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Abstract 

 

This project is about the design and implementation of an SOPC based automated path 

following with obstacle avoidance using infrared sensors and ultrasonic sensor. 

The Line follower robot is a mobile machine that can detect and follow the line drawn 

on the floor. The path is predefined as a black line on a white surface with a high contrasted 

color. This kind of robot should sense the path using infrared sensors which installed under 

the robot. After that the data is transmitted to the controller to be processed by specific 

transition buses. The processor is going to send proper commands to the driver unit circuit 

and thus the path will be followed by the line follower robot. 

This system is provided with obstacle avoidance mechanism using ultrasonic sensor. 

After avoiding the obstacle either from the right side or the left side the car then has to find its 

path again to reach its destination with the continuity of following and scanning the path. The 

car will stop if an obstacle is detected on the path and on both sides of it or if the path is 

ended. 

The digital controller is designed and implemented using both off-the-shelf integrated 

circuits and the FPGA. The FPGA subsystem is developed using Altera Quartus II 

development suite tools and the Altera monitor program software. It is realized on a Cyclone-

II EP2C35F672C6 low-cost FPGA platform and tested on a physical structure constructed in 

the laboratory for its feasibility and functionality. 
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1. Introduction  

This chapter presents an overview, as well as the motivation and goals of our project. 

Moreover, it describes the application and the organization of the report. 

2. Overview 

The term « robot » was first introduced in 1920 by the Czech writer Karel Capek in his 

theatre play RUR (Rossum’s Universel Robots). This term came from the Czech word robot, 

« forced labour», designated originally to an android machine capable of replacing the human 

in all his tasks. Between the years 1940's and 1950's, the progress of electronics allowed the 

possibility to miniaturize electronic circuits (invention of transistor and integrated circuit), 

paved the way for the manufacture of robots. In the earliest times of robotics, the robot was 

considered as an imitation of the human being functionality and his physical. Nowadays, the 

manufacturers do not try to duplicate the human appearance on a robot, favoring its 

functionality before all else [1]. 

At present, the robots are widely used in industry, particularly in automobile 

construction and by most of computer manufacturers. Capable of performing repetitive tasks 

with high speeds, they are notably used in assembly and production line. We employed them 

as well in a difficult environment for human to support (extreme conditions of temperature or 

pressure, high radioactivity, etc…). The nuclear industry has also contributed largely in 

development of robotics (especially in the design of remote control robotic arm) [1]. 

Line follower is a machine that can follow a path. The path can be visible like a black 

line on a white surface (or vice-versa) or it can be invisible like a magnetic field. 

Line followers can be used to deliver mail within an office building and deliver 

medications in a hospital. The technology has been suggested for running buses and other 

mass transit systems, and may end up as part of autonomous cars navigating the freeway. The 

line follower can be used in guidance system for industrial robots moving on shop floor. An 

example might be in a warehouse where the robots follow 'track' to and from the shelves they 

stock and retrieve from. A line follower robot can be used in military as spy kids or in many 

other applications [2]. 
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Obstacle avoidance is the back bone of autonomous control as it makes robot able to 

reach to destination without collision, robot movement would be very restrictive and fragile 

without it. There are several ways and algorithms to accomplish the task of obstacle 

avoidance within the home environment. The best technique will depend on your specific 

environment and what equipment you have available. 

3. Motivation 

Robotics is a part of today’s communication .This later is a part of advancement of 

technology. Hence robotics is fast growing and interesting field [3]. So we decided to work on 

robotics field and design something which will make the life easier to human in today’s 

aspect. 

Path following and obstacle avoidance are two very important behaviors that must be 

considered in the process of Autonomous Mobile Robots development. There have been great 

amount of research concerning following path and obstacle avoidance projects separately.  

Moreover, the obstacle avoidance control includes also the obstacle detection. Our objective 

is to gather the two by designing and implementing a controller for a following path with 

obstacle avoidance car. 

4. Project Objectives 

The purpose of this project is to design and implement an FPGA-Based autonomous 

Following path with Obstacle avoidance car. The objectives to be achieved are: 

1. Search for the black path using infrared sensors. 

2. Adjust the car to follow this path using these sensors.  

3. Stop the car if an obstacle is detected on the path by the ultrasonic       

sensor and move the car to the right to avoid it if no other obstacle is on this side. 

4. Move the car to the left if an obstacle is detected on the right and no 

constraint is on the left side. 

5. Search again for the predefined path after avoiding the obstacle. 

6. Stop the car if there is no black path or if obstacles are detected on the 

path  and on both sides. 
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There are several ways to achieve this goal. Today’s engineers are blessed with a large 

number of alternatives as a result to the continuous evolution of micro and nano-technologies. 

Three main methodologies are possible: 

 Hardware (application specific integrated circuits, ASICs). 

 Software-programmed processors (general-purpose microprocessors, 

microcontrollers) 

 Field Programmable Gate Array. 

Although the first method has a very high performance and efficiency, it is very costly and 

has less flexibility [4]. 

A microprocessor based system does not have the necessary circuitry on one chip, 

external devices and signals are required such as memory, Input /Output buffers control 

signals for timing to accomplish its work.  Microcontrollers are provided with extra devices 

and signals to overtake the constraints of microprocessors but it still time-limited and have 

their own permanent circuitry and instruction set that the programmer must follow in order to 

write codes. However, FPGA is an integrated circuit that contains millions of logic gates, and 

can be electrically configured to perform a certain task. Figure 1.1 shows an FPGA chip.  

 

Figure 1.1 FPGA chip 

5. Structure of the Autonomous following path with obstacle 

avoidance car 

Due to the flexibility developing of the FPGA, we choose to implement our digital 

controller by integrating a heterogeneous computing platform made up of microprocessor 

based on the SOPC approach. The system is designed around the NIOS II/e soft-core 

processor instantiated in the Cyclone II EP2C35F672C6 FPGA system and some custom 

logic, all on a single chip. Our system consists of two main parts, hardware and software. The  



Chapter I: Introduction 
 

 
4 

software consists of the algorithms and the code executed by the microprocessor to control the 

hardware part. Figure 1.2 describes the hardware used to control the car. The system is 

detailed as following: 

 The On-chip Hardware Unit:  contains The FPGA Controller which 

controls the off-chip hardware circuitry via the board’s expansion header .The PC 

running Altera monitor program and Quartus II Software development suite tools is 

connected to the FPGA by means of the USB blaster mechanism. 

 The off-Chip Hardware Unit: The off-chip hardware circuitry is built-

on the proto-board consists of : 

 Sensing Unit: It contains the ultrasonic sensor and data 

acquisition. This latter is responsible for the data acquisition of the analog 

signals from the infrared sensors and their conversion into digital format by an 

ADC. 

 Interface Block: It performs the translation between the FPGA 

and the hardware components to make them compatible with each other. 

 Motor Drivers Unit: This unit is composed of H-bridge circuit 

that is controlled by the FPGA unit. It sends the appropriate signals to two DC 

motors. 

 PC Unit: It runs the Quartus II 9.1 sp2 development tool and 

Altera Monitor Program. 

 

Figure 1.2 Hardware of the FPGA-Based autonomous path follower and obstacle 

avoidance car. 



Chapter I: Introduction 
 

 
5 

6. Organization of the report 

The remaining of the report is organized as follows:  Chapter 2 introduces the 

theoretical background and describes the hardware materials used in our project. 

Chapter 3 constitutes the main part of the report; it describes the design and 

implementation of both On-chip and Off-chip subsystems. Chapter 4 presents in 

details the algorithms and flowcharts used to configure the FPGA. Chapter 5 

summarizes the work presented in this report, mention some remarks about the 

difficulties faced and discuss the possible directions for further enhancement of the 

system. Finally, the report terminates with an extensive list of references. 
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1. Introduction 

This chapter includes a detailed theoretical analysis on the different components and 

approach used in the project. 

2. The Field Programmable Gate Array 

The Field Programmable Gate Array, FPGA for short, is a digital integrated circuit 

designed to be electrically configured by the customer after manufacturing to become almost 

any customized digital system [5].  

The “field programmable” portion of the FPGAs name refers to the fact that its 

programming takes place “in the field” (as opposed to devices whose internal functionality is 

hard wired by the manufacturer). This may mean that FPGAs are configured in the laboratory, 

or it may refer to modifying the function of a device resident in an electronic system that has 

already been deployed in the outside world. If a device is capable of being programmable 

while remaining resident in a higher-level [6]. 

2.1. FPGA architecture 

Each FPGA vendor has its own FPGA architecture, but in general terms they are all a 

variation of that shown in Figure 2.1. The architecture consists of configurable logic blocks, 

configurable I/O blocks, and programmable interconnect. Also, there will be clock circuitry 

for driving the clock signals to each logic block, and additional logic resources such as ALUs, 

memory and decoders may be available. The two basic types of programmable elements for 

an FPGA are Static RAM and anti-fuses [6]. 
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2.2. Application of FPGAs 

Configurable hardware is an approach for realizing optimal performance by tailoring 

its architecture to the characteristics of a given problem. FPGAs implementation of some 

designs is very attractive because of the high flexibility that can achieved through the 

reprogram ability nature of these circuits [6]. 

Their advantages lies in that they are sometimes significantly faster for some 

applications due to their parallel nature and optimality in terms of the number of gates used 

for a certain process. Specific applications of FPGAs include digital signal processing, 

software-defined radio, ASIC prototyping, medical imaging, computer vision, speech 

recognition, cryptography, bioinformatics, computer hardware emulation, radio astronomy, 

metal detection, and a growing range of other areas [8]. 

2.3. The DE2 Development Board 

Development and Education board is an ideal platform designed for university 

laboratories to perform wide range of tasks on digital logic, computer organizations and 

FPGAs. These tasks might be simple or advanced design. The power of the board is such that it 

is also highly suitable for a variety of design projects as well as for the development of 

sophisticated digital systems [9]. Figure 2.2 represents the DE2 board. 

The DE2 box includes: 

 The 8*6 inch with a Cyclone II EP2C35 (672-pin package) FPGA. 

Figure 2.1 General structure of FPGA [7] 
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 9V AC/DC adaptor. 

 USB cable. 

 Plexiglas cover for the DE2 board. 

 Installation guide. 

 

Figure 2.2 DE2 Development and Education Board 

The table below shows the features of  DE2 board. 

Table 2.1 DE2 board information 

Feature  Description 

FPGA Cyclone II EP2C35F672C6 with EPCS16 16-Mbit serial configuration 

device 

I/O Interfaces  Built-in USB-Blaster for FPGA configuration 

 Line In/Out, Microphone In (24-bit Audio CODEC) 

 Video Out (VGA 10-bit DAC) 

 Video In (NTSC/PAL/Multi-format) 

 RS232 

 Infrared port 

 PS/2 mouse or keyboard port 

 10/100 Ethernet 

 USB 2.0 (type A and type B) 

 Expansion headers (two 40-pin headers) 

Memory  8 MB SDRAM, 512 KB SRAM, 4 MB Flash 

 SD memory card slot 

Displays  Eight 7-segment displays 

 16 x 2 LCD display 

Switches and 

LEDs 

 18 toggle switches 

 18 red LEDs 

 9 green LEDs 

 Four debounced pushbutton switches 

Clocks  50 MHz clock 

 27 MHz clock 

 External SMA clock input 
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2.4. Soft-Core Processors 

A soft-core processor is a microprocessor fully described in software, usually in an 

HDL, which can be synthesized in programmable hardware. A soft-core processor targeting 

FPGAs is flexible because its parameters can be changed at any time by reprogramming the 

device. Traditionally, systems have been built using general-purpose processors implemented 

as Application Specific Integrated Circuits (ASIC), placed on printed circuit boards that may 

have included FPGAs if flexible user logic was required. Using soft-core processors, such 

systems can be integrated on a single FPGA chip, assuming that the soft-core processor 

provides adequate performance. Recently, two commercial soft-core processors have become 

available: Nios II from Altera Corporation, and MicroBlaze from Xilinx Inc. In an SOPC, the 

processor, memories and components are created by using the available resources in a 

programmable logic device and it can be customized according to a particular set of 

specifications [10]. 

a. Nios II Soft Processor 

A Nios II processor system is equivalent to a microcontroller or “computer on a chip” 

that includes a CPU and a combination of peripherals and memory on a single chip.  

The term “Nios II processor system” refers to a Nios II processor core, a set of on-chip 

peripherals, on chip memory and interfaces to off-chip memory, all implemented on a single 

Altera® chip. Like a microcontroller family, all Nios II processor systems use a consistent 

instruction set and programming model. Figure 2.3 shows the architecture of embedded 

system Nios II/Avalon [11]. 

In practice, most FPGA designs implement some extra logic in addition to the 

processor system.  Altera FPGAs provide flexibility to add features and enhance performance 

of the Nios II processor system. Conversely, you can eliminate unnecessary processor features 

and peripherals to fit the design in a smaller and lower-cost device. 
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Figure 2.3 Embedded system Nios II/Avalon Architecture [11] 

b. Overview of Nios II Processor Features 

The Nios II processor is a general-purpose RISC processor core; it is a load/store 

machine with 32 general purpose registers. The Nios II processor has a number of features 

that can be configured by the user to meet the demands of a desired system. The processor can 

be implemented in three different configurations as it is represented in Figure 2.4. 

• Nios2/f – "fast" version, optimal for performance-critical applications and 

applications with large amounts of code and/or data (e.g. a system running a full-featured 

operating system). This variant has separate instruction and data caches. It provides the 

highest performance but is much larger in size.  

• Nios2/s – "standard" version, optimal for cost-sensitive, medium-performance 

applications, including those with large amounts of code and/or data. This variant has an 

instruction cache, but no data cache. It provides a smaller-sized core, without sacrificing too 

much in the way of performance.  

• Nios2/e – "economy" version, optimal for cost-sensitive applications, such as those 

found in the automotive and consumer industries. This variant has no instruction or data 

cache. It is around half the size of the Nios2/s, but this comes at the expense of execution 

performance [12]. 
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Figure 2.4 Nios II core configuration wizard 

All instructions are 32-bits wide. In the "standard"(Nios2/s) and "fast" (Nios2/f) 

variants of the core, most instructions execute in a single clock cycle. In the "economy" 

variant (Nios2/e), instructions execute in six clock cycles [12]. 

2.5. System on Programmable Chip 

The term System on a Programmable Chip (SoPC) refers to the combination of 

processor core with custom hardware, which is implemented using FPGA logic elements and 

memory blocks. SoPC development requires both hardware and software design elements. 

The software is typically written (C or assembly language for AMP, C or C++ for IDE) and 

compiled using a stand-alone tool (Altera's Integrated Development Environment for Nios II 

or Xilinx's Embedded Development Kit for Xilinx MicroBlaze). The hardware part is usually 

implemented using specific tools provided in FPGA manufacturer's CAD suite, which can be 

used for traditional FPGA design as well (Altera's Quartus II and Xilinx's ISE) [13]. 

The SoPC Builder is a tool used in conjunction with the Quartus II CAD software. It 

allows the user to easily create a system based on the Nios II processor, by simply selecting 

the desired functional units and specifying their parameters [14]. These functional units range 

from simple blocks of fixed logic, to complex, parameterized, and dynamically generated 

subsystems. SoPC Builder library components include:  



Chapter II: Theoretical Background 

 

 
12 

  Processors. 

 Microcontroller peripherals (including arbitrarily defined general-purpose I/O). 

 Interface Protocols (ASI, Ethernet, PCI, Serial). 

 Bridges and Adapters (Memory Mapped, Streaming). 

 Memories and Memory Controllers (on-chip or off-chip, SRAM, SDRAM). 

 University Program (Audio and Video, bridges communication). 

 Video and Image Processing. 

 Software components (Header files, Generic C drivers, Operating system (OS) 

kernels, Middleware libraries).     

Additionally, FPGA companies provide extensive support tools to ease the 

customization and use of their cores, including high-level compilers and debuggers targeted at 

the custom cores. 

In the case of Altera and Xilinx, the Processor Core Configuration Tool block shown 

in Figure 2.5 is realized in a user-friendly GUI interface that allows the designer to customize 

the processor for a particular project.  A screen shot of Altera’s processor configuration 

wizard is seen in Figure 2.6. The configurable parameters can include the data path width, 

memory, address space, and peripherals (including arbitrarily defined general-purpose I/O, 

UARTs, etc.) as it is mentioned above. Once the processor parameters are specified in the 

GUI interface, SoPC Builder connects multiple modules together by generating system 

interconnect fabric that contains logic to manage the connectivity of all modules in the 

system. It also generates a system-level hardware description language (HDL) file in Verilog 

HDL or VHDL, depending on which language you specified when you first set up the system 

in SoPC Builder that defines all components of the system [15].    

Specific pin assignments and additional user logic can be included at this point like 

any other FPGA design. Next, the full hardware design (processor core and any additional 

user logic) is compiled (synthesis, place and route, etc.), and the FPGA can be programmed 

with the resulting file using the standard tools. The hardware design is complete, and the 

FPGA logic has been determined [15]. 
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Figure 2.5 The CAD tool flow for SoPC design [15] 

So, In addition to SoPC Builder enables the user to define and generate a complete 

system-on-a-programmable-chip (SoPC) in much less time than using traditional, manual 

integration methods, it integrated within the Altera Quartus II software to give FPGA 

designers immediate access to a revolutionary new development tool [16]. 

 

Figure 2.6 Processor core configuration tool GUI for the Nios II soft processor core 
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3. Motor driver 

Generally, even the simplest robot requires a motor to rotate a wheel or performs 

particular action. However, motors require more current than the microcontroller (FPGA) pin 

can typically provide, for this reason we need some kind of switches which can accept a small 

current in the input, and generate a larger current at the output. This operation is done by 

using what is known as motor driver [17]. 

3.1. Principle of Operation 

Motor driver is a little current amplifier that takes a low current control signal and then 

turns it into higher current signal that can drive a motor [18]. The process of driving the motor 

in both directions can be achieved by using four switches that are arranged in a shape that 

resembles the alphabet “H”, this circuit is known as the “H-bridge circuit”. The H-bridge 

circuit not only can drive the motor, but also controls its direction. 

 

 

 

 

 

 

 

 

3.2. The H-bridge 

An H bridge is an electronic circuit that enables a voltage to be applied across a load 

in either direction [20]. These circuits are often used in robotics and other applications to 

allow DC motors to run forwards and backwards. 

An H bridge is built with four switches as shown in Figure 2.7 S1, S2, S3 and S4. To 

power the motor, the pair of switches that are diagonally opposed are turned ON. 

Switching ON S1 and S4 will supply the motor with a positive voltage and hence 

turning the motor in the forward direction, Figure 2.8 demonstrates the current flow through 

Figure 2.7 H-bridge configuration [19] 

http://en.wikipedia.org/wiki/Electronic_circuit
http://en.wikipedia.org/wiki/Robotics
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the H-bridge circuit. In the same manner, switching ON S2 and S3 will give the motor a 

negative voltage causing the motor to run in the reverse direction. Figure 2.9 shows the 

current flow in this case.  

 

 

 

 

 

 

 

 

 

However, if we switch ON S1 and S2, there will be a short circuit as the positive 

power supply will be connected with ground, and that causes circuit damage, overheating, fire 

or explosion. The same thing will happen with closing both S3 and S4 at the same time as 

instantiated in Figure 2.10. 

 

 

Figure 2.10Short circuit [19] 

The following table summarizes the H-bridge operation modes, with S1-S4 

corresponding to Figure 2.7. 

 

 

Figure 2.8 Forward current flow [19] Figure 2.9 Reverse current flow [19] 
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Table 2.2 Operation mode of  H-bridge Switching 

 

 

 

 

 

 

3.3. L298N H-bridge 

The choice of the H-bridge has a very important effect on the success of driving any 

kind of motor. The L298N as shown in Figure 2.11 is a dual H-bridge motor driver integrated 

circuit (IC) which contains two inbuilt H-bridge driver circuits, so that we can drive two DC 

motors simultaneously.  

 

Figure 2.11 L298 H-bridge 

3.4. DC Motor 

DC motor is a device that converts electrical energy into mechanical energy. DC 

motors are widely used, cheap, small and powerful for their size. They are most easy to 

control. One DC motor requires only two signals for its operation. They are non-polarized, 

means you can reverse the voltage without any damage to motor [21]. 

DC gear motor is used in this project; geared DC motors can be defined as an 

extension of  DC motor. The gear assembly helps in increasing the torque and reducing the 

speed [22]. Figure 2.12 shows the geared motor. 

S1 S2 S3 S4 Result  

1 0 0 1 Forward direction 

0 1 0 1 Backward direction 

1 0 1 0 Brake motor  

0  1 0 1 Brake motor 

http://www.engineersgarage.com/electronic-circuits/h-bridge-motor-control
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Figure 2.12 The geared DC motor 

4. Sensors 

 As electronics seamlessly weave their way into our lives, proximity sensing becomes 

a simple and inexpensive companion that enables a wide range of the applications to make our 

daily life easier [23]. Proximity sensors are sensors that based upon infrared signal detection 

without any physical contact.  

4.1. Types of sensors 

There are many types of proximity sensors, each one suited to specific applications 

and environments. The most common types are inductive proximity sensors, capacitive 

proximity sensors, photoelectric proximity sensors, and ultrasonic proximity sensors. From 

only two will be discussed in this part: ultrasonic and infrared sensors. 

4.2. Infrared Sensors 

Infrared technology addresses a wide variety of wireless applications. The main areas 

are sensing and remote controls. Infrared sensor is an electronic device that emits and/or 

detects infrared radiation in order to sense some aspect of its surroundings. It can detect 

motion, as well as measure how “bright” the object is, and that what we need for line tracking 

task [24]. Figure 2.13 represents CNY70 infrared sensor. 

 

 

 

 

Figure 2.13 CNY70 sensor 
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4.3. Principle of Operation 

A reflective sensor includes an infrared emitter and phototransistor adjacent to each 

other as shown in Figure 2.14. It works by illuminating a surface with infrared light, the 

sensor then picks up the reflected infrared radiation and based on its intensity determines the 

reflectivity of the surface in question. White surfaces will reflect more light than dark 

surfaces, resulting in their appearing brighter to the sensor. This allows the sensor to detect a 

dark line on a white background, or a white line on a dark background [25]. Figure 2.15 

illustrates the operation of IR sensor to measure brightness. 

 

Figure 2.14 The basic design of infrared sensor 

  

Figure 2.15 Depiction of The Operation of an IR sensor to measure brightness [26] 

4.4. Ultrasonic Sensor 

A human ear can hear sound frequency around 20HZ to 20 KHZ, the ultrasonic is the 

sound beyond the human ability of 20KHZ [27]. 

An ultrasonic sensor is a device capable of converting electrical energy into higher 

frequency sound waves and also converting sound waves back into electrical energy. 

The HC-SR04 ultrasonic sensor uses sonar to determine distance to an object like bats 

and dolphins do. It provides excellent non-contact range detection from 2cm to 400 cm 
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with high accuracy reach to 3mm. Its operation is not affected by sunlight or black materials. 

The module includes transmitter, receiver and control circuits [28]. 

 

Figure 2.16 HC-SR04 ultrasonic sensor 

4.5. Principle of Operation 

To start measurement, Trig of SR04 must receive a pulse of high (5V) for at least 

10µs, this will initiate the sensor to transmit out 8 cycle of ultrasonic burst at 40 kHz and wait 

for the reflected ultrasonic burst. When the sensor detected ultrasonic from receiver it will set 

the Echo pin to high (5V) and delay for a period (width), which is proportional to distance. To 

obtain the distance (D) between the obstacle and the transmitter Equation (2.1) is used [29].                             

.                     D=340*
 

 
                           Equation (2.1) 

Where: T is the width of Echo pulse. 

The timing diagram is as represented in Figure 2.17. 

 

 

Figure 2.17 Timing diagram [28] 
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Wire connecting direct as following 

 5V Supply   

 Trigger Pulse Input  

 Echo Pulse Output  

 0V Ground 

5. Analog to Digital Converter 

Data acquisition component is a monolithic CMOS device with an 8-bit analog-to-

digital converter and eight input analog channels. The input which is to be converted to digital 

form can be selected by using three address lines. The voltage reference can be set using the 

(Vref+) and (Vref-) pins. The step size is decided based on set reference value. Step size is the 

change in analog input to cause a unit change in the output of ADC. The default step size is 

19.53mV corresponding to 5V reference voltage [30]. 

5.1. Principle of Operation 

To get the digital output from ADC after hooking an analog signal up it is required to 

provide the ADC with seven control signals that must be sent from FPGA. These are 

addresses lines A, B and C, Address Latch Enable (ALE), clock, start of conversion and 

output enable .There is also one control signal which is sent to the FPGA, it is the end of 

conversion signal which goes high when the conversion is complete to indicate that the data is 

ready to be picked up [31]. Figure 2.18 represents ADC chip. 

 

Figure 2.18 Analog to Digital Converter chip 
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6. Differential drive 

Many mobile robots use a drive mechanism known as differential drive. It consists of 

two drive wheels mounted on a common axis, and each wheel can independently being driven 

either forward or backward. The drive wheels are usually placed on each side of the robot and 

toward the rear. The Differential drive that we have used is shown in Figure 2.19 

 

Figure 2.19 The Differential drive used  
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1. Introduction 

This chapter describes in details the design and development of system hardware. This 

part is crucial. It must be correctly design to ensure that the operation will work appropriately 

as desired. 

The principle of this part is to define how the DC motors are controlled using the H-

bridge and the sensors circuit and how these combined circuits are connected to the FPGA. 

To fulfill the previous operation, the system is made up of two main subsystems as 

shown in Figure 3.1. 

 OFF-Chip Hardware Subsystem 

This subsystem consists of the proto-board built circuits. It includes the data 

acquisition unit, the sensors, the interface block (buffers) and the motor driving unit. 

 ON-Chip Hardware Subsystem 

This subsystem represents the brain of the system. It mainly consists of the SoPC 

system which includes Nios II/e soft processor, memory, JTAG and I/O ports. In addition to 

some non-SoPC logic units developed in VHDL or LPMs, each has a specific function.  

 

Figure 3.1 Block diagram of the overall system. 
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2. OFF-Chip Hardware Design 

This part deal with the hardware circuit on the proto-board. The different parts of the 

system can be divided into three units which are: sensing, data acquisition and motor driving 

units. 

2.1. Motor Driving Unit 

a. L298N H-bridge 

In order to make the robot move in all directions with different speeds, a motor 

driving is needed for the robot to operate properly. 

The two DC motors are controlled by the PWM generator implemented in the 

FPGA and L298N H-bridge circuit. The L298N is an IC with two parallel H-bridges. 

To control the movement of each DC motor, three pins of L298N are used. Two of 

them are used for controlling the direction by setting one input high and the other low, 

and the third one is used by setting it high to enable the DC motor. 

To control the speed of the two DC motors, a technique called Pulse Width 

Modulation is applied to the enable pin.  

Pulse Width Modulation is a periodic square wave signal which has two levels, 

high or low, with constant frequency and variable duty cycle. 

The speed of the motors is controlled by adjusting the pulse width or in other 

word duty cycle of PWM signal. With 100% duty cycle, the motor will rotate with a 

voltage similar to the voltage of the power supply, and 50% duty cycle is similar to 

half voltage of the power supply. Figure 3.2 illustrates the internal circuit of the 

L298N. 

 

Figure 3.2 The internal circuit of L298N [32] 
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b. Protective Circuit  

To protect the whole circuit from any damages a protective circuit is provided using 

Schottky diodes connected in parallel and in reverse to prevent power flow from the power 

supply to the motors, and some capacitors in order to absorb noise coming from the motor. 

Figure 3.3 shows the motor driver and the protective circuits. 

 

Figure 3.3 Motor driver circuit 

2.2. Buffer Interface Block 

All the components of the OFF-Chip circuitry implemented on the proto-board operate 

under a voltage of approximately 5V. However, the DE2 board supplies a voltage of 3.3V. In 

order to make the signals exchanged between the FPGA and proto-board’s components in a 

compatible way, SN74LS244 buffers are integrated as an interface between them and the 

FPGA. 

2.3. Sensing and Data Acquisition Unit 

2.3.1. Obstacle Avoidance 

In this part the ultrasonic sensor is used to detect and avoid any obstacle stands in the 

path of the robot. The sensor has two openings on its front. One opening transmits ultrasonic 

bursts and the other receives them. This module is interfaced with the FPGA through two 

pins, the Trig and the Echo pins through the expansion-header and SN74LS244 buffer. Figure 

3.4 shows the ultrasonic sensor circuit. 
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Figure 3.4 The ultrasonic sensor circuit 

The trigger pin receive from the FPGA a pulse of at least 10µS.If there is an obstacle 

in front of the robot, the transmitter module will reflect back the signal as an input through the 

Echo pin of the sensor to the FPGA; this signal will be high during the whole time from 

transmitting the ultrasonic burst until receiving it. After getting the time signal, the distance 

between the robot and the obstacle can be calculated.  

2.3.2. Path follower detection 

Our robot is designed to follow a black path on a white surface. In order to do that, 

optical sensors are used.  

We have used  the CNY70. It is a reflective optical sensor that includes an infrared 

emitter and phototransistor in a leaded package which blocks visible light [34]. Figure 3.5 

illustrates the circuit of the CNY70 IR sensor. 

 

Figure 3.5 The circuit of CNY70 IR sensor 

Its principal of operation is based on the intensity of the IR light reflected back to the 

phototransistor.  
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This variation of the intensity will lead to a variation in the resistance between 

collector-emitter of the phototransistor which will further change the voltage at the output. 

Figure 3.6 shows the schematic diagram of the sensors interfaced with the ADC. In the case 

of white surface, the intensity of the IR light reflected back and received by the 

phototransistor will increase, results in a decreasing in the output voltage of the sensors. 

While in the case of black surface, it absorbs IR light means less intensity reflected back and 

therefore increasing in the output voltage of the sensors. 

 

Figure 3.6 Schematic diagram of interfacing IR sensors with ADC 

We have used three IR sensors arranged in a ‘V’ shape for the line detection; based on 

the data which read from the three sensors the robot will move forward, right and left 

direction. Figure 3.7 represents the arrangement of the IR sensors. The width of the line here 

should be greater or equal the distance between the center sensor and the right or the left one 

(to make sure that one sensor is out of the path another one is on it). 

 

Figure 3.7 Arrangements of IR sensors 



Chapter III: Hardware System Design 

  

 
27 

2.3.3. Data Acquisition Unit 

Since we need digital value from the sensors instead of analog, an analog-to-digital 

converter is used. The ADC0808 is 8-channel, 8-bit analog-to-digital converter. It works on 

the principle of successive approximation. It requires a clock signal of 640 KHz to perform a 

conversion in 100µS. The ADC has a total of eight analog input channels which can be 

selected using the address lines (A, B and C). Since we have used three sensors, three 

channels are needed; in this case IN0, IN1 and IN2 are used. 

To visualize the digital output of the converter, a collection of eight LEDs have been 

used, where each LED is connected to respective data lines D0 through D7. The interfacing 

between the ADC and the DE2 is done through the expansion header. Figure 3.8 illustrates 

the interface between the ADC and the FPGA.  

 

Figure 3.8 Interfacing between the ADC and the FPGA 

3. ON-Chip Hardware Design 

The main purpose of the ON-Chip part is to maintain control over the hardware part at 

all the time and determine where the robot has to move. This system is implemented onto the 

FPGA and is partitioned into SoPC and non-SoPC modules. 

3.1. The SoPC System  

The SoPC subsystem is built around the Nios-II 32-bit embedded soft-core processor, 

it includes the following items:  
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 NIOS II Processor: the base of the system is the NIOS II Soft-Core Processor 

under a clock of 50MHz. 

 On-Chip memory: a memory of 32Kbytes is used to store the program. 

 JTAG UART: a component that is used to allow the host computer to control the 

Nios II system. 

 I/O Peripherals: to control the hardware part, several input/output peripherals are 

needed. The peripherals are described as following: 

 ADC_SOC: 1-bit output signal refer to Start-of-Conversion of the ADC, 

which triggers the conversion of analog data. 

 ADC_addr_lines:  is a 2-bit output signal that connected to the address 

lines of the ADC; it is used to select between the infrared sensors. 

 ADC_EOC: is a 1-bit input signal that refer to the End-of-Conversion of 

the ADC, it is go high when the conversion is finished. 

 Motor_direction: is a 4-bit output signal connected to the H-bridge chip. 

 ADC_data: is an 8-bit input signal referring to the data coming out from 

the ADC. 

 Ultrasonic_Trig: is a 1-bit output signal that is responsible of triggering 

the ultrasonic sensor. 

 Ultrasonic_Echo: is a 1-bit input signal that receives the digital signal 

back from the ultrasonic sensor. 

 Pwm_word: is a 32-bit output signal that is used to adjust the speed of the 

two dc motors depending on the requirements of the system. 

Once all the peripherals are specified and assigned base addresses, the system is 

generated. Figure 3.9 shows the SoPC builder with the whole SoPC system whereas Figure 

3.10 represents the Nios II system block. 
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Figure 3.9 SoPC builder system 

 

 

Figure 3.10 Nios II system block 

3.2. Non-SoPC System 

In addition to using the SoPC system, we have non-SoPC units. These units are the 

PWM generator for DC motors and the clock divider which are controlled by the SoPC 

system. 
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3.2.1. PWM Generator 

In order to control the speed of the DC motors a PWM is used by applied the PWM 

signal to the enable pin of the H-bridge. The PWM is implemented using a 5-bit binary 

counter connected to the select lines of a 32-to-1 multiplexer. The duty cycle of PWM will 

changed by changing the number of successive ones applied on the data inputs of the 

multiplexer, therefore, the more successive ones applied, the higher the duty cycle. Figure 

3.11 represents the PWM generator block which has been implemented on Quartus II with 

frequency of 5 KHz. 

 

         Figure 3.11 PWM generator block 

3.2.2. The Clock Divider 

As mentioned in section 2.3.3, the ADC0808 requires a clock signal of 640 KHz. To 

achieve this, we have implemented a counter using an LPM counter of modulus 79 provided 

in the Quartus II library to divide the system’s clock frequency of 50 MHz and generate the 

required clock signal. Clock divider block is instantiated in Figure 3.12 using the schematic 

capture of the Quartz II environment.  

 

Figure 3.12 Clock divider block 

After specifying all the settings and assigning the base-addresses, the system is generated.  
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A symbol file of the NIOS II/e system is created, the PWM and Clock divider units are 

connected to it. The pins are assigned to each signal. Figure 3.13 shows the final block 

diagram/schematic file (bdf) of the line follower with obstacle avoidance system in  

Quartus II. 

 

 

Figure 3.13 The block diagram file (.bdf) of the final system 
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The compilation of the whole system was successful. The summary of the compilation  

shown in Figure 3.13, we can see that the entire system uses 5% of the total logic elements, 

769 registers, 7% of the total pins and 56% of the total memory bits. 

 

Figure 3.14 Compilation summary 
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1. Introduction 

This chapter describes the software part of the digital controller. Different firmware 

codes used to program the Nios II subsystem are represented by flowcharts. 

2.  The Firmware 

An embedded system consists of two parts: hardware and software (firmware). Each 

part is useless with the absence of the other part. After building the hardware design, the 

software takes its role to manipulate the data and take decision accordingly. This rule is 

ensured through a code written in assembly language or a high-level language and executed 

by a microprocessor. 

Our project depends on the data read from the three infrared sensors and the   

ultrasonic one. The program receives data from these sensors and generates the output 

corresponding to the current situation. The generated output is used to control the rotation of 

motors such as forward, turn left and turn right. 

3.  Structure of the Program 

The complete code is divided into several subroutines; each one is responsible for 

achieving a desired task. The main code allows the connection between these subroutines to 

reach the objective of the system. 

4.  Main Program 

In this section we are going to explain how the main program is implemented and how 

the different parts are connected. The car first looks for the path by moving one dc motor 

direction and the other one left, at the same time reading data from the three infrared sensors 

to track the black line. Once this is done the car has to follow the path by adjusting the two dc 

motors in such a way it still on the path. If an obstacle is detected on the path, the car will 

move to the right direction to scan it; it will avoid the obstacle on the path from the right if 

nothing is on this side. The car will move to the left direction to scan it too when an obstacle 

is noticed on the right; it will continue its way from this direction if no constraint is detected 

there. When the car avoids the obstacle it will look for the path again using the previous 

mentioned procedure. The car will stop when the path is ended or when obstacles are detected 
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on the path and on both sides of it. The flowchart in Figure 4.1 is illustrated in more details 

the algorithm of our system  

 

Figure 4.1 The flowchart of the main program. 
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5. Data Acquisition Routine 

The routine described by the flowchart in Figure 4.2 performs the acquisition of 

resulted data from three infrared sensors. The routine selects sequentially the channel to 

convert then sends the Start/ALE pulse to latch the address of the selected channel and starts 

the conversion. Next, it keeps polling the end of conversion output signal until the conversion 

is over. Once acquired, the data is temporarily stored into specific registers before it is 

processed by the Nios II system. 

 

Figure 4.2 Data Acquisition Routine 

6.  Path Following Procedure 

In this section, we are going to describe in more details how we implemented the path 

follower. Figure 4.3 shows the flowchart to achieve this goal. 
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Figure 4.3 path following flowchart 

7.  Obstacle Scanning Procedure 

The aim of this procedure is to compute the duration for the Echo port to be high since 

this indicates the presence of an obstacle. 

The procedure starts by triggering the sensor with high for at least 10 µs and waits for Echo 

port to be high. While this port is high (1) a counter is incremented. Once the Echo port turns 

low (0) the final count is translated into distance according to specific calculations as shown 

in Figure 4.4. 
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Figure 4.4 Obstacle scanning routine 

8.  Programming Language 

Nios II offers the possibility to work with assembly or high level language C. 

The native language of any microprocessor is the assembly one which is the lower language. 

Therefore no need for the compiler to convert it like other higher languages. So it is very 

useful to communicate with the hardware level. Figure 4.5 depicts a portion of the Nios II 

assembly language. 

 

 

Figure 4.5 Portion of Nios II assembly language 
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Conclusion 

An FPGA-based path following with obstacle avoidance controller was designed and 

implemented. The autonomous car successfully tracks the black line above the white surface. 

The robot senses the line and follows the track in all directions.  

The system is designed using SOPC approach. It is designed around the Nios II/e soft-

core processor instantiated in control of the motors based on the data provided by the infrared 

sensors. 

The SOPC approach has several benefits. It is flexible in both hardware and software. 

The designer can use the exact components that fit his application. Moreover the 

reconfiguration and modification of the system can be done at any time by adding a new 

component or deleting an exist one. 

The economic version of the Nios II/e is bounded. Some instructions needed for 

software are not available which causes an increase in response. However, working with 

System on Programmable Chip has allowed us to deal with new concepts and learn a lot of 

things. 

During the realization of this project troubleshooting has taken a long period delaying our 

work. Some of these troubleshooting are: 

 The circuits on the proto-board: they are so sensitive due the several connected wires. 

If the system does not work it is necessary to check the whole circuit to discover the 

problem. 

 The motor driven unit: L298 has caused drooping of voltage several times due to its 

shape which is difficult to connect tightly. 

 Over sensitivity of the infrared sensors: they respond as well today light. 

 The dissimilar nature of two motors: this is one of the most critical problems that we 

have faced. The motors were driven in different speeds in identical operating 

conditions. The major cause of this is the high friction of one motor unit.  
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The problems mentioned above can be solved by using printed circuit board PCB instead 

of proto-board circuit which is more efficient and reliable. L293 is a driven motor chip which 

can replace L298. In addition, it is easy to connect it. It is provided with the protective circuit 

so there is no need to add this latter to the whole driven circuit. The PWM word which is sent 

by the controller to enable the DC motor can be a correction method of dissimilarity so each 

motor has its own PWM even that it is not very efficient in our case due the limitation of the 

multiplexer we have used (5 bits), but by increasing the bits of multiplexer the speed will be 

more controlled.   

As future enhancement and further work: 

 Providing the car with more infrared sensors (5 sensors) so the car may follow the path 

more accurately.  

 Providing the two projects with an android application using Smart phone to select a 

mode that can be obstacle avoidance or a path follower. 

  Using color sensors so the robot can sense different colors. It can be used in the 

robotic game competition and other fields. 

 Adding a path recording mechanism or rather making the robot track the path from a 

start point till the end of the path so it memorize the followed path then derivate the 

reverse path without much effort and more rapidly . 

 Optimizing the best path; the car tracks the different paths from a certain origin to a 

given destination with memorizing the shortest path to reach the destination so the 

robot will optimize its path from different paths in a short time as maze solver robot 

does. 
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