

sistema GPS (Global Positioning System). 

El sistema GPS es un sistema de navegación global por medio de satélites que 

otorgan información fiable sobre la localización o tiempo en cualquier punto en o cerca 

de la superficie de la Tierra donde hay visibilidad sobre cuatro o más satélites. Es 

mantenido por el gobierno de los Estados Unidos y de libre utilización para todo aquel 

que tenga un receptor GPS. 

El sistema de control, consiste en una FPGA, ya que es una plataforma ideal para 

desarrollar prototipos de sistemas digitales, esta FPGA ha sido programada con un 

procesador embebido, conocido como MicroBlaze, comercializado por Xilinx. Es el 

encargado de realizar operaciones complejas y del control del hardware incluido en la 

placa. 

Por tanto, el propósito de este proyecto es convertir un barco de radio control común 

en uno autónomo utilizando la tecnología GPS. La adquisición de las señales GPS 

será llevada a cabo por una antena GPS externa que almacena información del estado 

del barco como puede ser la posición, dirección, velocidad, etc. y la envía al sistema 

de control para que modifique el ángulo del timón y velocidad del motor, de esta 

manera, el barco navegará por la ruta deseada. 
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1. Introduction 

 

The first idea to implement the system was to search for an electronic board which 

included all sensors, actuators and processors looking for the best effective cost 

solution. This was quite difficult because most of the circuits that work with GPS signals 

(Global Positioning System) are ASICs, application-specific integrated circuits. An 

ASIC is an integrated circuit customized for a particular use, rather than intended for 

general-purpose use. These special ICs (integrated circuits) are commonly used in 

complex systems to increase the functionality and decrease the area of the circuit.  

As feature sizes have shrunk and design tools improved over the years, the maximum 

complexity (and hence functionality) possible in an ASIC has grown from 5,000 gates 

to over 100 million. Modern ASICs often include entire 32-bit processors, memory 

blocks including ROM (Read only memory), RAM (Random access memory), 

EEPROM (Electrically-Erasable Programmable ROM), Flash and other large building 

blocks which would be very suitable for the application. Such an ASIC is often termed a 

SoC (system-on-a-chip). This is a good idea when a huge quantity of ASICs is 

developed because making only one ASIC is expensive, in fact, the non-recurring 

engineering cost of an ASIC can run into the millions of dollars, so, in our case, this 

solution would be very expensive and there is a need of thinking in other alternatives. 

Field-programmable gate arrays (FPGA) are the modern-day technology for building a 

breadboard or prototype from standard parts; programmable logic blocks and 

programmable interconnects allow the same FPGA to be used in many different 

applications. For smaller designs and/or lower production volumes, FPGAs are more 

cost effective than an ASIC design even in production. 

In this case, the chosen platform is a Digilent Nexys2 which is a low cost board based 

on a Xilinx‟s Spartan 3E FPGA. It is also an ideal platform for embedded processor 

systems based on Xilinx‟s Microblaze. This soft-core will be the heart of the system, 

controlling all the ports and connectors of the board and calculating the parameters that 

make the boat move automatically. 

Modularity is a low-cost alternative solution for prototyping, thus, an FPGA board will 

control the boat, and a GPS module will acquire the signals. 
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1.1 Performance overview 

There is a need of controlling the boat in some special cases, for example if there is an 

object in its way, if it is running out batteries, etc. To solve these problems, two modes 

have been implemented in the control system:  manual and autonomous. The way of 

changing between them is pressing the throttle stick backwards due to the reverse gear 

has been removed from the boat. The first one performs the action of controlling the 

boat manually as a normal Radio-Control (RC) boat; the second one uses the sailing 

algorithm to reach the specified waypoints in a route, those waypoints are some points 

in the sea, in a lake or a river that the boat has to reach one by one, and are given in 

pairs of latitude and longitude coordinates. 

The performance of the autonomous mode basically consists of 3 steps: 

1. The first step is the acquisition of the GPS position and heading (the way the 

boat is moving measured from north, normally in nautical terms, this term is 

called Azimuth, therefore if the  boat moves to North this parameter would be 0 

degrees and if it is moving to the South would be 180 degrees, and so on).  

2. Second step is to communicate the GPS module and the control system which 

is responsible for translating this information and comparing it with the desired 

waypoint that the boat is programed to reach. 

3. Finally, it has to generate a special signal to move the rudder and the motor.  

 

The boat will move to the next waypoint and through its way the GPS will get new data 

from the antenna and will compare it again with the table of waypoints. If it is necessary 

(the motor boat could move in other direction due to disturbances like wind or waves) it 

will move the rudder to correct the direction. This process will be a continuous loop that 

repeats this algorithm with each waypoint in order to reach the last waypoint as soon 

as possible and sailing through the shortest path. 
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1.2 Block diagram 

The block diagram (Figure 1), shows a main view of the complete system. The antenna 

of the receiver (RX) gets the information sent by the transmitter (TX) at 2.4 GHz. These 

modulated signals for both channels are decoded by the receiver (RX) and separated 

into the two main channels, one for the rudder and the other for the motor, but, in the 

block diagram they are represented as one connection. 

In a normal radio-control boat, these output signals from the receiver would be 

connected directly to the servos of the boat in order to control them and move the 

shafts accordingly when the TX sticks are pressed, but in this case, the FPGA is 

located between the receiver and the servos. 

As it was explained before, the FPGA has two different modes; one captures the 

signals from the RX and generates two specular signals that are connected to the 

servos, in other words, the FPGA acts as a transparent module that allows the boat to 

be controlled manually with the transmitter. The second mode is the autonomous one, 

where some information about the position of the boat and movement direction is given 

by the GPS antenna. The control system processes these coordinates and calculates 

some useful information for the autopilot. Finally it will generate the signals that modify 

the angle of the rudder and throttle, changing in this way the speed and direction of the 

boat. 

In Figure 1 the feedback is represented by using an error generator that calculates the 

error between the current heading given by the GPS and the heading to reach the 

waypoint which is calculated by the FPGA. The error generator is located in the code 

running on the Microblaze, the same as the control mode block and the block that 

decodes the information sent by the GPS antenna. 

 

 

Figure 1 Block Diagram 
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1.3 Connection issues 

It is necessary to connect the GPS and the FPGA using a protocol understandable by 

both of them. Since most of the GPSs have a serial communication; it is a good idea to 

use a simple serial communication such as RS-232, because it is very easy to 

implement and fast bitrates are not needed to get the GPS data. Most of the 

commercial positioning modules have 2 standard frequencies, 1 Hz and 5 Hz. This 

means the GPS sends data once per second or 5 times per second and this 

requirement is fully supported by RS-232 bit rates, such as 4800 bauds per second. As 

the GPS protocol will be RS-232, it is necessary that the FPGA supplies a RS-232 port 

in order to connect them correctly. 

The board will be connected with the servo system of the boat; this connection has 

been done using the most common way of driving servo systems: Pulse Width 

Modulation (PWM). PWM controls the angle to open or to close the servo by changing 

the duty cycle of a TTL signal. 

 

2. Components 

 

The components bought for the project for testing the autopilot are shown in Table 1 

where shipments to Sweden are not included. Table 1 also includes a small description 

about them. Notice that the boat is a RTR boat (ready to run); this means that all 

hardware is included in the price to start sailing with it. In the next section they are 

deeply explained one by one 

 

NAME DESCRIPTION PRICE 

GPS antenna Holux GR-213 + cable adapter 69.0 € + 15.0 € 

FPGA Board Digilent‟s Nexys2 1200 K gates 107.92 € 

Motor Boat Pacific Queen manufactured by Robbe 219.94 € 

TOTAL:  411.86 € 

Table 1 Cost of the project 
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2.1 GPS antenna 

The chosen GPS receiver, Holux GR-213 is shown in Figure 2. It is based on the SiRF 

Star III chip with embedded ARM7TDMI CPU and is suitable for the application 

because of its low power consumption, portable, serial RS-232 interface and compact 

size. It has up to 200000 effective correlators for fast TTFF (Time-To-Fast-Fix) and 

supports NMEA 0183 v2.2 data protocol. The GPS communicates with other devices 

using its PS/2 connector with RS-232 serial interface; this is studied in the next 

chapter, because this connector is not a standard one, therefore, an adapter is needed. 

  

 

Figure 2 HOLUX GR-213 

 

SPECIFICATIONS: 

 Tracks up to 20 satellites  

 Receiver: L1, C/A code.  

 Update rate: 1 HZ(max)  

 Antenna Type: Built in Patch 
Antenna.  

 Minimum signal tracked: -175dBW  

 Dimensions: 64.5 × 42 × 17.8 mm  

 Weight : < 84g  

 Power consumption: < 80mA at 
4.5- 5.5V input  

 Waterproof 

  Operation Temperature: -40℃ to 
+80℃  

 Operation Humidity:5% to 95% No 
condensing    

 Velocity : 0.1m / sec  

 Time : 1.sec sync GPS time  

 EGNOS/WAAS (high sensitivity 
version doesn‟t support this 
function)  

 Position : < 2.2 m, horizontal 95 % 
of time     < 5 m, vertical 95 % of 
time   

ACQUISITON TIME 

 Reacquisition 0.1 sec. averaged  

 Hot Start 8 sec. averaged  

 Warm Start 38 sec. averaged  

PROTOCOL & INTERFACE  

 NMEA Protocol Output : V 2.2  

 Standard 

 Baud Rate : 4800 bps 

 Interface:  RS-232 + COMS TTL 
Level or  RS-232 + DGPS 

 Format: GGA,GSA, GSV, RMC. 

 

 Cold Start 45 sec. averaged   

 Data Bit : 8 

  Parity : N 

 Stop Bit : 1 
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2.1.1 PS/2 connector 

 

 

PIN SIGNAL AND DESCRIPTION 

1 TX_RS232 (RS232 level) 

2 +5 VDC 

3 TX_TTL (CMOS TTL level) 

4 Ground 

5 RX_TTL (CMOS TTL level)or DGPS input 

6 RX_RS232 (RS232 level) 

Figure 3 PS/2 connector 

 

Figure 3 shows the PS/2 female connector available in the GR-213, but pins are not 

located in the same position as in standard PS/2 protocol, so it is needed to identify the 

pins our application is going to use and split them into other standards that the FPGA 

could understand. The used pins are: 

 1. TX_RS232 (RS232 level) 

 2. +5 VDC 

 4. Ground 

 6. RX_RS232 (RS232 level) 

Pins 1 and 6 will be connected to a standard RS232 connector with the aim of 

communicate the FPGA and the GPS, on the other hand, pins 2 and 4 will be 

connected to a standard PS/2 connector for power up the GPS (the RS232 has no pins 

for power supply). As the connector has only two pins for the communication (RX and 

TX) there is no handshaking implemented. 

Both connections are done by a special Holux cable, CA-RS232-S, which connects the 

female PS/2 connector into a female RS232 for data and a male PS/2 for power 

consumption. 

 

2.1.2 NMEA 0183 v 2.2 protocol 

It was NMEA (National Marine Electronic Asociation) who promoted the communication 

between different marine equipment, developing a normalised protocol for transmitting 

data. The first one was NMEA 180 format which was able of transmitting information to 

an autopilot so as to vary the route of an established trajectory. Later, NMEA 180 
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complex and NMEA 182 appeared and included also information about our 

geographical coordinates using a 1200 baud connection. 

NMEA 183 is an improved protocol due to the usage of better Microcontrollers that 

performs better and faster calculations; it also sends information about speed, 

coordinates, date, time, time to reach a waypoint, etc. with a speed connection of 4800 

baud.  

 

NMEA bus characteristics 

NMEA standards 0180 and 0182, could have a RS232 or TTL buffer output, able to 

give 10 mA with a 4 volt voltage, nevertheless NMEA 0183 accepts this but 

recommends the output to be according to EIA-422 standard. This is a differential 

system with 2 signal lines, A and B. A line voltages correspond to the earlier TTL 

simple cable, meanwhile B line voltages are inverted (if A is 5 volt, B is ground and vice 

versa). 

In practice, simple cable or EIA-422 A-cable could be connected directly to an RS232 

port. 

 

NMEA-0183 general string format 

 

In NMEA-0183 every used character is ASCII (including “carry return” and “line feed”). 

NMEA data is sent at 4800 8N1, which means 4800 bauds, 8 data bits, 1 stop bit and 

no parity in sentence format. Each sentence starts with “$”, followed by 2 more letters 

that correspond to the “ID talker” and finally 3 letters more (sentence ID), the rest of the 

string contains a number of fields that correspond to different information depending on 

the sentence ID. These fields are numbers separated by commas. The sentence ends 

with an optative checksum and a “carry return / line feed”. The whole sentence could 

contain up to 82 characters including the “$” and CR / LF. An example is given in Table 

3. 

If some field data is not available or it has not been calculated yet by the GPS, the field 

is omitted but the commas that separate each field are sent without space between 

them. 
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The way to decode these sentences is counting the commas in each sentence in order 

to get the useful information in the desired field. 

The optative checksum field consist of an “*” and 2 hexadecimal digits that represents 

the exclusive OR of all the characters of the sentence discarding the “$” and the “*”.  

Some ID talkers are:              

 GP  Global Positioning System receiver 

 LC  Loran – C receptor   

 OM  Omega navigation receptor 

 II   Integrated Instrumentation 

 

Some supported ID sentences are: 

 AAM - Waypoint Arrival Alarm 

 ALM - GPS Almanac Data 

 APB - Autopilot Sentence "B" 

 ASD - Autopilot System Data 

 BEC - Bearing & Distance to Waypoint, Dead Reckoning 

 BOD - Bearing, Origin to Destination 

 BWC - Bearing & Distance to Waypoint, Great Circle 

 BWR - Bearing & Distance to Waypoint, Rhumb Line 

 BWW - Bearing, Waypoint to Waypoint 

 DBT - Depth Below Transducer 

 DCN - Decca Position 

 DPT - Depth 

 FSI - Frequency Set Information 

 GGA - Global Positioning System Fix Data 

 GLC - Geographic Position, Loran-C 

 GLL - Geographic Position, Latitude/Longitude 

 GSA - GPS DOP and Active Satellites 

 GSV - GPS Satellites in View 

 GXA - TRANSIT Position 

 HDG - Heading, Deviation & Variation 

 HDT - Heading, True 
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 HSC - Heading Steering Command 

 LCD - Loran-C Signal Data 

 MTW - Water Temperature 

 MWV - Wind Speed and Angle 

 OLN - Omega Lane Numbers 

 OSD - Own Ship Data 

 RMA - Recommend Minimum Specific Loran-C Data 

 RMB - Recommend Minimum Navigation Information 

 RMC - Recommend Minimum Specific GPS/TRANSIT Data 

 ROT - Rate of Turn 

 RPM - Revolutions 

 RSA - Rudder Sensor Angle 

 RSD - RADAR System Data 

 RTE - Routes 

 SFI - Scanning Frequency Information 

 STN - Multiple Data ID 

 TRF - TRANSIT Fix Data 

 TTM - Tracked Target Message 

 VBW - Dual Ground/Water Speed 

 VDR - Set and Drift 

 VHW - Water Speed and Heading 

 VLW - Distance Travelled through the Water 

 VPW - Speed, Measured Parallel to Wind 

 VTG - Track Made Good and Ground Speed 

 WCV - Waypoint Closure Velocity 

 WNC - Distance, Waypoint to Waypoint 

 WPL - Waypoint Location 

 XDR - Transducer Measurements 

 XTE - Cross-Track Error, Measured 

 XTR - Cross-Track Error, Dead Reckoning 

 ZDA - Time & Date 

 ZFO - UTC & Time from Origin Waypoint 

 ZTG - UTC & Time to Destination Waypoint 
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In this case the only decoded sentence is RMC (Recommended minimum specific 

GPS/Transit data) because it has the necessary data to complete the autopilot (actually 

the GPS only sends GGA, GSA, GSV and RMC sentences (as it was explained in 

Holux GR-213 specifications), and no information about satellites status is needed for 

the project, therefore, the sentence has latitude and longitude coordinates, true 

heading, date, time, speed, as it is explained below: 

 

RMC sentence 

An example of GPRMC sentence (Recommended minimum specific GPS/Transit data) 

is given below, thus, the implemented NMEA decoder could be fully understood by the 

reader. This decoder is based on a FSM (Finite State Machine) which counts the 

commas changing in this way its state. Using this method it is able to identify the 

important fields such as latitude, longitude and true heading.  Table 2 shows the 

meaning of each field separated by commas in this sentence. A small description about 

the field is also given in order to identify them. 

GPRMC example: 

$GPRMC,225446,A,5611.000,N,01535.7243,E,0.05,054.70,200810,,,E*68 

 

Field Description 

225446 Time of fix 22:54:46 UTC 

A Navigation receiver warning  A = valid, V = invalid 

5611.000,N Latitude 56 deg. 11.000 min North 

01535.7243,E Longitude 015 deg. 35.7243 min East 

0.05 Speed over ground, Knots 

054.70 True Heading (measured from North) 

200810 Date of fix 20 August 2010 

*68 mandatory checksum 

Table 2 RMC information 
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2.2 FPGA board. Nexys2 

The Nexys-2 is a powerful digital system design platform built around a Xilinx Spartan 

3E FPGA and it is manufactured by Digilent. It allows a wide range of designs to be 

completed without the need for any additional components, because of the multiple I/O 

devices, connectors and memory included.  Its low-cost, reduced size and all I/O 

devices make it a perfect platform to develop this project. 

 

SPECIFICATIONS: 

 Xilinx Spartan-3E FPGA 1200K Gates. 

 USB2 port providing board power, device configuration, and high-speed data 

transfers  

 Works with ISE/Web pack and EDK  

 16MB fast Micron PSDRAM  

 16MB Intel StrataFlash Flash R 

 Xilinx Platform Flash ROM  

 High-efficiency switching power supplies, good for battery-powered applications  

 50MHz oscillator, plus a socket for a second oscillator  

 75 FPGA I/O‟s routed to expansion connectors (one high-speed Hirose FX2 

connector with 43 signals and four 2x6 Pmod connectors) 

 All I/O signals are ESD and short-circuit protected, ensuring a long operating 

life in any environment.  

 On-board I/O includes eight LEDs, four-digit seven-segment display, four 

pushbuttons, eight slide switches  

 

The FPGA has been programmed with Xilinx‟s embedded soft-core processor 

MicroBlaze using XPS (Xilinx Platform Studio) in order to get the whole system fully 

working. 
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Figure 4 Nexys 2 

 

 

2.2.1 Power supply 

The Nexys2 board power input bus can be driven from a USB cable, from a 5VDC-

15VDC, 2.1mm wall-plug supply, or from a battery pack. 

In this case, the FPGA is connected to the battery of the boat, powering the board with 

5 volts. A shorting block loaded on the “power select” jumper selects the power source.  

The input power bus drives a 3.3V voltage regulator that supplies all required board 

current. Some devices require 2.5V, 1.8V, and 1.2V supplies in addition to the main 

3.3V supply, and these additional supplies are created by regulators that take their 

input from the main 3.3V supply. The primary supplies are generated by highly efficient 

switching regulators from Linear Technology. These regulators allow the Nexys2 to run 

from the battery for extended periods. 

The Nexys2 board uses a six layer PCB, with the inner layers dedicated to VCC and 

GND planes. The FPGA and the other ICs on the board all have a large complement of 

bypass capacitors placed as close as possible to each VCC pin. The power supply 

routing and bypass capacitors result in a very clean, stable, and low-noise power 

supply. 
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Figure 5 Power Supply diagram 

 

2.2.2 Peripherals 

The following peripherals are used in the system: RS232 Port to communicate with the 

Holux GR-213, LEDS that indicates the position of the rudder, 7-segment displays that 

show the mode, and special Pmod to connect and control the servos. 

 

2.2.1.1 RS232 port 

The Nexys2 contains a two-wire serial port based on an ST Microelectronics ST3232 

voltage converter. The ST3232 converts the signal levels used by RS-232 

communications (-12 to -3 for a logic „1‟ and 12V to 3V for a logic „0‟) to the 3.3V 

signals used by the FPGA. Since only two signals are connected (RXD and TXD), an 

FPGA-based serial port controller can only use software handshaking protocols 

(XON/XOFF) but, in this case no handshaking is used. 

The two devices connected to either end of a serial cable are known as the Data 

Terminal Equipment (DTE) and the Data Communications Equipment (DCE). The DCE 

was originally conceived to be a modem, but now many devices connect to a computer 

as a DCE. A DTE “source” device uses a male DB-9 connector, and a DCE “peripheral” 

device uses a female DB-9 connector, this is why a male to male adapter is needed to 

connect with the GPS. Two DTE devices can be connected via a serial cable only if 

lines two and three (RXD and TXD) are crossed; producing what is known as a null 

modem cable. A DTE and DCE device can be connected with a straight-through cable. 

The Nexys2 is configured as a DCE device, with the assumption it will most typically be 

connected to a DTE device like a computer, actually instead of a computer, the GPS 
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acts like a DTE, sending the information and the FPGA only listens, it does not transmit 

any information to the GPS. 

 

 

 
Figure 6 Nexys 2 Serial Port circuit 

 

 

 

2.2.1.2 LEDS 

Eight LEDs are provided for circuit outputs. LED anodes are driven from the FPGA via 

390-ohm resistors, so a logic „1‟ output will illuminate them with 3-4ma of drive current. 

A ninth LED is provided as a power-on LED, and a tenth LED indicates FPGA 

programming status. 

 

 

2.2.1.3 7-segment displays 

The Nexys2 board contains a four-digit common anode seven-segment LED display. 

Segment LEDs can be individually illuminated, so any one of 128 patterns can be 

displayed on a digit by illuminating certain LED segments and leaving the others dark. 

Of these 128 possible patterns, the ten corresponding to the decimal digits are the 

most useful. 

The anodes of the seven LEDs forming each digit are tied together into one “common 

anode” circuit node, but the LED cathodes remain separate. The common anode 

signals are available as four “digit enable” input signals to the 4-digit display. The 
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cathodes of similar segments on all four displays are connected into seven circuit 

nodes labelled CA through CG (so, for example, the four “D” cathodes from the four 

digits are grouped together into a single circuit node called “CD”). These seven 

cathode signals are available as inputs to the 4-digit display. This signal connection 

scheme creates a multiplexed display, where the cathode signals are common to all 

digits but they can only illuminate the segments of the digit whose corresponding 

anode signal is asserted. In the code only one display is required so there is no need to 

multiplex the displays. 

 

Figure 7 Nexys 2 I/O interface 

 

2.2.1.4 Peripheral modules. Pmod 

The Nexys2 board provides four two-row 6-pin Pmod connectors that together can 

accommodate up to 8 Pmods. The four 12-pin connectors each have 8 data signals, 

two GND pins, and two Vdd pins. All data signals include short circuit protection 

resistors and ESD protection diodes. A jumper block adjacent to each Pmod connector 

can connect the Pmod‟s Vdd signal to the Nexys2 board‟s 3.3V supply or to the input 

power bus (VU), the second chance, will be better to power up the servos with the 5 

volt power supply from the battery. If the jumper is set to VU, a voltage source 
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connected to the Pmod can drive the main power bus of the Nexys2 board, so care 

should be taken to avoid connecting conflicting power supplies. 

The Pmod connectors are labelled JA (nearest the power jack), JB, JC, and JD 

(nearest the expansion connector). Pin outs for the Pmod connectors are provided in 

the table below. 

 

Figure 8 Peripheral Modules schematic 

 

CON3 

The Digilent Pmod Servo Connector Module Board (the CON3™) makes it easy to 

connect up to four servo motors from the Digilent system board, but in this case we use 

2 of the pins as inputs in order to collect PWM signals sent by the receiver, the other 

pins have been configured as outputs to drive up to 2 servos (one of them to controls 

the rudder and the other to controls the speed). 

The servo motors can be powered by 4.5V to 6V sources, while being controlled with 

TTL-level logic signals. 

The CON3 can be used with most servo motors including those that deliver anywhere 

from 50 to 300 ounce/inches of torque. Servo motor power can come from a system 
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board (for low power applications) or from an external power source (for higher-power 

applications). A jumper setting determines the power source. 

The CON3 has a power jumper that routes power to the servo motors through either 

the 6-pin header or a screw terminal (when using an alternate power source). When 

the power jumper is in the VCC position it routes power through the 6-pin header. 

When the power jumper is in the VE position it routes power through the screw 

terminal. 

When plugging a servo motor into the CON3‟s servo connector, the signal wire of the 

servo should connect to the signal portion of the connector, and the black wire should 

connect to the ground portion of the connector. 

 

 

 

Figure 9 CON3 diagram 
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2.3 Servo controllers 

A "servo" is a generic term used for an automatic control system. In practical terms it is 

a mechanism that you can set and forget, and which adjusts itself during continued 

operation through feedback. The feedback measures the output and corrects the input 

in order to get no error. Servo motors are used in a number of robotic applications, 

including steering, movement, and rotation. Servos are designed to move to a precise 

desired position and then stop. A block diagram of a common servo motor is shown in 

Figure 10. 

The consumer-visible servos could contain:  

 a DC electric motor,  

 gears with an output shaft,  

 position-sensing mechanism,  

 Control circuitry.  

 

 

Figure 10 Servo system Block Diagram 

 

The controlling intelligence, in this case the operator of the model, indicates the servo 

the position that the output shaft should have. The position-sensing mechanism tells 

the servo what position the shaft currently has. The control circuitry notes the 

difference between the desired position and the current position, and uses the motor to 

change the angle of the shaft. If the difference in position is large, the motor moves 

rapidly to the correct position; if the difference is small, the adjustment is softer. As for 

Motor Gear Box 

Position 

Sensor 

 

PWM to voltage Input 

Output 
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the operator, all he knows is that he moved a slider half-way up, and the rudder moved 

to the centre position, and will stay there until he moves the slider again. 

A pulse width modulation signal controls the direction and degree of rotation of the 

rudder. A pulse signal ranging from 1ms to 2ms is sent to the servo‟s control board, 

which recognizes the pulse and begins the process of turning the servo‟s output shaft. 

A pulse of 1ms causes the servo to turn all the way in one direction, a pulse of 2ms 

causes the servo to turn all the way in the other direction, and a pulse of 1.5ms causes 

the servo to turn to the centre or to a neutral position (see Figure 11.) 

 

 
Figure 11 Servo Control 

 
 

To avoid problems with the servo, the pulse signal should be sent at a frequency of 30-

60 pulses per second, thus if we use a frequency of 50 Hz, the period would be 

constant, being 20 ms. Notice that the pulse width (1.5ms, 1ms, or 2ms) controls the 

direction. 

While different manufacturers produce servos, all servos are made to the same pulse 

signal specifications. A pulse signal between 1ms - 2ms is the safe range for a servo. 

Most servos will function outside of this range but the amount varies depending on the 

manufacturer and the servo. A signal that is either too narrow or too wide for a servo 

will cause the servo to try to go beyond its rotational range and it can damage the 

servo. 
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2.4 Pacific Queen RTR (Ready to Run) 

This completely pre-assembled model is ready to run after loading the battery which 

has to be previously charged with a suitable battery charger. The Pacific Queen 

(shown in Figure 12) includes a modern 2.4 GHz remote control unit and full 

motorisation including a high-quality Robbe speed controller. Its excellent sailing 

properties and its smart design make this the complete ready-to-run package. 

 
Figure 12 Pacific Queen motor boat 

 

  

Main Specifications: 

 Length: 850 mm 

 Width: 245 mm 

 Height: 265 mm 

 Total displacement: 1600 g 

 

2.4.1 Brushless motors 

Brushless DC motors (BLDC motors, BL motors) also known as electronically 

commutated motors (ECMs, EC motors) are synchronous electric motors powered by 

direct-current (DC) electricity and having electronic commutation systems, rather than 

mechanical commutators and brushes. The current-to-torque and voltage-to-speed 

relationships of BLDC motors are linear. 

BLDC motors may be described as Stepper motors, with fixed permanent magnets and 

possibly more poles on the stator than the rotor, or Reluctance motors. The latter may 

be without permanent magnets, just poles that are induced on the rotor then pulled into 

alignment by timed stator windings. However, the term stepper motor tends to be used 

http://en.wikipedia.org/wiki/Electric_motors
http://en.wikipedia.org/wiki/Direct-current_electricity
http://en.wikipedia.org/wiki/Commutator_%28electric%29
http://en.wikipedia.org/wiki/Brush_%28electric%29
http://en.wikipedia.org/wiki/Stepper_motors
http://en.wikipedia.org/wiki/Stator
http://en.wikipedia.org/wiki/Reluctance_motor
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for motors that are designed specifically to be operated in a mode where they are 

frequently stopped with the rotor in a defined angular position. 

A BLDC motor has permanent magnets which rotate and a fixed armature, eliminating 

the problems of connecting current to the moving armature. An electronic controller 

replaces the brush/commutator assembly of the brushed DC motor, which continually 

switches the phase to the windings to keep the motor turning. The controller performs 

similar timed power distribution by using a solid-state circuit rather than the 

brush/commutator system. 

BLDC motors offer several advantages over brushed DC motors, including more torque 

per weight and efficiency, reliability, reduced noise, longer lifetime (no brush and 

commutator erosion), elimination of ionizing sparks from the commutator, more power, 

and overall reduction of electromagnetic interference (EMI). With no windings on the 

rotor, they are not subjected to centrifugal forces, and because the windings are 

supported by the housing, they can be cooled by conduction, requiring no airflow inside 

the motor for cooling.  

2.4.2 ESPs (Electronic Speed Controllers) 

An electronic speed controller or ESC is an electronic circuit with the purpose of 

varying the speed of an electric motor, its direction and possibly also to act as a 

dynamic brake. ESCs are often used on electrically-powered radio controlled models 

as in our case. 

ESC interprets control information not as mechanical motion as would be the case of a 

servo, but rather in a way that varies the switching rate of a network of field effect 

transistors, or "FET's."[1] The rapid switching of the transistors is what causes the 

motor itself to emit its characteristic high-pitched whine, especially noticeable at lower 

speeds. It also allows much smoother and more precise variation of motor speed in a 

far more efficient manner than the mechanical type with a resistive coil and moving arm 

once in common use. 

DC ESCs in the broader sense are PWM controllers for electric motors. The ESC 

generally accepts a nominal 50 Hz PWM servo input signal whose pulse width varies 

from 1 ms to 2 ms. When supplied with a 1 ms width pulse at 50 Hz, the ESC responds 

by reversing the DC motor attached to its output. A 1.5 ms pulse-width input signal 

results no rotation in the motor. When presented with 2.0 ms input signal, the motor 

runs at full speed due to the 100% duty cycle (on constantly) output. 

http://en.wikipedia.org/wiki/Armature_%28electrical_engineering%29
http://en.wikipedia.org/wiki/Electromagnetic_interference
http://en.wikipedia.org/wiki/Electronic_circuit
http://en.wikipedia.org/wiki/Electric_motor
http://en.wikipedia.org/wiki/Dynamic_brake
http://en.wikipedia.org/wiki/Radio_controlled_model
http://en.wikipedia.org/wiki/Servo
http://en.wikipedia.org/wiki/Field_effect_transistors
http://en.wikipedia.org/wiki/Field_effect_transistors
http://en.wikipedia.org/wiki/Electronic_speed_control#cite_note-0
http://en.wikipedia.org/wiki/Pulse-width_modulation
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3. MicroBlaze soft-core 

 

The MicroBlaze™ core is a 32-bit RISC Harvard architecture soft processor core with a 

rich instruction set optimized for embedded applications. MicroBlaze soft processor is 

programmed using Xilinx EDK (Embedded Development Kit). EDK has complete 

flexibility to select the combination of peripheral, memory and interface features that 

will gives the exact system needed at the lowest cost possible on a single FPGA. 

The MicroBlaze FPU (Floating-Point Unit) is fully supported by the Embedded 

Development Kit (EDK). The GNU compiler will automatically take advantage of the 

FPU by moving the floating point execution from software libraries to hardware. No 

changes are required to the source code. 

Floating point acceleration is often demanded by applications targeting industries such 

as industrial control, automotive, scientific, military and aerospace. 

 

3.1 Hardware 

Base System Builder has been used for creating the embedded processor. It is a XPS 

(Xilinx Platform Studio) wizard to create the hardware of the embedded processor 

which will be programmed inside the FPGA. As the manufacturer of the board is 

Digilent instead of Xilinx, it is necessary to add some specific drivers for the Nexys2 

that can be downloaded from www.digilentinc.com. This file configures most important 

peripherals, such as LEDS, 7-SEGMENT DISPLAYS, switches, external PSDRAM, etc. 

The pin locations are added in the UCF file (this file includes FPGA pin locations in 

order to make the connections with the board). 

Once added, some Xilinx‟s IP cores (Intellectual Property) have been added to the 

project, in this case, a RS232 UART, 4 XPS timers and 2 more memory blocks have 

been introduced in the peripheral bus of the Microprocessor.  

The following image shows the whole Microblaze system, it has two LMB (local 

memory buses) one for addresses and the other for data and one PLB (Peripheral 

Local Bus). 

 

http://www.digilentinc.com/
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Figure 13 MicroBlaze System 

 

All peripherals are connected to the PLB bus as slaves, the three memories (bram 

blocks) have been added to both LMB buses, connecting each memory controller to 

data bus or address bus in order to expand the RAM memory (explained in next 

chapter).  

 

3.1.1 Memory. BRAM 

As the code of the program sizes around 50K, the first idea was to add a 64K BRAM 

due to XPS allows you to add 2n K up to 64K (the maximum size for LMB buses), but 

the problem is that the FPGA is not large enough to contain that number of BRAMS, so 

the solution is to get 56K (32K + 16K + 8K), because is the largest memory to add in 

the XC3S1200E, and large enough to fit the program size,  this has been done adding 

3 memory blocks, connecting them to the data and address buses and change the 

addresses to make them contiguous, therefore, it is like to have only a 56K memory. 

Another solution would be to program the code in the external PSDRAM and create a 

linker script in the BRAM memory of the embedded processor in order toload the 

program code from the external memory, but an special Digilent‟s cable is required. 

Figure 14 contains the memory addresses: 
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Figure 14 BRAM address location 

 

3.1.2 RS232 UART 

The XPS Universal Asynchronous Receiver Transmitter (UART) Lite Interface connects 

to the PLB (Processor Local Bus) and provides the controller interface for 

asynchronous serial data transfer. It performs parallel to serial conversion on 

characters received through PLB and serial to parallel conversion on characters 

received from a serial peripheral.  

The XPS UART Lite is capable of transmitting and receiving 8, 7, 6 or 5 bit characters, 

with 1 stop bit and odd, even or no parity. The XPS UART Lite can transmit and receive 

independently.  

The UART has been configured with the following parameters to communicate 

correctly with the GPS antenna: 

 Interrupts enabled 

 4800 bauds 

 8 data bits 

 No parity 

 

 

Figure 15 UART block diagram 
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Interrupts: 

UART RS232 Interrupt can be masked by using interrupt enable/disable signal, and it 

is generated when one of the following conditions is true: 

1. When there exists any valid character in the Receive FIFO 

2. When the Transmit FIFO goes from not empty to empty, such as when the last 

character in the Transmit FIFO is transmitted 

 

 

3.1.3 LEDS AND 7-segment displays 

Both devices are configured as GPIO (General Purpose Input/Output) registers. The 

XPS GPIO design provides a general purpose input/output interface to a Processor 

Local Bus (PLB). The XPS GPIO can be configured as either a single or a dual channel 

device. The channel width is configurable and when both channels are enabled, the 

channel width of each of the channels can be configured individually. 

The ports can be configured dynamically for input or output by enabling or disabling the 

3-state buffer. The channels may be configured to generate an interrupt when a 

transition on any of their inputs occurs, but this is not necessary for the application. 

 

 
Figure 16 GPIO block diagram 

 

 

3.1.4 Interrupt controller 

The LogiCORE IP XPS Interrupt Controller (XPS INTC) concentrates multiple interrupt 

inputs from peripheral devices to a single interrupt output to the system processor. The 
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registers for checking, enabling and acknowledging interrupts are accessed through a 

slave interface for the Processor Local Bus (PLB V4.6). 

XPS INTC can be used to expand the number of interrupt inputs available to the CPU 

and, optionally, to provide a priority encoding scheme. The output of XPS INTC is 

intended to be connected to a CPU interrupt input and each of the interrupt inputs to 

XPS INTC is intended to be connected to a device that can generate interrupt 

conditions. 

 

Capturing, Acknowledging and Enabling Interrupt Conditions 

Interrupt conditions are captured by XPS INTC and retained until explicitly cleared (also 

referred to as acknowledged). Facilities are also provided to enable or disable 

interrupts, globally and individually. If all interrupts are globally enabled and if at least 

one captured interrupt is individually enabled, an interrupt condition is signalled 

upstream to the CPU. 

 

Interrupt Vector Register 

If an optional Interrupt Vector Register is opted in the XPS INTC, then a priority 

relationship is established between the interrupt inputs (lower number, higher priority). 

The register returns the number attached to the individually enabled interrupt with 

highest priority. This can be used to expedite the speed at which software can select 

the appropriate interrupt service routine (software vectoring). 

 

 

Figure 17 XPS INTC Block Diagram 
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3.1.5 Timer/Counters 

In the project, 4 XPS timers are used, two in capture mode and other 2 in PWM mode. 

Capture timers, decode PWM signals from the RX and PWM timers generate PWM 

signals to control the servos. Every XPS Timer/Counter is a 32-bit timer module that 

attaches to the PLB bus. The Timer/Counter is organized as two identical timer 

modules as shown in Figure 19. Each timer module has an associated load register 

that is used to hold either the initial value for the counter for event generation, or a 

capture value, depending on the mode of the timer. 

The capture value is the timer value that has been latched on detection of an external 

event. The clock rate of the timer modules is SPLB_Clk (no pre scaling of the clock is 

performed). All of the Timer/Counter interrupts are together to generate a single 

external interrupt signal. The interrupt service routine must read the control/status 

registers to determine the source of the interrupt. 

 

Timer Modes 

There are three modes that can be used with the two Timer/Counter modules, but only 

last two are used: 

 Generate mode 

 Capture mode 

 Pulse Width Modulation (PWM) mode. 

 

Capture Mode 

In Capture Mode, the value of the counter is stored in the load register when the 

external capture signal is asserted. 

The TINT bit is also set in the Timer Control Status Register (TCSR) on detection of the 

capture event. The counter can be configured as an up or down counter for this mode 

as determined by the selection of the UDT bit in TCSR. 

The ARHT bit controls whether the capture value is overwritten with a new capture 

value before the previous TINT flag is cleared. This mode is useful for time tagging 

external events while simultaneously generating an interrupt. 

 

Capture Mode has the following characteristics: 

 The capture signal can be configured to be low-true or high-true. 

 The capture signal is sampled within the Timer/Counter with the SPLB_Clk. The 

capture event is defined as the transition on the sampled signal to the asserted 



Control system for a GPS-guided boat  Carlos Moral 
 

~ 35 ~ 
 
 

state. For example, if the capture signal is defined to be high-true, then the 

capture event is when the sampled signal, synchronized to the SPLB_Clk, 

transitions from ‟0‟ to ‟1‟. 

 When the capture event occurs, the counter value is written to the load register. 

This value is called the capture value. 

 When the ARHT bit (Auto Reload/Hold) is set to ‟0‟ and the capture event 

occurs, the capture value is written to the Load Register which holds the 

capture value until the load register is read. If the load register is not read, 

subsequent capture events will not update the load register, so it will be lost. 

 When the ARHT bit (Auto Reload/Hold) is set to ‟1‟, and the capture event 

occurs, the capture value is always written to the load register. Subsequent 

capture events will update the load register and will overwrite the previous 

value, whether it has been read or not. 

 The counter can be set up to count either up or down as determined by the 

selection of the UDT bit in the Timer Control Status Register (TCSR). 

 

Pulse Width Modulation (PWM) Mode 

In PWM mode, two timer/counters are used as a pair to produce an output signal 

(PWM0) with a specified frequency and duty factor. Timer0 sets the period and Timer1 

sets the high time for the PWM0 output. 

 

Characteristics 

PWM Mode has the following characteristics: 

 The mode for both Timer0 and TImer1 must be set to Generate Mode (bit MDT 

in the TCSR set to ‟0‟). 

 The PWMA0 bit in TCSR0 and PWMB0 bit in TCSR1 must be set to ‟1‟ to 

enable PWM mode. 

 The GenerateOut signals must be enabled in the TCSR (bit GENT set to ‟1‟). 

The PWM0 signal is generated from the GenerateOut signals of Timer0 and 

Timer1, so these signals must be enabled in both timer/counters. 

 The assertion level of the GenerateOut signals for both timers in the pair must 

be set to ‟1‟. This is done by setting C_GEN0_ASSERT and C_GEN1_ASSERT 

to ‟1‟. 

 The counter can be set to count up or down. 
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Setting the PWM Period and Duty Factor 

The PWM period is determined by the generate value in Timer0‟s load register (TLR0). 

The PWM high time is determined by the generate value in Timer1‟s load register 

(TLR1). The period and duty factor are calculated as follows: 

As counters are configured to count down (UDT = ‟1‟): 

PWM_PERIOD = (TLR0 + 2) x PLB_CLOCK_PERIOD 

PWM_HIGH_TIME = (TLR1 + 2) x PLB_CLOCK_PERIOD 

 

 
 

 
Figure 18 Timer block diagram 

 

3.1.6 UCF file (User Constraints File) 

The following lines represent the UCF file that specifies timing and placement 

constraints for the FPGA Design. It is used to interconnect Microblaze external pins to 

the physical pins in the Nexys2: 

 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<7> LOC=J14 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<6> LOC=J15 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<5> LOC=K15 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<4> LOC=K14 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<3> LOC=E16 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<2> LOC=P16 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<1> LOC=E4 |  IOSTANDARD = LVCMOS33; 
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Net fpga_0_LEDs_8Bit_GPIO_IO_O_pin<0> LOC=P4 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<11> LOC=L18 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<10> LOC=F18 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<9> LOC=D17 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<8> LOC=D16 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<7> LOC=G14 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<6> LOC=J17 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<5> LOC=H14 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<4> LOC=C17 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<3> LOC=F17 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<2> LOC=H17 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<1> LOC=C18 | IOSTANDARD = LVCMOS33; 

Net fpga_0_LED_7SEGMENT_GPIO_IO_O_pin<0> LOC=F15 | IOSTANDARD = LVCMOS33; 

Net RUDDER_OUT_signal_pin LOC=L15 | IOSTANDARD = LVCMOS33 | PULLUP; 

Net MOTOR_OUT_signal_pin LOC=K12 | IOSTANDARD = LVCMOS33 | PULLUP; 

Net RUDDER_IN_signal_pin LOC=L17 | IOSTANDARD = LVCMOS33 | PULLUP; 

Net MOTOR_IN_signal_pin LOC=M15 | IOSTANDARD = LVCMOS33 | PULLUP; 

Net fpga_0_RS232_PORT_RX_pin LOC=U6 | IOSTANDARD = LVCMOS33 | PULLUP; 

Net fpga_0_RS232_PORT_TX_pin LOC=P9 | IOSTANDARD = LVCMOS33 | DRIVE = 2; 

Net fpga_0_clk_1_sys_clk_pin TNM_NET = sys_clk_pin; 

TIMESPEC TS_sys_clk_pin = PERIOD sys_clk_pin 50000 kHz; 

Net fpga_0_clk_1_sys_clk_pin LOC=B8 | IOSTANDARD = LVCMOS33; 

Net fpga_0_rst_1_sys_rst_pin TIG; 

Net fpga_0_rst_1_sys_rst_pin LOC=B18 | IOSTANDARD = LVCMOS33; 

 

 

3.1.7 MHS file (MicroBlaze Hardware Specification) 

The Microprocessor Hardware Specification (MHS) file defines the hardware 

component. The MHS file serves as an input to the Platform Generator (Platgen) tool. 

An MHS file defines the configuration of the embedded processor system, and includes 

the following: 

 Bus architecture 

 Peripherals 

 Processor 

 System Connectivity 

 Address space 
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PARAMETER VERSION = 2.1.0 

PORT fpga_0_LEDs_8Bit_GPIO_IO_O_pin = fpga_0_LEDs_8Bit_GPIO_IO_O_pin, DIR = O, 

VEC = [0:7] 

PORT fpga_0_LED_7SEGMENT_GPIO_IO_O_pin =    

fpga_0_LED_7SEGMENT_GPIO_IO_O_pin, DIR = O, VEC = [0:11] 

PORT fpga_0_RS232_PORT_RX_pin = fpga_0_RS232_PORT_RX_pin, DIR = I 

PORT fpga_0_RS232_PORT_TX_pin = fpga_0_RS232_PORT_TX_pin, DIR = O 

PORT fpga_0_clk_1_sys_clk_pin = dcm_clk_s, DIR = I, SIGIS = CLK, CLK_FREQ = 50000000 

PORT fpga_0_rst_1_sys_rst_pin = sys_rst_s, DIR = I, SIGIS = RST, RST_POLARITY = 1 

PORT MOTOR_IN_signal_pin = MOTOR_IN_signal, DIR = I 

PORT RUDDER_IN_signal_pin = RUDDER_IN_signal, DIR = I 

PORT MOTOR_OUT_signal_pin = MOTOR_OUT_PWM0, DIR = O 

PORT RUDDER_OUT_signal_pin = RUDDER_OUT_PWM0, DIR = O 

BEGIN xps_timer 

 PARAMETER INSTANCE = RUDDER_IN 

 PARAMETER C_COUNT_WIDTH = 32 

 PARAMETER C_ONE_TIMER_ONLY = 0 

 PARAMETER HW_VER = 1.02.a 

 PARAMETER C_TRIG1_ASSERT = 0 

 PARAMETER C_BASEADDR = 0x83c20000 

 PARAMETER C_HIGHADDR = 0x83c2ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT CaptureTrig0 = RUDDER_IN_signal 

 PORT CaptureTrig1 = RUDDER_IN_signal 

 PORT Interrupt = RUDDER_IN_Interrupt 

END 

 

BEGIN xps_intc 

 PARAMETER INSTANCE = xps_intc_0 

 PARAMETER HW_VER = 2.01.a 
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 PARAMETER C_BASEADDR = 0x81800000 

 PARAMETER C_HIGHADDR = 0x8180ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT Intr = RS232_PORT_Interrupt&RUDDER_IN_Interrupt&MOTOR_IN_Interrupt 

 PORT Irq = microblaze_0_Interrupt 

END 

BEGIN proc_sys_reset 

 PARAMETER INSTANCE = proc_sys_reset_0 

 PARAMETER C_EXT_RESET_HIGH = 1 

 PARAMETER HW_VER = 2.00.a 

 PORT Slowest_sync_clk = clk_50_0000MHz 

 PORT Ext_Reset_In = sys_rst_s 

 PORT MB_Debug_Sys_Rst = Debug_SYS_Rst 

 PORT Dcm_locked = Dcm_all_locked 

 PORT MB_Reset = mb_reset 

 PORT Bus_Struct_Reset = sys_bus_reset 

 PORT Peripheral_Reset = sys_periph_reset 

END 

 

BEGIN microblaze 

 PARAMETER INSTANCE = microblaze_0 

 PARAMETER C_AREA_OPTIMIZED = 1 

 PARAMETER C_DEBUG_ENABLED = 1 

 PARAMETER HW_VER = 7.30.a 

 BUS_INTERFACE DLMB = dlmb 

 BUS_INTERFACE ILMB = ilmb 

 BUS_INTERFACE DPLB = mb_plb 
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 BUS_INTERFACE IPLB = mb_plb 

 BUS_INTERFACE DEBUG = microblaze_0_mdm_bus 

 PORT MB_RESET = mb_reset 

 PORT INTERRUPT = microblaze_0_Interrupt 

END 

 

BEGIN mdm 

 PARAMETER INSTANCE = mdm_0 

 PARAMETER C_MB_DBG_PORTS = 1 

 PARAMETER C_USE_UART = 1 

 PARAMETER C_UART_WIDTH = 8 

 PARAMETER HW_VER = 1.00.g 

 PARAMETER C_BASEADDR = 0x84400000 

 PARAMETER C_HIGHADDR = 0x8440ffff 

 BUS_INTERFACE SPLB = mb_plb 

 BUS_INTERFACE MBDEBUG_0 = microblaze_0_mdm_bus 

 PORT Debug_SYS_Rst = Debug_SYS_Rst 

END 

BEGIN plb_v46 

 PARAMETER INSTANCE = mb_plb 

 PARAMETER HW_VER = 1.04.a 

 PORT PLB_Clk = clk_50_0000MHz 

 PORT SYS_Rst = sys_bus_reset 

END 

BEGIN bram_block 

 PARAMETER INSTANCE = lmb_bram_2 
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 PARAMETER HW_VER = 1.00.a 

 BUS_INTERFACE PORTA = ilmb_cntlr_2_BRAM_PORT 

 BUS_INTERFACE PORTB = dlmb_cntlr_2_BRAM_PORT 

END 

BEGIN bram_block 

 PARAMETER INSTANCE = lmb_bram_1 

 PARAMETER HW_VER = 1.00.a 

 BUS_INTERFACE PORTA = ilmb_cntlr_1_BRAM_PORT 

 BUS_INTERFACE PORTB = dlmb_cntlr_1_BRAM_PORT 

END 

BEGIN bram_block 

 PARAMETER INSTANCE = lmb_bram_0 

 PARAMETER HW_VER = 1.00.a 

 BUS_INTERFACE PORTB = dlmb_port 

 BUS_INTERFACE PORTA = ilmb_cntlr_0_BRAM_PORT 

END 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = ilmb_cntlr_2 

 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x0000C000 

 PARAMETER C_HIGHADDR = 0x0000DFFF 

 BUS_INTERFACE BRAM_PORT = ilmb_cntlr_2_BRAM_PORT 

 BUS_INTERFACE SLMB = ilmb 

END 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = ilmb_cntlr_1 
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 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x00008000 

 PARAMETER C_HIGHADDR = 0x0000BFFF 

 BUS_INTERFACE BRAM_PORT = ilmb_cntlr_1_BRAM_PORT 

 BUS_INTERFACE SLMB = ilmb 

END 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = ilmb_cntlr_0 

 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x00000000 

 PARAMETER C_HIGHADDR = 0x00007fff 

 BUS_INTERFACE SLMB = ilmb 

 BUS_INTERFACE BRAM_PORT = ilmb_cntlr_0_BRAM_PORT 

END 

BEGIN lmb_v10 

 PARAMETER INSTANCE = ilmb 

 PARAMETER HW_VER = 1.00.a 

 PORT LMB_Clk = clk_50_0000MHz 

 PORT SYS_Rst = sys_bus_reset 

END 

 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = dlmb_cntlr_2 

 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x0000C000 

 PARAMETER C_HIGHADDR = 0x0000DFFF 
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 BUS_INTERFACE BRAM_PORT = dlmb_cntlr_2_BRAM_PORT 

 BUS_INTERFACE SLMB = dlmb 

END 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = dlmb_cntlr_1 

 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x00008000 

 PARAMETER C_HIGHADDR = 0x0000BFFF 

 BUS_INTERFACE BRAM_PORT = dlmb_cntlr_1_BRAM_PORT 

 BUS_INTERFACE SLMB = dlmb 

END 

BEGIN lmb_bram_if_cntlr 

 PARAMETER INSTANCE = dlmb_cntlr_0 

 PARAMETER HW_VER = 2.10.b 

 PARAMETER C_BASEADDR = 0x00000000 

 PARAMETER C_HIGHADDR = 0x00007fff 

 BUS_INTERFACE SLMB = dlmb 

 BUS_INTERFACE BRAM_PORT = dlmb_port 

END 

BEGIN lmb_v10 

 PARAMETER INSTANCE = dlmb 

 PARAMETER HW_VER = 1.00.a 

 PORT LMB_Clk = clk_50_0000MHz 

 PORT SYS_Rst = sys_bus_reset 

END 

BEGIN clock_generator 
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 PARAMETER INSTANCE = clock_generator_0 

 PARAMETER C_CLKIN_FREQ = 50000000 

 PARAMETER C_CLKOUT0_FREQ = 50000000 

 PARAMETER C_CLKOUT0_PHASE = 0 

 PARAMETER C_CLKOUT0_GROUP = NONE 

 PARAMETER C_CLKOUT0_BUF = TRUE 

 PARAMETER C_EXT_RESET_HIGH = 1 

 PARAMETER HW_VER = 4.00.a 

 PORT CLKIN = dcm_clk_s 

 PORT CLKOUT0 = clk_50_0000MHz 

 PORT RST = sys_rst_s 

 PORT LOCKED = Dcm_all_locked 

END 

BEGIN xps_uartlite 

 PARAMETER INSTANCE = RS232_PORT 

 PARAMETER C_BAUDRATE = 4800 

 PARAMETER C_DATA_BITS = 8 

 PARAMETER C_USE_PARITY = 0 

 PARAMETER C_ODD_PARITY = 0 

 PARAMETER HW_VER = 1.01.a 

 PARAMETER C_SPLB_CLK_FREQ_HZ = 50000000 

 PARAMETER C_BASEADDR = 0x84000000 

 PARAMETER C_HIGHADDR = 0x8400ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT RX = fpga_0_RS232_PORT_RX_pin 

 PORT TX = fpga_0_RS232_PORT_TX_pin 

 PORT Interrupt = RS232_PORT_Interrupt 

END 
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BEGIN xps_gpio 

 PARAMETER INSTANCE = LEDs_8Bit 

 PARAMETER C_ALL_INPUTS = 0 

 PARAMETER C_GPIO_WIDTH = 8 

 PARAMETER C_INTERRUPT_PRESENT = 0 

 PARAMETER C_IS_DUAL = 0 

 PARAMETER HW_VER = 2.00.a 

 PARAMETER C_BASEADDR = 0x81400000 

 PARAMETER C_HIGHADDR = 0x8140ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT GPIO_IO_O = fpga_0_LEDs_8Bit_GPIO_IO_O_pin 

END 

BEGIN xps_gpio 

 PARAMETER INSTANCE = LED_7SEGMENT 

 PARAMETER C_ALL_INPUTS = 0 

 PARAMETER C_GPIO_WIDTH = 12 

 PARAMETER C_INTERRUPT_PRESENT = 0 

 PARAMETER C_IS_DUAL = 0 

 PARAMETER HW_VER = 2.00.a 

 PARAMETER C_BASEADDR = 0x81420000 

 PARAMETER C_HIGHADDR = 0x8142ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT GPIO_IO_O = fpga_0_LED_7SEGMENT_GPIO_IO_O_pin 

END 

 

BEGIN xps_timer 

 PARAMETER INSTANCE = MOTOR_IN 

 PARAMETER HW_VER = 1.02.a 
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 PARAMETER C_TRIG1_ASSERT = 0 

 PARAMETER C_BASEADDR = 0x83c60000 

 PARAMETER C_HIGHADDR = 0x83c6ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT CaptureTrig0 = MOTOR_IN_signal 

 PORT CaptureTrig1 = MOTOR_IN_signal 

 PORT Interrupt = MOTOR_IN_Interrupt 

END 

BEGIN xps_timer 

 PARAMETER INSTANCE = MOTOR_OUT 

 PARAMETER HW_VER = 1.02.a 

 PARAMETER C_BASEADDR = 0x83c40000 

 PARAMETER C_HIGHADDR = 0x83c4ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT PWM0 = MOTOR_OUT_PWM0 

END 

BEGIN xps_timer 

 PARAMETER INSTANCE = RUDDER_OUT 

 PARAMETER HW_VER = 1.02.a 

 PARAMETER C_BASEADDR = 0x83c00000 

 PARAMETER C_HIGHADDR = 0x83c0ffff 

 BUS_INTERFACE SPLB = mb_plb 

 PORT PWM0 = RUDDER_OUT_PWM0 

END 
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3.1.8 Synthesis summary 

Table 3 shows an overview of all logic implemented in Microblaze system and how it 

affects to the FPGA. This report is generated by Xilinx platform Studio. Every 

component is described by the number of flip flops, LUTs (Look up tables) and BRAMS 

(Block RAM) that uses. 

system 

lun 16. ago 

12:03:15 

2010 

Flip 

Flops  
LUTs  

BRAMS 

Used 
Errors 

clock_generator_0_wrapper 

lun 16. ago 

12:00:44 

2010 

3299 4164 28 0 

xps_intc_0_wrapper 

lun 16. ago 

12:01:06 

2010 

4     0 

rudder_out_wrapper 

lun 16. ago 

12:01:32 

2010 

146 108   0 

motor_out_wrapper 

lun 16. ago 

12:01:55 

2010 

360 380   0 

motor_in_wrapper 

lun 16. ago 

12:02:20 

2010 

360 380   0 

mb_plb_wrapper 

lun 16. ago 

12:02:45 

2010 

360 380   0 

rudder_in_wrapper 

lun 16. ago 

12:03:15 

2010 

159 445   0 

dlmb_wrapper 

lun 16. ago 

12:03:15 

2010 

360 380   0 

dlmb_cntlr_1_wrapper 

lun 16. ago 

12:03:27 

2010 

1 66   0 

dlmb_cntlr_2_wrapper 

lun 16. ago 

12:03:15 

2010 

2 6   0 

 

ilmb_wrapper 

lun 16. ago 

12:03:02 

2010 

 

2 

 

6 
  

 

0 
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ilmb_cntlr_1_wrapper 

lun 16. ago 

12:02:48 

2010 

1 66   0 

ilmb_cntlr_2_wrapper 

lun 16. ago 

12:02:41 

2010 

2 6   0 

lmb_bram_2_wrapper 

lun 16. ago 

12:02:35 

2010 

2 6   0 

rs232_port_wrapper 

lun 16. ago 

01:38:16 

2010 

    4 0 

led_7segment_wrapper 

lun 16. ago 

01:18:20 

2010 

147 136   0 

leds_8bit_wrapper 

lun 16. ago 

01:18:08 

2010 

155 84   0 

dlmb_cntlr_0_wrapper 

lun 16. ago 

01:17:30 

2010 

125 70   0 

ilmb_cntlr_0_wrapper 

lun 16. ago 

01:17:18 

2010 

2 6   0 

lmb_bram_0_wrapper 

lun 16. ago 

01:17:10 

2010 

2 6   0 

lmb_bram_1_wrapper 

lun 16. ago 

01:17:06 

2010 

    16 0 

mdm_0_wrapper 

lun 16. ago 

01:16:44 

2010 

    8 0 

microblaze_0_wrapper 

lun 16. ago 

01:16:34 

2010 

119 147   0 

proc_sys_reset_0_wrapper 

lun 16. ago 

01:15:59 

2010 

923 1435   0 

xps_timer_0_wrapper 

lun 16. ago 

01:15:41 

2010 

67 51   0 

Table 3 Synthesis summary 
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3.1.9 Device utilization summary 

As it is shown in Table 4, there is no more space for BRAMS, as it was explained 

before, but, there is still a lot of space in the FPGA to implement more logic, this could 

be a good idea to develop other related projects in the same FPGA that can operate 

simultaneously. For example a computer vision system to recognize objects and that 

avoids the boat crashing into them. Also we can think to add another Microblaze soft-

core too the FPGA and program for any purpose, this way of developing prototypes is 

very versatile. 

 

Logic Utilization Used Available Utilization Note(s) 

Number of Slice Flip Flops 2,644 17,344 15%   

Number of 4 input LUTs 3,822 17,344 22%   

Number of occupied Slices 2,997 8,672 34%   

    Number of Slices containing only related 

logic 
2,997 2,997 100%   

    Number of Slices containing unrelated logic 0 2,997 0%   

Total Number of 4 input LUTs 3,909 17,344 22%   

    Number used as logic 3,416       

    Number used as a route-thru 87       

    Number used for Dual Port RAMs 256       

    Number used as Shift registers 150       

Number of bonded IOBs 28 250 11%   

    IOB Flip Flops 22       

Number of RAMB16s 28 28 100%   

Number of BUFGMUXs 2 24 8%   

Number of DCMs 1 8 12%   

Number of BSCANs 1 1 100%   

Number of MULT18X18SIOs 3 28 10%   

Average Fanout of Non-Clock Nets 3.74       

Table 4 Device Utilization summary 
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3.2 Software. 

Once the hardware is configured correctly, we can generate the bit stream that is going 

to be programmed in the Spartan 3E; this action will program the whole Microblaze 

soft-core but nothing will happen because there is no code running in memory. A 

project called GPS has been created for this purpose. Microblaze is programmed in 

ANSI C; therefore, some functions have been created for the program, and also a 

header has been created to define timer‟s registers. 

 

3.2.1 Functions 

 

 XStatus initialize_system () 

 void rudder_in_handler (void *baseaddr_p) 

 void motor_in_handler (void *baseaddr_p) 

 void uart_int_handler(void *baseaddr_p) 

 double dtor(double degrees) 

 double rtod(double degrees) 

 double string_2_float (char *str, int mode) 

 void calc_distance_heading(double lat1, double lng1, double lat2, double lng2, 

double   *distance, double *heading) 

 double calc_error (double waypointHeading, double currentHeading) 

 void steer(double error) 

 void led_control (float rudder) 

 

3.2.1.1 System initialize 

XStatus initialize_system (); 

 Description: The function initializes all peripherals in order to use them 

correctly. It initializes both GPIOs (LEDS and 7-SEGMENT) and configures 

them as outputs, RS-232, it also configures rudder_out timer and motor_out 

timer to work as PWM timers; on the other hand rudder_in and motor_in timers 

are configured in capture mode. It registers all the interrupt routines in the 

interrupt controller table to interrupt Microblaze processor pin. 
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 I/O parameters: none 

 

 Return:  

o XST_SUCCESS if everything is configured correctly. 

o  XST_FAILURE if some problem appears. 

 

3.2.1.2 Rudder ISR (Interrupt Service Routine) 

void rudder_in_handler (void *baseaddr_p) 

 Description: This ISR is executed every time a rising or a falling edge is 

detected by one of the timers in the rudder_in module. When both values are 

captured, the number of clk periods is multiplied by a constant in order to get 

the high time value of the signal in miliseconds. 

 

 I/O parameters: 

o  baseaddr_p: address direction that connects the ISR (interrupt service 

routine to the jump direction in the interrupt controller vector table. 

 

 Return: none. 

 

3.2.1.3 Motor ISR (Interrupt Service Routine) 

void motor_in_handler (void *baseaddr_p) 

 Description: This ISR is executed every time a rising or a falling edge is 

detected by one of the timers in the motor_in module. When both values are 

detected, the number of clk periods is multiplied by a constant in order to get 

the high time value of the signal in milliseconds. Depending on the value the 

mode is changed from autonomous to manual or vice versa. 

 

 I/O parameters: 

o  baseaddr_p: address direction that connects the ISR (interrupt service 

routine to the jump direction in the interrupt controller vector table. 

 

 Return: none. 
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3.2.1.4 UART ISR (Interrupt Service Routine) 

void uart_int_handler(void *baseaddr_p) 

 Description: The function simulates a FSM (Finite State Machine) that decodes 

the NMEA 0183 information received in the serial port. When a character is 

received by the RS232, the UART enables the interrupt received flag and jumps 

to the ISR code (this function), therefore, the NMEA strings are received 

character by character. The FSM change its state depending on the received 

character, when the string “$GPRMC” is received, it starts saving the useful 

information such as latitude, longitude or heading in local memory depending 

on the state, it counts the number of commas to change between saving states. 

The FSM is represented graphically in Figure 20. The initial state is INI. 

 

 I/O parameters: 

o  baseaddr_p: address direction that connects the ISR (interrupt service 

routine to the jump direction in the interrupt controller vector table. 

 

 Return: none. 

 

Figure 19 FSM NMEA Decoder 
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3.2.1.5 Angle conversions 

double dtor (double degrees); 

 Description: The function converts the degrees parameter in the argument into 

radians. 

 

 I/O parameters:  

o double degrees. Number of degrees to be converted into radians.  

 

 Return:  

o Returns the radians in a double format. 

 

double rtod (double radians); 

 Description: The function converts the radians parameter in the argument into 

degrees. 

 

 I/O parameters:  

o double radians. Number of radians to be converted into degrees. 

 

 Return: 

o Returns the degrees in a double format.  

 

3.2.1.6 NMEA Data format conversion 

double string_2_float (char *str, int mode); 

 Description: The function converts the string saved by the FSM explained 

above into a floating point number with double precision. Note that the GPS 

send information in this way: 

o LATITUDE: HHMM.MMMM 

o LONGITUDE: HHHMM.MMM 

o HEADING: HHH.HH 

 

If we add a „0‟ in the first position of a latitude string, we could convert latitude 

and longitude with the same algorithm which is to multiply each position by 

powers of ten and divide the minutes by 60, in order to return the value in 
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degrees. This algorithm is used if we select mode = 1, otherwise, if we select 

mode = 2, we have to set as input parameter a heading string, and the 

algorithm will multiply each position by powers of ten to get the result in degrees 

with double precision. 

Note that there are some functions that perform the same operation, these are 

atof(), atoi() and atol(), but these functions are not standard ANSI C functions 

and Microblaze documentation says that they shall not be used due to the high 

number of LUTS that requires in the FPGA. 

 

 I/O parameters:  

o char *str. Pointer to the string that contains information saved by the 

FSM. 

o Int mode. mode = 1 means to convert a latitude or longitude string and 

mode /= 1 means to convert a true heading string.   

 

 Return:  

o Returns the information of the string that could be latitude, longitude or 

true heading in a double format  

 

3.2.1.7 Calculations 

void calc_distance_heading(double lat1, double lng1, double lat2, double lng2, double 

*distance, double *heading) 

 Description: The function calculates 2 important parameters to reach the next 

waypoint, these are distance to waypoint and heading to waypoint. 

o Distance to waypoint: number of meters from current position to 

waypoint‟s position. It is calculated using Haversine formula. 

Haversine formula calculates great-circle distances between the two 

points, that is, the shortest distance over the earth‟s surface. 

 

R = earth‟s radius (mean radius = 6,371km) 

Δlat = lat2− lat1 

Δlong = long2− long1 

a = sin²(Δlat/2) + cos(lat1).cos(lat2).sin²(Δlong/2) 

c = 2.atan2(√a, √(1−a)) 
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d = R.c  

o Heading to waypoint: number of degrees from current latitude, longitude 

points to a pair of points that represent latitude / longitude position of the 

waypoint. The algorithm uses bearing formula which calculates the 

number of degrees between two points, measured from north. 

This formula is for the initial bearing (sometimes referred to as forward 

azimuth) which if followed in a straight line along a great-circle arc will 

take you from the start point to the end point, as the boat is not going to 

make long trip distances, the initial and the final bearing will be nearly 

the same. 

 

 

 

 

 I/O Parameters: 

o double lat1. Current latitude in radians 

o double lng1. Current longitude in radians. 

o double lat2. Waypoint latitude in radians 

o double lng2. Waypoint longitude in radians. 

o double *distance. Pointer to the calculated distance to waypoint in 

meters. 

o double *heading. Pointer to the calculated heading to waypoint in 

degrees. 

 

 Return: none. 

 

double calc_error (double waypointHeading, double currentHeading) 

 Description: calculates the error between current heading (given by the GPS) 

and the waypoint heading (calculated by the function above). 

 

 I/O parameters:  

o double waypointHeading. Degrees from current position to the position 

of the actual waypoint, measured from north. 

θ = atan2( sin(Δlong).cos(lat2),cos(lat1).sin(lat2) − sin(lat1).cos(lat2).cos(Δlong) ) 
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o double currentHeading. Degrees from last position to current position, 

measured from north. This information is given by the GPS. 

 

 Return: 

o Returns the number of degrees to turn the rudder until the 

waypointHeading and the currentHeading are the same (error = 0).  

 

3.2.1.8 Servo system control 

void steer(double error) 

 Description: This function writes the timer‟s register that controls the PWM 

signal, depending on the error the function will write a proportional value to 

move the rudder a number of degrees to the right or to the left, if the error is 0, 

the written value is the one that lets the servo system‟s shaft in a middle 

position. 

  

 I/O parameters:  

o double error. Number of degrees to turn in order to sail to the next 

waypoint. It has been calculated in the function above. 

  

 Return: none. 

 

3.2.1.9 LED Control 

void led_control (float rudder) 

 Description: This function writes the LEDS GPIO according to how big is the 

angle sent to the servo system to move, therefore, as the board has 8 LEDS, 

the 4 of the left indicates that the rudder has moved to the left and the rest 

indicates that it has been moved to the right, the bigger the angle the more the 

LEDS are lighted on.   

  

 I/O parameters:  

o Float rudder. Value to move the rudder in milliseconds.  

 

 Return: none. 
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3.2.1.10 Main function 

 

 Description: The main function is the first one to be executed. It is responsible 

for calling the rest of the functions to create the controlling algorithm. If the 

position is within 10 meters of the waypoint, the actual waypoint is switched to 

the next one. All waypoints are saved in an array of structures; therefore each 

position contains latitude and longitude and they are programmed by hand in 

the local memory. Once the heading and distance have been calculated (if the 

distance is less than 5, it recalculates the heading and distance with the next 

waypoint in the array) the main function calls to the error and steering function 

to move the rudder accordingly and waits the delay to receive new information 

from the GPS to see if the action was correctly or not, it is supposed that once 

the boat has the correct heading (the same as waypoint‟s heading) the boat will 

sail to the waypoint until it gets less than 5 meters left, in the loop will repeat 

with the new waypoint until the table is in the last position. 

 

 I/O parameters: none 

. 

 Return:  

o 1 when the boat has sailed through all the waypoints so the route is 

complete. 
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3.2.2 MSS file. (MicroBlaze Software specification) 

MSS files define the software that can be used with a microchip designed with Xilinx 

Platform Studio (XPS). They are used as input into the Library Generator, which 

creates a software library for an embedded processor instance. 

 

 PARAMETER VERSION = 2.2.0 

 

BEGIN OS 

 PARAMETER OS_NAME = standalone 

 PARAMETER OS_VER = 3.00.a 

 PARAMETER PROC_INSTANCE = microblaze_0 

 PARAMETER STDIN = RS232_PORT 

 PARAMETER STDOUT = RS232_PORT 

END 

 

BEGIN PROCESSOR 

 PARAMETER DRIVER_NAME = cpu 

 PARAMETER DRIVER_VER = 1.12.b 

 PARAMETER HW_INSTANCE = microblaze_0 

 PARAMETER COMPILER = mb-gcc 

 PARAMETER ARCHIVER = mb-ar 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = dlmb_cntlr_0 

END 
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BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = ilmb_cntlr_0 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = generic 

 PARAMETER DRIVER_VER = 1.00.a 

 PARAMETER HW_INSTANCE = lmb_bram_0 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = gpio 

 PARAMETER DRIVER_VER = 3.00.a 

 PARAMETER HW_INSTANCE = LEDs_8Bit 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = gpio 

 PARAMETER DRIVER_VER = 3.00.a 

 PARAMETER HW_INSTANCE = LED_7SEGMENT 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = uartlite 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = RS232_PORT 
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END 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = tmrctr 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = RUDDER_IN 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = generic 

 PARAMETER DRIVER_VER = 1.00.a 

 PARAMETER HW_INSTANCE = clock_generator_0 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = uartlite 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = mdm_0 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = generic 

 PARAMETER DRIVER_VER = 1.00.a 

 PARAMETER HW_INSTANCE = proc_sys_reset_0 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = intc 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = xps_intc_0 
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END 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = dlmb_cntlr_1 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = ilmb_cntlr_1 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = dlmb_cntlr_2 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = bram 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = ilmb_cntlr_2 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = tmrctr 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = MOTOR_IN 
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END 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = tmrctr 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = MOTOR_OUT 

END 

 

BEGIN DRIVER 

 PARAMETER DRIVER_NAME = tmrctr 

 PARAMETER DRIVER_VER = 2.00.a 

 PARAMETER HW_INSTANCE = RUDDER_OUT 

END 
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3.3 Block diagram 

 

Figure 20 Microblaze Block Diagram 
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Conclusions 

The programmed FPGA has been shrink-wrapped in order to avoid some short-circuit 

caused by the water that could be inside the boat even the hull of the boat seems to be 

watertight. All components have been introduced in the boat, and connected together 

for getting the system fully working.  The boat has been tested successfully in the sea   

and some positive and negative aspects have been discover

POSITIVE 

 The mode is changed successfully 

when the throttle stick is pressed 

backwards. It is useful to control it 

by hand. 

 The FPGA lights the LED diodes 

depending on the angle that the 

rudder is turning. The eight LEDs 

are divided into four when it turns 

right and 4 when it turns left. No 

LED is lighted when the rudder is in 

its central position. 

 No mode change is allowed within 

3 seconds from last change. 

 In manual mode everything goes 

perfect, the rudder and the 

propeller responds with no delay. 

 When switched to autonomous 

mode, the boat gets constant 

speed in the motor in order to 

detect the current heading. 

 If the boat is moving the GPS 

works better due to it receives the 

heading correctly. 

 When positioned and getting the 

current heading the boat turns 

perfectly to the direction of the next 

waypoint. 

 The boat seems to work fine even 

in bad conditions. 

 The inner side of the hull is dry 

even the sea is wavy. 

 

 

NEGATIVE 

 

 The quality of the transmitter is 

quite bad and when the boat goes 

far there is no chance to change 

the mode to manual. The 

transmitter reaches only few 

meters, so the boat has to 

approach to the transmitter 

automatically in order to be able to 

change the mode. 

 The GPS sends information every 

second and maybe this is a weak 

point in the system due to the boat 

could sail up to 35 km/h (it moves 

around 10 meters in that second) 

so the speed of the boat has to be 

programed according to this. 

 When the boat is no moving, the 

GPS doesn‟t send any heading and 

the boat gets lost. As it is a boat 

this is a problem if the water is too 

wavy, and doesn‟t allow the boat to 

move constantly when the waves 

crashes into the hull. 

 There is no visible way to know if 

the GPS is connected, thus, it is 

necessary to control the boat 

manually for some minutes until the 

GPS gets fixed. 

 A new channel in the receiver 

would be nice, therefore it could be 

used to change the mode and the 

reverse speed could be maintained. 
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Future Work 

 

 Buy a new pair of Receiver/Transmitter (RX/TX) and mount them inside the 

boat to increase the scope of the boat. 

 The new receiver would have at least 3 channels; the third channel could be 

used to change the mode and maintain the reverse gear. 

 Some ultrasound sensors could be added in order to avoid the boat to crash. 

 A computer vision could be added to the FPGA, thus, the boat could be able to 

recognize shapes or colours of the objects in the sea. 

 Some modes could be added to the system, for example one mode that 

acquires the GPS coordinates when the boat is in manual mode, and program 

the FPGA with the same path. 

 A telemetry system could be developed to receive the information from the 

sensors and servos when the operator is in the shore. 

 It would be nice to program the waypoints via RF instead of programming the 

FPGA with a laptop, but this is difficult due to the Nexys2 needs some drivers to 

be programmed. It is possible to add a RF Pmod that connects with the FPGA 

and modifies the coordinates in the main program.  
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Appendix A: Connection Diagram Block 
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Appendix B: Source code 

#include <stdio.h> 
#include <math.h> 
#include "xparameters.h" 
#include "xgpio_l.h" 
#include "xgpio.h" 
#include "xuartlite_l.h" 
#include "xuartlite.h" 
#include "xstatus.h" 
#include "xintc.h" 
#include "cdse_pwm.h" 
 

#define R 6371000 //Earth's radius (m) 

 

/************************GLOBAL VARIABLES******************************/ 

unsigned short int n=0, commas=0, wpt_index=0, change_available=0, tram_length=0; 

Xuint32 rudder_falling_edge, rudder_rising_edge,  

motor_falling_edge, motor_rising_edge; 

 

//NMEA processing FSM 

typedef enum {INI = 0, START, G, GP, GPR, GPRM, GPRMC, FIX, LAT, LON, TRH, 
END } gps_process_state; 

typedef enum {AUTONOMOUS, MANUAL} system_state; 

static gps_process_state GPSProcess = INI; 

static system_state aut_man = MANUAL; 

 

XGpio gpLeds, gp7SEG; 

XIntc gIntController0; 

 

//PWM timer for controlling the rudder 

volatile struct xps_timer *rud_out;  

//PWM timer for controlling the motor 

volatile struct xps_timer *mot_out;  

//Capture timer for capturing the rudder RX signal 

volatile struct xps_timer *rud_in;  
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//Capture timer for capturing the motor RX signal 

volatile struct xps_timer *mot_in;  

 

float rud_int_value = 1.5; //initial value of rudder high time in ms 

float mot_int_value = 1.5; //initial value of motor high time in ms 

 

typedef struct { 

   double latitude; 

   double longitude; 

}waypoint_t; 

 

char LATITUDE[10] = "0000000000", LONGITUDE[10] = "0000000000", 
TRUE_HEADING[5] = "00000"; 

char fixed = 'V'; //initial fix: A = valid, V = invalid 

 

/*********************************************************************/ 

 

void rudder_in_handler (void *baseaddr_p) { 

   if (rud_in->TCSR0.tint == 1) { 

      rudder_rising_edge = rud_in->TLR0.load_timer_value; 

      rud_in->TCSR0.tint = 1; //Write 1 to clear flag 

   } 

 

   if (rud_in->TCSR1.t1int == 1) { 

      rudder_falling_edge = rud_in->TLR1.load_timer_value; 

      //calculate measured high pulse in ms 

      rud_int_value = (float)(rudder_falling_edge - rudder_rising_edge)*0.00002;  

      rud_in->TCSR1.t1int = 1; //Write 1 to clear flag 

   } 

} 
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void motor_in_handler (void *baseaddr_p) { 

   if (mot_in->TCSR0.tint == 1) { 

      motor_rising_edge = mot_in->TLR0.load_timer_value; 

      mot_in->TCSR0.tint = 1; //Write 1 to clear flag 

   } 

 

   if (mot_in->TCSR1.t1int == 1) { 

      motor_falling_edge = mot_in->TLR1.load_timer_value; 

      //calculate measured high pulse in ms 

      mot_int_value = (float)(motor_falling_edge - motor_rising_edge)*0.00002;  

      mot_in->TCSR1.t1int = 1; //Write 1 to clear flag    

   

      if (change_available < 150) //150 periods is like 3 seconds 

         change_available++; 

      else 

         change_available = 150; 

   

      if (mot_int_value < 1.25 && change_available == 150) { //change system mode 

         if (aut_man == MANUAL) { 

            wpt_index = 0; //just in case of 2nd time autonomous 

 rud_out->TLR1.load_timer_value=69998; //load HIGHT TIME value 1.4ms 

 TRUE_HEADING[0] = 'X'; 

 TRUE_HEADING[1] = 'X'; 

 TRUE_HEADING[2] = 'X'; 

 TRUE_HEADING[3] = 'X'; 

 TRUE_HEADING[4] = 'X'; 

 aut_man = AUTONOMOUS; 

            }     

         }  
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         else { 

            aut_man = MANUAL; 

         } 

         change_available = 0; 

      }   

   } 

} 

 

void uart_int_handler(void *baseaddr_p) { 

   char c; 

 

    while (!XUartLite_IsReceiveEmpty(XPAR_RS232_PORT_BASEADDR)) { 

       /* Read a character */ 

       c = XUartLite_RecvByte(XPAR_RS232_PORT_BASEADDR); 

      switch (GPSProcess) { 

         case INI: 

            n = 0; 

 commas = 0;   //reset counters 

 tram_length = 0; 

 if(c == '$') 

    GPSProcess = START; //start of a NMEA string 

 break; 

 

         case START: 

            if(c == 'G')  

    GPSProcess = G; //starting to build a string 

 else 

    GPSProcess = INI; //invalid character (not supported) 

 break; 
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         case G: 

            if(c == 'P')  

    GPSProcess = GP;  //starting to build a string 

 else 

    GPSProcess = INI; //invalid character (not supported) 

 break; 

 

         case GP: 

            if(c == 'R') //hopefully a GPRMC sentence 

    GPSProcess = GPR; 

 else 

    GPSProcess = INI; //invalid character (not supported) 

 break; 

 

         case GPR: 

            if(c == 'M') 

    GPSProcess = GPRM; 

 else 

    GPSProcess = INI; //invalid character (not supported) 

 break; 

 

         case GPRM: 

            if(c == 'C') 

    GPSProcess = GPRMC; 

 else 

    GPSProcess = INI; //invalid character (not supported) 

 break; 

 

         case GPRMC: 

            if(c == ',') { 
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    commas++; 

    if(commas == 2) 

       GPSProcess = FIX; 

 } 

 break; 

     

         case FIX: 

            if (c == ',') { //extract fix information 

    commas++; 

       if (commas == 3) { 

          n=1; //The first position of LAT always be 0 

          GPSProcess = LAT; 

       } 

              } 

     

              else 

      fixed = c; 

   break; 

    

 case LAT: 

    if (c == ',') { //extract latitude information 

       commas++; 

       if (commas == 5) { 

          n=0; 

          GPSProcess = LON; 

       } 

    } 

    else { 

       if (c != '.') { 

          LATITUDE[n] = c; 
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          n++; 

       } 

               } 

    break; 

 

            case LON: 

    if (c == ',') { 

       commas++; 

       if (commas == 7) { 

          n=0; 

          GPSProcess = TRH; 

       } 

    } 

    else { 

       if (c != '.') { 

          LONGITUDE[n] = c; 

  n++; 

          } 

       } 

       break; 

    

    case TRH:    

       if (c == ',') { //extract true heading information 

          commas++; 

          if (commas == 9) { 

                        if (tram_length < 56) { //no heading in the tram 

     TRUE_HEADING[0] = 'X'; 

     TRUE_HEADING[1] = 'X'; 

     TRUE_HEADING[2] = 'X'; 

     TRUE_HEADING[3] = 'X'; 
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     TRUE_HEADING[4] = 'X'; 

  }        

  tram_length = 0; 

             n=0; 

  GPSProcess = INI; 

          } 

       } 

       else { 

          if (commas > 7 && c!= '.') { 

             TRUE_HEADING[n] = c; 

  n++; 

          } 

       } 

       break; 

    } 

            } 

         } 

 

XStatus initialize_system () { 

   XStatus status = XST_SUCCESS;  

  

   /*Initialize the 7-segment GPIO*/ 

   status = XGpio_Initialize(&gp7SEG, XPAR_LED_7SEGMENT_DEVICE_ID); 

   if (status != XST_SUCCESS) 

      return status; 

   XGpio_SetDataDirection(&gp7SEG, 1, 0); //Set the 7-segment displays to outputs 

   XGpio_DiscreteWrite(&gp7SEG, 1, 4095); //switch off displays 

  

   /* Initialize LEDS GPIO */ 

   status = XGpio_Initialize(&gpLeds, XPAR_LEDS_8BIT_DEVICE_ID); 
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   if (status != XST_SUCCESS) 

      return status; 

   XGpio_SetDataDirection(&gpLeds, 1, 0x00000000); //Set the gpio for LEDs as output 

  

   /*initialize interrupt controller*/ 

   status = XIntc_Initialize(&gIntController0, (unsigned short)       

                                        XPAR_XPS_INTC_0_DEVICE_ID); 

 

   /*configure options for interrupt controller*/ 

   status = XIntc_SetOptions(&gIntController0, (unsigned int)   

                                              XIN_SVC_SGL_ISR_OPTION); 

  

/*assign ISR to each interrupt*/ 

   status = XIntc_Connect(&gIntController0, (unsigned char)  

         XPAR_XPS_INTC_0_RS232_PORT_INTERRUPT_INTR, 

         (XInterruptHandler)&uart_int_handler,(void*)XPAR_RS232_PORT_BASEADDR); 

          

   status = XIntc_Connect(&gIntController0, (unsigned char)  

         XPAR_XPS_INTC_0_RUDDER_IN_INTERRUPT_INTR, 

        (XInterruptHandler)&rudder_in_handler,(void*)XPAR_RUDDER_IN_BASEADDR); 

  

   status = XIntc_Connect(&gIntController0, (unsigned char)  

         XPAR_XPS_INTC_0_MOTOR_IN_INTERRUPT_INTR, 

         (XInterruptHandler)&motor_in_handler,(void*)XPAR_MOTOR_IN_BASEADDR); 

  

   //enable interrupts for any sources 

   XIntc_Enable(&gIntController0, (unsigned char)  

                         XPAR_XPS_INTC_0_RS232_PORT_INTERRUPT_INTR); 

   XIntc_Enable(&gIntController0, (unsigned char)  

                        XPAR_XPS_INTC_0_RUDDER_IN_INTERRUPT_INTR); 



Control system for a GPS-guided boat  Carlos Moral 
 

~ 76 ~ 
 
 

   XIntc_Enable(&gIntController0, (unsigned char)  

                        XPAR_XPS_INTC_0_MOTOR_IN_INTERRUPT_INTR); 

  

   //start the interrupt controller 

   status = XIntc_Start(&gIntController0, (unsigned char)XIN_REAL_MODE); 

  

   //set up handlers for microblaze 

   //the default microblaze interrupt handler __interrupt_handler() gets called each time    

   an interrupt occurs on the microblaze. 

   //the __interrupt_handler() then calls the handler that was registered using the  

   microblaze_register_handler(XInterruptHandler Handler, void *DataPtr) 

   //funtion. the void *DataPtr value is passed to the handler as an argument. 

   //In this case we are using interrupt conroller 0 to manage all the handlers for all    

   possible interrupt sources. 

   //microblaze calls the top lovel ISR, this calls the handler assigned to the interrupt  

   controller 0, 

   //which then calls the appropiate handler for the specific source. 

   microblaze_register_handler((XInterruptHandler)&XIntc_DeviceInterruptHandler, 

                                                 (void*) XPAR_XPS_INTC_0_DEVICE_ID); 

   microblaze_enable_interrupts();    //sets IE bit in MSR  

  

 

   /* Enable UART interrupts */ 

   XUartLite_EnableIntr(XPAR_RS232_PORT_BASEADDR); 

  

 

   ////////////////////////////////////////////////////// 

   //RUDDER_OUT INITIALIZATION// 

   ////////////////////////////////////////////////////// 

   rud_out = (struct xps_timer *) XPAR_RUDDER_OUT_BASEADDR; 
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   //TIMER0 parameters 

   rud_out->TCSR0.enall=1;  //Start both timers 

   rud_out->TCSR0.pwm=1;    //PWM mode selection 

   rud_out->TCSR0.gent=1;   //Timer0 output activation 

   rud_out->TCSR0.udt=1;    //down counter 

   rud_out->TCSR0.mdt=0;    //Generate mode in timer0 

   rud_out->TCSR0.arht=1; 

 

   //TIMER1 parameters 

   rud_out->TCSR1.gent1=1;  //timer1 output activation 

   rud_out->TCSR1.udt1=1;  //down counter 

   rud_out->TCSR1.pwmbo=1; //PWM mode selection 

   rud_out->TCSR1.mdt1=0;  //Generate mode in timer1   

   rud_out->TCSR1.arht1=1; 

  

   rud_out->TLR0.load_timer_value=999998; //load period value 20 ms = 50 Hz   

   rud_out->TLR1.load_timer_value=74998; //load HIGHT TIME value 1.5ms = middle 

   ///////////////////////////////////////////////////// 

   //MOTOR_OUT INITIALIZATION// 

   ///////////////////////////////////////////////////// 

   mot_out = (struct xps_timer *) XPAR_MOTOR_OUT_BASEADDR; 

 

   //TIMER0 parameters 

   mot_out->TCSR0.enall=1;  //Start both timers 

   mot_out->TCSR0.pwm=1;    //PWM mode selection 

   mot_out->TCSR0.gent=1;   //Timer0 output activation 

   mot_out->TCSR0.udt=1;    //down counter 

   mot_out->TCSR0.mdt=0;    //Generate mode in timer0 

   mot_out->TCSR0.arht=1; 
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   //TIMER1 parameters 

   mot_out->TCSR1.gent1=1;  //timer1 output activation 

   mot_out->TCSR1.udt1=1;  //down counter 

   mot_out->TCSR1.pwmbo=1; //PWM mode selection 

   mot_out->TCSR1.mdt1=0;  //Generate mode in timer1   

   mot_out->TCSR1.arht1=1; 

  

   mot_out->TLR0.load_timer_value=999998; //load period value   

   mot_out->TLR1.load_timer_value=74998; //load HIGHT TIME value 

  

   /////////////////////////////////////////////////// 

   //RUDDER_IN INITIALIZATION// 

   /////////////////////////////////////////////////// 

   rud_in = (struct xps_timer *) XPAR_RUDDER_IN_BASEADDR; 

  

   //TIMER0 parameters 

   rud_in->TCSR0.enall=1;  //Start both timers 

   rud_in->TCSR0.pwm=0;    //not PWM mode 

   rud_in->TCSR0.enit = 1;    //enable interrupt 

   rud_in->TCSR0.arht=1; // not overwrite values 

   rud_in->TCSR0.capt = 1; //enable external capture 

   rud_in->TCSR0.gent=0;   //Timer0 output activation 

   rud_in->TCSR0.udt=0;    //up counter 

   rud_in->TCSR0.mdt=1;    //capture mode in timer0 

  

  

   //TIMER1 parameters 

   rud_in->TCSR1.pwmbo=0; //not PWM mode 

   rud_in->TCSR1.enit1 = 1; //enable interrupt 
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   rud_in->TCSR1.arht1=1; //not overwrite values 

   rud_in->TCSR1.capt1 = 1; //enable external capture 

   rud_in->TCSR1.gent1=0;   //Timer1 output activation 

   rud_in->TCSR1.udt1=0;  //up counter 

   rud_in->TCSR1.mdt1=1;  //capture mode in timer1   

  

   ///////////////////////////////////////////////// 

   //MOTOR_IN INITIALIZATION// 

   ///////////////////////////////////////////////// 

   mot_in = (struct xps_timer *) XPAR_MOTOR_IN_BASEADDR; 

  

   //TIMER0 parameters 

   mot_in->TCSR0.enall=1;  //Start both timers 

   mot_in->TCSR0.pwm=0;    //not PWM mode 

   mot_in->TCSR0.enit = 1;    //enable interrupt 

   mot_in->TCSR0.arht=1; //not overwrite values 

   mot_in->TCSR0.capt = 1; //enable external capture 

   mot_in->TCSR0.gent=0;   //Timer0 output activation 

   mot_in->TCSR0.udt=0;    //up counter 

   mot_in->TCSR0.mdt=1;    //capture mode in timer0 

  

   //TIMER1 parameters 

   mot_in->TCSR1.pwmbo=0; //not PWM mode 

   mot_in->TCSR1.enit1 = 1; //enable interrupt 

   mot_in->TCSR1.arht1=1; //not overwrite values 

   mot_in->TCSR1.capt1 = 1; //enable external capture 

   mot_in->TCSR1.gent1=0;   //Timer1 output activation 

   mot_in->TCSR1.udt1=0;  //up counter 

   mot_in->TCSR1.mdt1=1;  //capture mode in timer1 

} 
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double string_2_float (char *str, int mode) { 

   volatile int i=0;  

   double data=0.0; 

  

   if (mode == 1) { //LATITUDE & LONGITUDE 

      for (i=2;i>=0;i--) 

         data += (str[i] - '0') * pow(10, 2-i); //loop for degrees 

   

      for (i=8;i>=3;i--) 

         data += ((str[i] - '0') * pow(10, 4-i))/60; //loop for minutes 

 

      if (str[9] == 'S' || str[9] == 'W') 

         data = -data; 

   }   

    

   else {  //HEADING 

      if (str != "XXXXX") {  

         for (i=4;i>=0;i--) 

            data += ((str[i] - '0') * pow(10, 2-i)); //loop for degrees 

     }  

  } 

   return data; 

} 

   

//convert degrees to radians 

double dtor(double degrees) { 

   return(degrees*M_PI/180.0); 

} 
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//Convert radians to degrees 

double rtod(double radians) { 

   return(radians*180.0/M_PI); 

} 

 

//Calculate distance and heading to waypoint from lat1/lon1 to lat2/lon2 

//Note lat1/lon1/lat2/lon2 must be in radians 

void calc_distance_heading(double lat1, double lng1, double lat2, double lng2,  

                                              double *distance, double *heading) { 

   double lats=0.0, lngs=0.0, a=0.0, c=0.0; 

  

   lats = lat2 - lat1; 

   lngs = lng2 - lng1; 

  

   ///////////////////////////////////////////////////// 

   //Calculate distance to waypoint// 

   ///////////////////////////////////////////////////// 

  

   a = pow(sin(lats/2), 2) + cos(lat1)*cos(lat2)*pow(sin(lngs/2), 2); 

   c = 2*atan2(sqrt(a), sqrt(1-a)); 

  

   *distance = R*c; 

  

   //////////////////////////////////////////////////// 

   //Calculate heading to waypoint// 

   //////////////////////////////////////////////////// 

  

   *heading = rtod(atan2(sin(lngs)*cos(lat2),  

                             cos(lat1)*sin(lat2) - sin(lat1)*cos(lat2)*cos(lngs))); 
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   *heading = fmod((*heading + 360.0), 360); //use mod to turn -90 = 270 

} 

 

//This functions returns +180 – -180 degrees error with 0 being right on target.   

//Now to steer, I just have to multiple this value by some scaling constant and then  

//add/subtract the result from center servo pulse width to steer the car proportional to  

//the heading error. 

double calc_error (double waypointHeading, double currentHeading) { 

   double error; 

  

   error = waypointHeading - currentHeading; 

 

   if(error > 180.0) 

      error = error - 360; 

   if(error < -180.0) 

      error = 360 + error; 

   

   return error; 

} 

 

//Steer will move steering servo to approriate point based on error 

//PWM is set to 49998 full left, 74998 center, 99998 full right to steer 

void steer(double error) { 

   Xuint32 PWM = 0x00000000; 

   //TLR1 = PWM_HIGH_TIME/PLB_CLOCK_PERIOD - 2 

  

   PWM = (Xuint32)((-error * 150) + 69998); // proportional constant Kp = 150 

  

   if(PWM < 44998) 

      PWM = 44998; 
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   else if(PWM > 94998) 

      PWM = 94998; 

   

   rud_out->TLR1.load_timer_value=PWM; //HIGHT TIME value 

   led_control ((float)(PWM + 2)/50000); 

} 

 

void led_control (float rudder) { 

   //LED CONTROL 

   if (rudder <= 1)  

      XGpio_DiscreteWrite(&gpLeds, 1, 15); //RIGHT 

   

   else if ((1 < rudder) && (rudder <= 1.1))  

      XGpio_DiscreteWrite(&gpLeds, 1, 14); //RIGHT 

   

   else if ((1.1 < rudder) && (rudder <= 1.2))  

      XGpio_DiscreteWrite(&gpLeds, 1, 12); //RIGHT 

   

   else if ((1.2 < rudder) && (rudder <= 1.35))  

      XGpio_DiscreteWrite(&gpLeds, 1, 8); //RIGHT 

   

   else if ((1.35 < rudder) && (rudder <= 1.45))  

      XGpio_DiscreteWrite(&gpLeds, 1, 0); //MIDDLE 

  

   else if ((1.45 < rudder) && (rudder <= 1.6))  

      XGpio_DiscreteWrite(&gpLeds, 1, 16); //LEFT 

  

   else if ((1.6 < rudder) && (rudder <= 1.7))  

      XGpio_DiscreteWrite(&gpLeds, 1, 48); //LEFT 
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   else if ((1.7 < rudder) && (rudder <= 1.8))  

      XGpio_DiscreteWrite(&gpLeds, 1, 112); //LEFT 

  

   else if (1.8 < rudder)  

      XGpio_DiscreteWrite(&gpLeds, 1, 240); //LEFT 

} 

 

int main () { 

   double currentLat = 0.0, currentLong = 0.0, currentHeading = 0.0; //current GPS data 

   double waypointHeading = 0.0, distance = 0.0; //next waypoint data 

   double error; 

   volatile int j; 

   waypoint_t waypoints[20]; 

  

   int whole, thousandths; 

  

   /*********************List of waypoints*********************/ 

   waypoints[0].latitude = 0.0; waypoints[0].longitude = 0.0; 

   waypoints[1].latitude = 0.0; waypoints[1].longitude = 0.0; 

   waypoints[2].latitude = 0.0; waypoints[2].longitude = 0.0; 

   waypoints[3].latitude = 0.0; waypoints[3].longitude = 0.0; 

   waypoints[4].latitude = 0.0; waypoints[4].longitude = 0.0; 

   waypoints[5].latitude = 0.0; waypoints[5].longitude = 0.0; 

   waypoints[6].latitude = 0.0; waypoints[6].longitude = 0.0; 

   waypoints[7].latitude = 0.0; waypoints[7].longitude = 0.0; 

   waypoints[8].latitude = 0.0; waypoints[8].longitude = 0.0; 

   waypoints[9].latitude = 0.0; waypoints[9].longitude = 0.0; 

   waypoints[10].latitude = 0.0; waypoints[10].longitude = 0.0; 

   waypoints[11].latitude = 0.0; waypoints[11].longitude = 0.0; 
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   waypoints[12].latitude = 0.0; waypoints[12].longitude = 0.0; 

   waypoints[13].latitude = 0.0; waypoints[13].longitude = 0.0; 

   waypoints[14].latitude = 0.0; waypoints[14].longitude = 0.0; 

   waypoints[15].latitude = 0.0; waypoints[15].longitude = 0.0; 

   waypoints[16].latitude = 0.0; waypoints[16].longitude = 0.0; 

   waypoints[17].latitude = 0.0; waypoints[17].longitude = 0.0; 

   waypoints[18].latitude = 0.0; waypoints[18].longitude = 0.0; 

   waypoints[19].latitude = 0.0; waypoints[19].longitude = 0.0; 

   waypoints[20].latitude = 0.0; waypoints[20].longitude = 0.0; 

   waypoints[21].latitude = 0.0; waypoints[21].longitude = 0.0; 

   waypoints[22].latitude = 0.0; waypoints[22].longitude = 0.0; 

   waypoints[23].latitude = 0.0; waypoints[23].longitude = 0.0; 

   waypoints[24].latitude = 0.0; waypoints[24].longitude = 0.0; 

   /************************************************************/ 

  

   initialize_system(); 

  

   while (1) { 

      if (aut_man == AUTONOMOUS) { 

         XGpio_DiscreteWrite(&gp7SEG, 1, 3720); //A 

         mot_out->TLR1.load_timer_value=79998; //constant speed high time 1.6 ms 

         if (received == 1) { //received GPRMC 

            currentLat = string_2_float (LATITUDE, 1); 

 currentLong = string_2_float (LONGITUDE, 1); 

 currentHeading = string_2_float (TRUE_HEADING, 2); //in degrees 

     

 if (fixed == 'A') { //fixed 

               if (TRUE_HEADING[0] != 'X') { //received Heading 

       // calculate heading and distance to waypoint 

       calc_distance_heading (dtor(currentLat), dtor(currentLong),  
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                      dtor(waypoints[wpt_index].latitude), dtor(waypoints[wpt_index].longitude), 

                      &distance, &waypointHeading); 

                  // if within 5m of waypoint, switch to next waypoint 

       mot_out->TLR1.load_timer_value=84998; //start moving high time 1.7 ms 

       if(distance < 10) { 

          mot_out->TLR1.load_timer_value=79998; //move slower high time 1.6 ms 

          wpt_index++; 

                     //recalculate heading and distance with the new waypoint 

                     calc_distance_heading (dtor(currentLat), dtor(currentLong), 

                     dtor(waypoints[wpt_index].latitude), dtor(waypoints[wpt_index].longitude), 

                      &distance, &waypointHeading); 

                     } 

       error = calc_error(waypointHeading, currentHeading); 

       steer(error); 

 } 

         } 

      } 

     

      else { 

         XGpio_DiscreteWrite(&gp7SEG, 1, 3721); //H 

         if ((rud_int_value > 1 && rud_int_value < 2)  

                             || (mot_int_value > 1.5 && mot_int_value < 2)) { 

            //the rudder input is the same as the output 

            rud_out->TLR1.load_timer_value = (Xuint32)((rud_int_value*50000) - 2);  

            //the motor input is the same as the output 

            mot_out->TLR1.load_timer_value = (Xuint32)((mot_int_value*50000) - 2);  

            led_control(rud_int_value); 

         } 

      }   

   } 
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   /* Disable MicroBlaze interrupts */ 

   microblaze_disable_interrupts(); 

  

   return 1;  

} 
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Appendix C: Route simulation 

 

 

Figure 21 Route simulation
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The image below shows a hypothetical route for the autonomous boat close to the 

BTH. The waypoints are marked with the letters A, B, C, D, E, F and G.  The route 

between waypoints is marked with a red line, the green line is the true route line, they 

are not equal due to we are going to suppose that our boat is going to have some 

disturbances (wind, waves, etc.) 

The points that the GPS would send to the boat are coloured blue, each point has its 

own latitude and longitude coordinates and we are going to simulate the position of the 

boat by sending the GPS information via HyperTerminal. The FPGA will translate and 

compute the data and will response via RS232 with some interesting information such 

as: 

 Waypoint heading: degrees measured from current latitude/longitude to the 

next waypoint. 

 Error: degrees to turn in order to reach the next waypoint. 

 Distance: meters to reach the next waypoint. 

First of all is to configure the program with the list of waypoints, adding the following 

code: 

waypoints[0].latitude = 56.183164; waypoints[0].longitude = 15.589164;  

 waypoints[1].latitude = 56.183544; waypoints[1].longitude = 15.588172;  

 waypoints[2].latitude = 56.183189; waypoints[2].longitude = 15.587230;  

 waypoints[3].latitude = 56.182764; waypoints[3].longitude = 15.587905;  

 waypoints[4].latitude = 56.182444; waypoints[4].longitude = 15.587341;  

 waypoints[5].latitude = 56.182042; waypoints[5].longitude = 15.588064;  

 waypoints[6].latitude = 56.182228; waypoints[6].longitude = 15.588897; 

 

It is necessary to calculate the true route points (blue) and write them in a correct 

NMEA 0183 string, thus, the FPGA‟s FSM (Finite State Machine) could decode them,  

this is not exactly correct, because we are going to modify only the latitude, longitude 

and heading , but the GPS also sends information about time, speed, date, etc. 

The following lines describe the NMEA GPRMC strings necessary to send from 

HyperTerminal to the FPGA.  The heading parameter has been calculated using the 

last waypoint heading but modifying it simulating the disturbances. 
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$GPRMC,143406.000,A,5610.9462,N,01535.3362,E,4.03,325.71,030810,,,A*74 

 $GPRMC,143406.000,A,5610.9513,N,01535.3294,E,4.03,015.96,030810,,,A*74

 $GPRMC,143406.000,A,5610.9700,N,01535.3381,E,4.03,015.96,030810,,,A*74

 $GPRMC,143406.000,A,5610.9895,N,01535.3484,E,4.03,040.72,030810,,,A*74

 $GPRMC,143406.000,A,5610.9900,N,01535.3473,E,4.03,306.36,030810,,,A*74

 $GPRMC,143406.000,A,5611.0021,N,01535.3162,E,4.03,308.10,030810,,,A*74

 $GPRMC,143406.000,A,5611.0113,N,01535.2955,E,4.03,303.31,030810,,,A*74

 $GPRMC,143406.000,A,5611.0124,N,01535.2918,E,4.03,298.15,030810,,,A*74 

 

The response of the FPGA is shown in Figure 22: 

 

Figure 22 FPGA response 

 

The FPGA is programmed to response every time a GPRMC is received, thus, when 

we introduce the first string, we are saying to the program that we are in the start point 

(boat‟s icon) and our heading is 325.71 degrees, this means we are moving through 

the green line, but the waypoint heading is 9.86789 degrees so our boat has to move 

44.15789 degrees to the right in order to reach the waypoint 0 in 82.9028 meters. 

As we can see, we have modified the heading in the second sentence, 15.96 is more 

or less the heading from the current point to the waypoint 0. The FPGA would move the 
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rudder according to the error which is approximately 0 (0.48476) and we are closer to 

the waypoint (74.47062 meters) 

In the third string we suppose that the boat is on its half way to the destination, it has to 

sail 38.711 meters more. 

The next string is very important because when the GPS sends the information to the 

FPGA it realizes that the distance to waypoint is less than 10 meters, so it 

automatically switch to the next waypoint, and the boat has to sail 73.67169 meters 

more to get the waypoint 1. 

The last analysed waypoint is marked with „B‟ because the rest are pretty the same, we 

send 2 NMEA strings approaching to the destination, and the FPGA modifies the PWM 

which control the rudder to follow the green line, when the boat is closer to the 

waypoint (less than 10 meters) switch to the next one calculating the new heading and 

distance. 
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Appendix D: Changing the desired route 

 

To change the route it is necessary to have correctly installed in the computer 2 

programs: Xilinx EDK (Embedded Development Kit) due to XPS (Xilinx Platform 

Studio) is available in this package and Digilent Adept available from www.digilent-

inc.com to program the FPGA. Once everything is correct there are some steps to 

change the waypoints. 

 

1. Open XPS from the start menu or the desktop, as shown in Figure 23. 

 

Figure 23 Open XPS 

2. Open the “Autonomous and manual project” looking for it in the disk drive. 

3. Go to Project-> Sources -> Autonomous_and_manual_boat\gps.c (See Figure 

24). 

 

Figure 24 Open C file 

 

 

http://www.digilent-inc.com/
http://www.digilent-inc.com/
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4. In main function, modify the waypoints table as the desired route (latitude and 

longitude coordinates must be in degrees and could be extracted from Google 

Earth or any other map). 

/*********************List of waypoints*********************/ 

waypoints[0].latitude = 56.182052; waypoints[0].longitude = 15.589143; 

waypoints[1].latitude = 56.181762; waypoints[1].longitude = 15.589047; 

waypoints[2].latitude = 56.181467; waypoints[2].longitude = 15.589155; 

waypoints[3].latitude = 56.181339; waypoints[3].longitude = 15.588779; 

waypoints[4].latitude = 56.181739; waypoints[4].longitude = 15.588689; 

waypoints[5].latitude = 56.181994; waypoints[5].longitude = 15.589419; 

waypoints[6].latitude = 0.0; waypoints[6].longitude = 0.0; 

waypoints[7].latitude = 0.0; waypoints[7].longitude = 0.0; 

waypoints[8].latitude = 0.0; waypoints[8].longitude = 0.0; 

waypoints[9].latitude = 0.0; waypoints[9].longitude = 0.0; 

    

5. Select “Update BitStream” from the Device configuration menu and wait until 

the program has created the new bitstream. 

6. Open Digilent adept and select the file which will be programmed to the 

EPROM of the FPGA, this file is located in the directory of the project in the file 

“Implementation” and it is called “download.bit”. 

7. Once the FPGA is programmed it is necessary to reboot the FPGA by switching 

of the power supply.  
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