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以 CAN BUS 及 DsPIC 為平台之機器

手臂控制系統 
 

研究生：陳彥宏 指導教授：黃國勝 教授 

 

國立中正大學電機工程研究所 

 

摘要 

本篇論文的研究主要是利用微控制器搭配 DE2-70 嵌入式開發板為開發平台，

實作出一套模組化的機器手臂控制系統。在論文中所使用的硬體發展平台是使用

Altera 公司的 DE2-70 開發板搭配 Microchip 所生產的 DsPIC33FJ128MC710 為機

器手臂的系統控制器。  

在實作方面，整體硬體系統架構可以細分為主機端、NIOS II、DsPIC 微控

制器三部分；主機端提供一個 GUI 介面方便使用者進行逆向運動學座標輸入，

並透過主機端 UART 介面將座標傳送至 DE2-70 開發板的 NIOS II 系統中進行逆

向運動學的運算，NIOS II 系統將逆向運動學各角度計算完畢後再將命令傳送至

各軸的微控制器進行馬達的位置控制。 

本文在 DE2-70 開發板與 DsPIC 微控制器之間的訊號傳輸的通訊介面是使用

CAN BUS 訊號傳輸匯流排技術，進行倆模組化系統之間的訊號傳輸，由於 CAN 

BUS 技術傳輸訊號穩定、快速，相當適合用於大多數機器人的研究與開發。 

 

 

關鍵詞：CAN BUS、DsPIC、NIOS II 
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ABSTRACT 

This thesis exploits microcontrollers with the DE2-70 embedded development 

board for development platform to make a modularity robotic manipulator control 

system.  The hardware development platform which is mentioned in the dissertation 

is DE2-70 development board from ALTERA Company with DsPIC33FJ128MC710 

produced by microchip system controller for the robot manipulator.  

In the implementation, the overall hardware system structure can be separated 

into three parts, GUI, NIOS II core process, and DsPIC microcontroller. The host 

provides a GUI for users to input inverse kinematics coordinates, and through the host 

UART interface, we can send the coordinates to the NIOS II system of DE2-70 

development board to compute inverse kinematics. After calculating the axis angles of 

inverse kinematics, NIOS II system will send the instruction to the microcontroller to 

control the position of the motor.  

In this thesis, the technology of CAN BUS signal transmission bus is used to 

transmit the signal between DE2-70 embedded development board and DsPIC 

microcontroller. Because of the CAN BUS technology with stability and fast quality, 

it is very suitable for the most research and development of robot. 

Keyword: CAN BUS、DsPIC、NIOS II.  
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1. Introduction 

1.1 Research Background 

 With the continuous progress of the technique of the semiconductor industry, the 

research and development of robot are still one of the most popular topics nowadays. 

The software and hardware component of system advance fast in the velocity and the 

function, and also make the robot promoted a lot on the development of function. Also, 

the robot nowadays has already slowly evolved from the old type into a familiar 

person type robot. The final purpose of the robot’s research and development is to be 

able to replace human, and even makes the robot can replace humans in high risk 

work environment to achieve the task and complete the work. If the robot can replace 

human resources, it not only can reduce the injury suffered from the work, but also 

can save the labor cost and raise the efficiency of work. Nowadays, many works on 

production lines not only demand quickly but also high accuracy. All the requirements 

need to be completed and achieved by the robot or robot manipulator. 

 It is very extensive in the applied of the robot manipulator. For example, the 

surgical operation and the production line of the semiconductor wafer are very 

common. Through the setting of program, the user adjusts the robot tool by their 

needs in any field. When the designer designs system structure, the designer should 

considerate the point of view to design a set of system for most of the users＇ 

requirements.  Now, the need of the robot manipulator is stabilization, security, 

precision, low complexity, convenience and the system structure can be transferred 

quickly. How to address these requirements to design a complete robot control system 

is rather important!   
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 This thesis is integrate the need of most robot manipulator users to construct a set 

of modularity robot manipulator control system. The purpose is to make the design 

easy to use, and improve system availability and security to make the user easy to use.  

Even the whole control system can be transplanted to other robot’s control system.  

 

1.2 Research Motivation  

Robots, robot and control systems are designed mainly based on the embedded 

control system. Because of the robot control system is rather complicated and huge, 

how to carefully choose the nucleus controller of robot is rather important. The robot 

control system of an integrity needs to be constituted by a lot of different small 

systems, while the generally robot control system contains core processor systems, the 

hardware mechanical systems, electronic circuit systems, control systems, sensors and 

vision systems ,etc. to form a complete robot control system. 

Through analysis, the thesis found that currently the development platform on 

the market provides the information of the developer is also limited and the detailed 

information of the some products isn’t also completely in public. It will cause many 

users not easy to use, and the non-modularity system, make the system transplant 

hardly. This thesis tidies up the design of the arm control system should be concerned 

about several points are as follows: 

1. Provide the user with a simple control GUI. 

2. The selection and usage of system core processor can accelerate the operational 

efficiency of the system. 

3. The whole modularity is to control system. 

4. Using a familiar programming language development can accelerate the velocity 

of beginners. 
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5. The choice of the communication interface of the modularity system. 

6. Make the design method of the hardware electric circuit in public to allow users 

to facilitate their application and expansion. 

7. The design of safe mechanism. 

Summing up the above characteristics, this thesis puts forth a kind of the robot 

manipulator control system of modularity. The system is designed to improve 

operational efficiency, reduce system complexity to make users to easily develop and 

put in use. Besides, the most important point of robot manipulator is absolute safety in 

working. It should keep anything that makes things happen out of control. Therefore, 

the modularity system can not only clear the entire modular system also increase the 

exaltation of the operation capability of each core processor. As long as the design 

between the communication interface design appropriately, the whole stability of the 

robot manipulator control system will be also relatively raised. 

 

1.3 Research Approach 

 The implementation of the thesis is the design which hardware with software to 

complete the system of the modularity robot manipulator control. So it can be divided 

into hardware and software fractions in this text. 

The containment of the hardware: the IR50 robot manipulator, the DE2-70 

development board and Layout DsPIC33FJ128MC710 microcontroller electric circuit 

and SPI transform the circuit of CANBUS, the control circuit of the Robot 

Manipulator. The containment of the software: program the GUI of the robot 

manipulator by Borland C++ Builder, composing SPI's transform CAN BUS 

communication interface by Quartus II the language of Verilog HDL, using Quartus II 

in the platform of NIOS II IDE compiler to carry on NIOS II the program of the 
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system core processor and using MPLAB compiler to carry on the program of the 

microcontrollers of the DsPIC33 FJ128 MC710.  

Construct the whole robot manipulator control system. The thesis research 

methods are as follows:   

    First, construct the peripheral electric circuit of the microcontrollers of the 

DsPIC33FJ128MC710 to test the function of modularity and to complete electric 

circuit layout of the robot manipulator each axis microcontroller. 

Second, select the host and DE2-70 development board of the communications 

interface to compose the simple host and controlled GUI, and carry on the test of the 

communication function of interfaces. In this thesis, the communication interface of 

the host port and DE2-70 development board adopts UART transmission format. 

Third, select the communication of DE2-70 development board and DsPIC33 

FJ128MC710 microcontroller；in this thesis, the DE2-70 development board and 

DsPIC33FJ128MC710 microcontroller is used CANBUS of the communication 

transmission format to carry on the transmission of signal. 

Fourth, compose DE2-70 development board with the module of the hardware 

function, Intellectual Property cores（ IP） . In this thesis, the module of the 

communication interface of the SPI transfer CAN BUS is hardware function module. 

Fifth, construct the coordinates system of robot manipulator and deduce the 

forward kinematics and inverse kinematics of robot manipulator.   

Sixth, construct the NIOS II core processor on the DE2-70 development board, 

compose the inverse kinematics of robot manipulator into program, and test NIOS II 

core processor to operate the feasibility of the robot manipulator inverse kinematics. 

  Seventh, layout CANBUS communication interface circuit, and testing the 

communication interface of the development board and the DsPIC33FJ128MC710 

microcontroller. 
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Eighth, to integrate integrity the robot manipulator control system, test all 

functions and system stability of modular equip, and identify the feasibility of inverse 

kinematics. 

 

1.4Thesis Structure  

Chapter 1, the introduction is the brief introduction of this thesis, and it included 

the research back ground, research motive, research methods and the structure 

introduction of the whole thesis. 

Chapter 2, carry on requirement, design and analysis of the whole robot 

manipulator system and immediately introduce the software and hardware equipment 

and system which is chosen in the thesis and the technique of communication 

interface used in the system. 

Chapter 3, make an explanation about software and hardware structure of 

complete system of the robot manipulator, introduce the construction method of NIOS 

II core processor in the system, aim at the brief introduction of the microcontroller 

function module, and elaborate on the principle and characteristic in the module. 

Chapter 4, analysis and deduce the forward kinematics and inverse kinematics of 

the arm of the system hardware equipment machine. 

Chapter 5, describe the control theories and experimental results used in the 

experiment. 
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2. ANALYSIS AND DESIGN 

This chapter will focus on the overall system architecture of this thesis to 

analysis in detail, and sort out the needs of the user to carry on the design of system. 

Then, select the most suitable hardware device and the development platform of 

software. As the robot manipulator modularity control systems in the construction 

process must take many factors into account, and it includes the selection of system 

hardware, the portability and scalability of system, and the communication signals   

between the interface. 

In this chapter, the analysis method is to adopt unified process. Using unified 

process analysis characteristic and analytical tool can analyze the best system 

structure, software, and hardware device. 

 

2.1 Requirement analysis 

In this section, analyzing the system construction will be discussed first. Here is the 

usage scene and the mode of 5W+1H analysis. 

 

Table 2-1 5W+1H analysis 

       Why The system of modularity configures  

       What The hardware can quickly safeguard, and the flexibility is 

high   

       Who The developer with the EE related back ground  

       How Provide an user to easily carry on the interface that tests 

with development 

      When Any time 

      Where Poor working environment and huge production line 

Through the analysis of the (Table 2-1), the following will make use of the mode 

of problem statement and need derivative to definite the system object needed. 
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 The working environments that need robot manipulator are those? 

Currently most of the working environment of the robot is foundry or a large 

capacity production line. Their biggest needs in these production lines is how to raise 

productivity and the reduce personnel cost, so the robot manipulator in the production 

line plays a very important role. If the system’s accuracy and stability of the robot 

manipulator is high enough, it not only can raise productivity but also reduce the cost 

of production line staff. 

 Which things does the nucleus core processor of robot manipulator have to do? 

 While operating, the user has to inform robot manipulator where is object article 

which it wants to grab at, and inform the robot manipulator the space coordinates 

information of object article. At the same time, the robot manipulator has to compute 

by inverse kinematics, obtain each robot axis motor rotation angle, and delivers the 

angle information to each robot axis motors of robot manipulator. Therefore, the 

execution velocity and operation capability of the robot manipulator core processor 

has to value. 

 What is the effect of robot manipulator? 

Generally speaking, there are two kinds of methods that the robot manipulator in 

the core processor of independent working. One is the forward kinematics that makes 

use of traditional robot manipulator to deduce inverse kinematics. This method has to 

inform the robot manipulator the space coordinates information of object article to 

make the robot manipulator move to the object location that set by the users. The 

other method is through the feedback of visual images to inform the object of location 

information to robot manipulator. 

 What features does the robot manipulator control system structure have？ 

They are stable and secure system architecture, the structure of the modularity 

system, the hardware expandability, high software portability, resource available, and 
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the system architecture with added or deleted hardware requirement. 

 What are the characteristics of the robot manipulator controller？ 

The main point is easy to develop, to have portability, to have the object oriented 

designs, to operate easily and maintain. 

 What functions does the robot manipulator control system have to provide a 

user? 

It should provide a GUI that makes the user easy to use and learn. For example, 

point to point movement control, speed regulation of a motor, error adjustment, 

storage function, and the posture control of kinematics. 

 

2.1-1 Functional Requirements 

The functional requirements are the mode of the problem statement and need 

derivative to definite the function of system object explicitly. By demanding analysis, 

here is the function of the system. 

 System Modularity  

 Point to Point movement control  

 GUI identify an interface   

 Recovery 

 

2.1-2 Nonfunctional Requirements 

Nonfunctional requirements also is adhere to 5W+1H of the method of the 

problem statement，Also with the need derivative define the nonfunctional need 

function. 

 The information presented hardware devices 
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 The stability of communication  

 System hardware high survivability 

 The low-power hardware equips 

 The low connecting wire is complicated 

 

2.1-3 Requirement compiles 

The need analysis induced by this chapter integrative front chapter carries on 

compiling, can be divided into two main directions while carrying on compiling，The 

first direction is mainly carried on need's compiling by the standpoint of developer, 

while the second direction is carried on by the user's standpoint to compile. 

 The perspective of developer: 

(1) Develop a GUI platform 

(2) The select can satisfy the core processor of the control system operation quantity 

(3) Select a motor microcontroller 

(4) Control system modularity 

(5) Select the modularity communication interface of stability higher 

(6) Cost down 

 

 The perspective of user: 

(1) GUI convenient usage 

(2) The hardware expandability 

(3) The software portability 

(4) The microcontroller can repeatedly burn to record a test 

(5) The universal software develops language 

(6) Open a complete source code 
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2.2 Design analysis 

 After analysis, which hardwares and software can meet the demand. Then carry 

on the layout and integration of system. In this chapter, focus on the system structure 

which is used to analyze and design the software and hardware. Be divided into two 

sections to illustrate the software design and hardware design.   

 

2.2-1 System hardware Design Analysis 

There is a modularity system method in the thesis, the purpose is to make the 

huge robot manipulator system into modularity. In this chapter, the simple selection of 

the software and hardware device will be illustrated. And, specification of hardware 

will do more expatiation in next chapter. 

 This chapter will analyze the demand by 2.1 to select the hardware control 

device of robot manipulator. Is a modularity system. Because of the modularity 

system, the hardware device can be divided into two parts. The first part is to select 

the core processor of the robot manipulator; the second part is to select the 

microcontroller of the each axis of motor. With these two objects, then start to carry 

on the layout and select of hardware. 

 

 Object one: select the platform of the core processor of the robot 

manipulator. 

Autonomous robot manipulator to grab article can be divided into two types. One 

is the forward kinematics that makes use of traditional robot manipulator to deduce 

inverse kinematics. This method has to inform the robot manipulator the space 

coordinates information of object article to make the robot manipulator move to the 
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object location that set by the users. The other method is through the feedback of 

visual images to inform the object of location information to robot manipulator. 

In this thesis, computing inverse kinematics is the method to make the robot 

manipulator grab the article. In this thesis, because of the system which requires good 

computing function, the DE2-70 development board from company ALTERA is used. 

This development board is can be embedded NIOS II core processor, and the 

execution velocity of CPU can reach 100 MHZ. Owing to it matches calculator 

structure, using C language in the core processor to compose and develop program. 

Users can meet his needs to compose the module of the hardware function of C 

language. 

 

 Object two: select the suitable robot manipulator motor microcontroller. 

The selection of traditional microcontroller with 8051 single chips of 8 bits is 

more common. Because of the software and the hardware quick development, the 

operation capability of the core processor seems to be rather important. In this thesis, 

the motor microcontroller choose 16 bit of the DsPIC33 FJ128 MC710 from 

Microchip. The feature of the DsPIC33 FJs 128 MC710 is mainly designed for motor 

control. Therefore, it owns built-in motor control unit, like PWM and QEI and so on. 

Carrying out CANBUS transmission is the purpose, so the DsPIC33 FJ128 MC710 

microcontrollers rather meet the need of this design. 

 

2.2-2 System software Design Analysis 

 For enforcing the system structure, and provide the user a simple and easy GUI 

system. Therefore, the method in the thesis is to use a personnel computer to design a 

simple GUI. The programming language used in the thesis is C++ programming 
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language which is more common and easy to learn at present. The advantage of using 

C++ programming language is to reduce the time which the beginners have to learn. 

Thus, it can reduce the burden of learners. And the C++ programming language is the 

most common programming language currently. It will be rather easy for users to 

transplant and expand. 

 

2.3 System commnucation interface Analisys 

 In this thesis, the interface of the transmission communication is the most 

considerate in modularity system structure.  Designers must be very careful and 

rigorous to address the communication interface problem. If this link does not get 

processed appropriatly, the machine will cause the unexpected problem. How to  

select these communication interface for modularity systems is the main purpose of 

this chapter. 

 The previous section of this thesis has discussed system hardware structure. In 

the thesis, there will be two levels of communication interface for system structure. 

The first level is the host GUI to DE2-70 development board; the second level is the 

DE2-70 Development board to the motor controller of robot manipulator . 

 In addition to the advantage of modularity system, another point of these  

modularity system is in the communication interface between them. In academic 

world, the UART communication interface of embedded robot manipulator control 

system is more common. The defect of UART is its slow transmission speed; 

therefore, for the immediate operation of robot manipulator will be too lower, it will 

be unsteady in operation. This thesis for improving this defect, so the communication 

interface between the each axis of motor control and the core processor use CAN 

BUS communication interface to carry on the transmission of system signal. The 
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following is for the current common communication interface to conduct a detailed 

analysis, and to describe why the system will choose the CAN BUS communication 

transmission interface. 

In generally, the communication interface can be divided into two types. The first type 

is a parallel communication interface, and the second type is a sequence 

communication interface. 

 

 Parallel communication interface: 

The parallel transmission means the signals will be delivered together. A group 

of eight-bit data, it needs eight channels. When transmitting, the signal will be sent 

out at the same time. Therefore, they require eight side-by-side channels. 

The advantage of parallel communication interface lies in delivering velocity 

higher, and there are not any bits synchronization problems between the two sides. 

The disadvantage of parallel communication interface lies in the short transmission 

distance and high equipment costs. 

 

 Serial communication interface: 

The serial communication means the signal will be delivered one by one. Because 

serial communication interface only has a single gateway, the signal transmission 

efficient will be lower.  

The advantage of the serial Port communication interface lies in its low 

equipment cost and easy realization. 
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2.3-1 Serial Port communication interface type Analysis 

There are many kinds of serial port communication interface types; for example, 

CAN BUS, USB, IEEE1394, I2C, RS-232, Ethernet, SATA and so on. The following 

introductions will aim at these serial port communication interface types. 

 

 CANBUS: 

CAN (Controller Area Network) is from 1980. International Standardization 

Organizing (ISO) released a kind of transmission format for being applied to a car 

electronic industry. Because of the car electronic equipment with a quick development, 

and the electron device network inside the car was too huge. Therefore, this kind of 

high transmission format of host node points to control the car electron device 

equipment. 

 USB: 

USB (Universal Serial Bus), it is a kind of sequence type bus interface promoted 

by company Intel. Its distinguishing feature lies in USB, it supports the hot plug, plug 

and play, higher extension and can support to at most 128 perimeter devices. It applies 

on the computer extensively. In the version, the USB 1.X version has evolved to USB. 

 IEEE1394: 

IEEE1394 also be known as Fire Wire, it a kind of serial port type by a computer 

company, Apple. Its feature is the same as USB with hot plug and plug and play 

function. Its transmission speed is faster than the transmission speed of USB 2.0. 

However, its extension is lower than USB and it only supports to circumscribe 63 

perimeter nodal points for it. Because it supports asynchronous and synchronous data 

transmission, it is now widely used in digital cameras, scanners, DV and so on.  
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 I2C: 

I2C(Inter Integrated Circuit), it is a communication specification by company, 

Philip, in 1980. It was designed for the peripheral control chip to some televisions, 

mother board, and embedded system. Its signal transmission method uses two signals, 

(SDA) and (SCL), to constitute. Main application is on the A / D or D / A converter. 

 RS-232: 

RS-232 interface is from Electronic Industry Association, EIA, which announced 

asynchronous serial interface transmission. The hardware structure of RS-232 is a 

full-duplex type, and it uses telephone line and modem to reduce the cost of 

long-distance circuit costs. It is now widely used in computer serial port to connect 

peripheral devices. 

 Ethernet: 

Ethernet was instituted by Intel and Digital. It follows the network hardware of 

IEEE 802.3, it is the most standard of area networks. Ethernet adopts the protocol of 

the access of CSMA/CD. The transfer rate is between 10 Mbps to 100 Mbps, and it 

can link at most 1024 workstations. Currently, Ethernet has already become the most 

common network structure, because of its low cost and install easily. 

 SATA: 

Serial Advanced Technology Attachment abbreviated SATA. It is the most 

common computer CAN BUS technique. The main function is that can carry on a 

great deal of data transmisson. Its advantage is stable delivery and hot plug. About the 

vision, it has moved SATA1.0 and SATA 3.0 to SATA 6.0. Transmission rate of 

SATA 6.0 can reach 600 (Mb / s). 
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2.3-2 The system communication interface induces and chooses 

Table 2-2 communication interface type comparison table 

   type 

 

Characteristic 

RS-232 
IEEE 

1394 
I2C 

USB

3.0 

Ether

net 

SATA

6.0 
CANBUS 

Deliver 

distance   

(m) 

15 100 0.5 5 250 2 1000 

Enlarge 1 by 1 63 127 128 1024 15 128 

Cost Medium High Low High High High Low 

Advantage 

& 

Weakness  

Connec

ting 

line is 

easy 

but the 

enlarge

ment is 

low 

High 

Cost 

and 

expan

sion 

low 

Circuit 

simply 

but 

deliver 

to be 

apart 

from 

short 

Deli

ver 

fast 

but 

the 

cost 

of 

the 

chip 

High

Deliv

er fast 

but 

the 

cost 

of the 

chip 

High 

Deliv

er fast 

but 

the 

cost 

of the 

chip 

High 

High Node 

number and 

enlargement 

but isn't 

suitable for 

in great 

quantities 

deliver 

Deliver 

speed 

(Mb/s) 

 0.1 100  3.4 500 10 600 1 

 

This section will conduct the induction and selection of the robot manipulator 

control system’s communication interfaces. It is mentioned in 2.3 sections; there will 

be two levels of communication interface for system structure. The first level is the 

host GUI to DE2-70 development board; the second level is the DE2-70 development 

board to the motor controller of robot manipulator . 
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According to (Table 2-2) datas compared, choose the first layer communication 

interface. The RS-232 serial port communication interface in the personal computer is 

the most common. It can adjust baud rate in accordance with the users. And the 

system design, the signal transmission of host GUI to the DE2-70 development board, 

will not directly affect the performance of the robot system. So, the first level of 

communication interface uses RS-232 communication interface to carry on a signal 

delivery. 

Next, the option of the second layer communication interface. Because the robot 

manipulator control system needs multi-axis motor control with action, the stability of 

communication interface must be considered when the core system needs to carry on 

signal delivery. The purpose of developing CAN BUS is to solve complex electric 

circuit mesh, high system stability, and anti- noise function, and these characteristics 

have met our needs. 

Also the system structure in this thesis belongs to a modular to many broadcast 

transmission structure; therefore, CAN BUS transmission interface with the high node 

and broadcasting function is very consistent with our needs . And the second level of 

communication interface uses CANBUS communication interface to carry on a signal 

delivery. 
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2.4 System configures 

The system structure will be discussed in this section. In the previous section, the 

system requirements, design and analysis, software and hardware that decides the 

whole robot manipulator controls system devices and system structure have been 

discussed. The whole system structure and procedures are that the GUI of PC side 

through UART communication interface delivers the coordinates message of the robot 

manipulator inverse kinetics to the DE2-70 to development board. After using the 

NIOS II core processor of DE2-70 development board to operate the inverse 

kinematics, and CAN BUS communication interface will be delivered to the DsPIC33 

FJ128 MC710 controller of each axis to control of robot manipulator. 

 

 

Fig 2-1 System Architecture 

 

The following will aim at the hardware device of this system's carrying on 

function introduction: 

 Host Computer: 

In this thesis, the host achieves GUI, and the software development platform 

must be installed the hardware devices to develop a platform. The software 
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developing platform included: GUI (using Borland C++ Builder), DE2-70 

Development board (using Quartus II and NIOS II IDE), DsPIC microcontrollers 

(using MPLAB IDE and MPLAB C30), electric circuit controller layout (using 

Protel 99 SE). 

 DE2-70 Development board: 

The choice of the controller of the core processor in this thesis is the DE2-70 

development board, and the chip is produced by the company ALTERA, Cyclone 

II EP2C70F896C6 FPGA chip. This development board provides users with 

many developed interfaces, and it is very suitable for the system. 

 Robot Manipulator power electric circuit: 

The main purpose of the thesis is the research of the robot manipulator. The 

controller provided by IR-50 is not applicable to original factory controller and 

the power electric circuit. The power electric circuit must be self-designed in this 

thesis. 

 CANBUS electric circuit of the communication interface: 

The purpose of making CANBUS communication interface is to receive the 

digital control signals transmitted by DE2-70 development board. And through 

the IC circuit to conduct signal receiver. 

 DsPIC Microcontroller circuit: 

In this thesis, we perform the surrounding circuit testing and design of the 

microcontroller circuit. After the tests are completed, we perform the circuit 

board layout. 

 Power supply: 

This thesis does not use a robot manipulator controller and the power electric 

circuit offered by its original factory. So, the power specification of each axis 

motor has to find out from the usage instructions provided by the robot 
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manipulator original factory to conduct the valuation and selection of a power 

supply. 

 Robot Manipulator: 

The robot manipulator used in this thesis is an IR50 industrial robot arm 

produced by the EUROBTEC to carry out the research. 

 Motor drives chip: 

While the robot manipulator carries on exercising control, the each axis motor of 

robot manipulator has to carry on motor reversing control. The motor driver chip 

used by this thesis is a 30A high-power DC motor drive produced by POLOLU 

Company and the microcontroller digital signal output to control the forward and 

reverse of motor. 
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3. System hardware structure specification and 

software develop analysis 

This chapter proceeds with a complete analysis of the system structure and 

introduction, including the introduction of hardware and software of the system, and 

that of the construction method of NIOS II core processor in the system. Then it aims 

to introduce the function module of the tiny controller chosen by this thesis and will 

elaborate on the principles and characteristics of the module. 

 

3.1 System hardware module device introduction 

3.1-1 DE2-70 Development board 

 

 
Fig 3-1 DE2-70 Development board 
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 (Fig 3-1)DE2-70 development board [2] is an embedded development board 

developed by TERSIC. It uses the Cyclone II EP2C70F896C6 FPGA device chip, also 

known as System-On-a-Programmable-Chip, SOPC, which is produced by ALTERA. 

The development of this chip is widely applied, and the software development tool is 

also easy to use.  

Generally, this chip applies in two ways. In one way, users can make use of this 

chip to compose the speech of the hardware description to make digital logic electric 

circuit. The hardware description language it supports includes: Verilog HDL, VHDL, 

AHDL and etc. The other application is: users can add peripheral circuits required for 

physical hardware to the chip, for example, the familiar RS-232 communication 

interface, USB, Mic in, Video in, VGA out and so on. Users can also use Quartus II 

and NIOS II IDE Software development platform provided by ALTERA to construct 

16/32bit NIOS II core processor. 

NIOS II core processor [9] offers users the core components necessary for the set 

up of the processor. It includes On Chip Memory, SDRAM, SSRAM, DMA interface, 

Serial Port I/O, Ethernet I/O, and GPIO. 

The following will describe what peripheral hardware devices this paper uses on 

the DE2-70 development board: 

 Cyclone II EP2C70F896C6 chip 

 USB Blaster (on board) for programming  

 2-Mbyte SSRAM 

 8-Mbyte Flash Memory 

  LED GPIO(RED、GREEN) 

 50-MHz oscillator and 28.63-MHz oscillator 

 18 toggle switches 

 RS-232 transceiver and 9-pin connector 
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 7-segment display 

 14*2  LCD display 

 

The DE2-70 development board can be engaged in a wide range of hardware 

design and realization of logic circuit, and its characteristic for editing processor 

independently is ideal for embedded systems hardware development. Moreover, due 

to its high integration, make it very popular in the development of robots. 

 

3.1-2 DsPIC33FJ128MC710 Microcontroller 

 
Fig 3-2 DsPIC33FJ128MC710 Microcontroller 

 

 (Fig 3-2) DsPIC33FJ128MC710 microcontroller [1] is a 16-bit Controller 

developed by Microchip. It addition to its traditional single-chip basic control 

functions, it also has digital signal processing and digital communication capabilities, 

for example: Digital Signal Processing (DSP), analog-digital signal converter, 

positioning encoder (QEI), EEPROM and so on. The peripheral functions of the 

DsPIC33FJ128MC710 microcontroller will go into details in this section. 

The core architecture of DsPIC33FJ128MC710 microcontroller is the Harvard 

architecture. The Harvard architecture is a structure to store program instructions 
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separately from the data. The feature of this core architecture is that the storage of 

data and instructions can proceed simultaneously, so that the instructions and data will 

have different data width, and make the processor implement with higher efficiency. . 

The features of the DsPIC33FJ128MC710 microcontroller core processor are: 

built-in 128Mbytes flash memory and 16Kbytes program static access memory, where 

the data length is 16-bit, and the instruction length 24-bit. 

 

DsPIC33FJ128MC710 microcontroller function module description [10] [15]: 

 Digital I/O: 

Except for the basic power supply circuit and reset circuit (MCLR), all the 

DsPIC33FJ128MC710 pins can be set to multi-digital outputs for users to select. 

Therefore, every input and output pin can be set to different functions simply by 

defining the register set. 

 

 LCD Display module: 

DsPIC33FJ128MC710 controller often requires the transmission of digital 

signals when it operating. Common external message-passing ways of the 

microcontroller are: Seven Segment Display, LED, and so on. However, due to 

the limited information those monitors display, DsPIC33FJ128MC710 provides 

users with the LCD display module. 

 

 Timer / Counter: 

DsPIC33FJ128MC710 is built-in with 9 sets of 16-bit timer/counter. The 

function of the timer/counter is to allow users to calculate the number of 

occurrences when certain events occur. And through the timer control, users can 

also achieve program real-time implementation of the control requirements. 
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 Interrupt control: 

DsPIC33FJ128MC710 provides users with 67 sets of interrupt controls, five 

external interrupt and 8 processors. The function of interruption is to interrupt 

the current instruction by the auxiliary of timer/counter and then jump to a 

specific program to perform other programs. 

 

 Digital analog conversion: 

DsPIC33FJ128MC710 is built-in with two groups of 10-bit and 12-bit ADC 

converters. The rate of the 10-bit ADC converter is 1.1Msps and the 12-bit ADC 

converter supports 500ksps conversion rate. 

 

 Communication module: 

DsPIC33FJ128MC710 is built-in with two SPI, two I2C, two ECANBUS 

(version 2.0B), two UART, and a group of DCI. The common used 

communication module provide by traditional microcontroller is the UART 

interface, while DsPIC33FJ128MC710 gives users more kinds of communication 

interface modules to increase the convenience for the users. 

 

 Motor peripheral control  

The DsPIC33F series IC produced by Microchip has many applications. The 

MC710 is produced for motor control. It provides eight-channel voltage pulse 

width modulation (PWM) and contains a 4 duty cycle duty cycle generator and a 

Quadrature Encoder Interface, QEI. It provides a two-time sampling frequency 

and a four-time sampling frequency to allow users to the application of the motor 

position control. 
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(Fig 3-3) is the peripheral module block diagram of DsPIC33FJ128MC710 [4]. 

The red area is basic circuit of DsPIC33FJ128MC710, and the rest is the 

application module block. 

 

 

Fig 3-3 DsPIC33FJ128MC710 Module block diagram 

 

 

Fig 3-4 basic electric circuit ofDsPIC33FJ128MC710t 
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 3.1-3 Motor Driver IC 

 

 

Fig 3-5 Motor Driver IC 

 

 

 

 

Fig 3-6 Drive circuit chip 
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The motor driver chip (Fig 3-5) used by this thesis is a 30A high-power DC 

motor drive produced by POLOLU Company. It uses the motor driver circuit 

designed by the VNH3SP30 chip (Fig 3-6) to drive the chip circuit, including pull-up, 

safety current limiting, and reverse battery protection FET. In thesis need to do is to 

use the microcontroller digital signal output to control the forward and reverse of 

motor. 

As the output voltage level of the microcontroller DsPIC33FJ128MC710 is only 

3.3V, a larger motor driver must be used to conduct voltage to the amplification of the 

action when drive a large-voltage motor. Therefore, in this thesis choose VNH3SP30 

driver chip for motor control. The internal circuit of the driver chip is as (Fig 3-6) 

shows.  

The PWM and the AB-phase motor signals are provided by the controller, and 

through its MOT A and MOT B signal to proceed with the motor reversing control. 

When the motor reversing control signal is (MOT A=1) and (MOT B=0), the motor 

forwards, on the contrary, the motor reverses. When the control signal is (MOT A = 1 

and MOT B = 1), the motor brakes. 
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3.1-4 Robot Manipulator 

 

 The robot manipulator (Fig 3-7) used in this thesis is an IR50 industrial robot 

manipulator produced by the EUROBTEC. Composed by five DC motors, its total 

weight is 13kg, and its voltage and current is DC 24V at 8A. The working range, gear 

ratio and max speed of the robot manipulator are shown in (Table 3-1). 

 

Table 3-1 Robot Manipulator Axis specification table 

  Joint Working Range(。) Gear Ratio Max Speeds 

(degrees/sec) 

Axis 1 200 1:512 50  

  Axis 2        200   1:512 50  

  Axis 3        200    1:512 75  

  Axis 4        200   1:512 120 

  Axis 5        360   1:512 220  

 

 

 
Fig 3-7 Picture of EUROBTEC IR50 
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3.2 System hardware circuit implementation 

This section aims to describe the implementation and realization of the circuit, 

which includes: the robot manipulator power supply circuit, the CANBUS 

communications interface circuit, and the DsPIC33FJ128MC710 microcontroller 

circuit. 

 

3.2-1 DsPIC33FJ128MC710 Microcontroller circuit 

In this thesis, we perform the surrounding circuit testing and design of the 

microcontroller circuit (Fig 3-8). After the tests are completed, we perform the board 

layout. The circuit module consists of LCD display module, LM317 power supply 

system circuit, ECANBUS, SPI circuit, EEPROM external memory circuit, and QEI 

circuit. (Fig 3-9) is the microcontroller sch circuit. 

 

 

Fig 3-8 Microcontroller circuit 
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Fig 3-9 Microcontroller Sch circuit 
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The microcontroller circuit in this thesis contains many peripheral module 

circuits. Two of the most distinguishing application circuits are introduced: one is the 

external EEPROM memory circuit and the other the ECAN BUS transmission 

interface circuit. 

 

 EEPROM external memory circuit: 

 As the position encoder of the robot manipulator system implemented in 

this thesis is of relative position encoder type, in order to solve the motor 

problem of the relative type of encoder, the EEPROM external memory circuit is 

added to the microcontroller circuit to record the motor position information 

before power failure. Even if there is power failure, the motor position 

information would also be recorded in the memory device. 

There are two types of motor position encoders: one is the absolute motor 

position encoder, and the other is the relative motor position encoder. The 

difference between those two types is that, when faced with a power failure and 

reset of the robot manipulator, the motor position of the absolute position 

encoder will return to the state before the power failure. On the other hand, the 

relative motor position encoder will recount the motor position information.  

The internal data memory of DsPIC33FJ128MC710 is only 16Kbytes, so 

the internal memory is not enough to record the encoder information of the axis 

to the controller. Therefore, in this thesis use the 25AA640 memory IC to record 

the encoder information. In this way, even if the motor position encoder is not 

absolute, in this thesis use this method to record the motor position and to 

achieve absolute motor position encoder function. 
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Fig 3-10 EEPROM 25AA640 Memory IC circuit  

 

 ECANBUS interface circuit 

It provides CANBUS communication interface, with an additional MCP2551 IC 

to convert electrical signals, one can receive external CANBUS signals by using the 

ECANBUS module of the controller. In this thesis, the communication interface 

between the NIOSS II core processor and the DsPIC33FJ128MC710 microcontroller 

(Fig 3-11) is the ECANBUS communication module. 

 

 

Fig 3-11 DsPIC33FJ128MC710 and MCP 2551 Circuit diagram 

 

3.2-2 CANBUS communications interface circuit 

 The upper layer of the microcontroller in this thesis is to use DE2-70 

development board as the core processor. The DE2-70 development board does not 

provide CANBUS communication interface, therefore, users must use hardware 

description language, Verilog, to write signal conversion hardware interface between 

SPI and CANBUS. And through the MCP2515 and MCP2551 IC to complete the 
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signal transmission between both ends of the hardware devices, circuit entity in (Fig 

3-12). 

 

 

Fig 3-12 CANBUS communication interface circuit diagram  

 

 

 

 

Fig 3-13 CANBUS Communication interface circuit sch  
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Fig 3-14 Communication interface Entity diagram  

 

3.2-3 Robot Manipulator power supply circuit: 

 

This thesis does not use a robot manipulator controller offered by its original 

factory, so the power system and the robot manipulator motors encoder circuit must 

be self-designed. In order to reduce the complexity of wiring, the encoder circuit is 

designed as (Fig 3-15) shows, which is a 9 pin junction generally used in a RS-332. 

 

 
Fig 3-15 Encoder circuit Entity diagram 
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The voltage of the robot manipulator is DC24V at 8A. When the five axes of the 

robot manipulator operate simultaneously, the voltage is fixed, but the current will rise. 

If the power line cannot bear, circuit wires blown risk will occur, so a 25 Pin wiring is 

designed for power supply. The complete power supply circuit of the robot 

manipulator is shown in (Fig 3-16) and ( Fig 3-17). 

 
Fig 3-16 Robot Manipulator power supply Sch circuit 

 

Fig 3-17 Robot Manipulator power supply circuit entity diagram 
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3.3 Development and implementation of system software 

This section describes the software construction method of the robot manipulator 

control system and also the formant of transmission and communication among 

modular systems. The modular robot system software architecture proposed by this 

thesis can be divided into two parts: the DE2-70 development board and 

DsPIC33FJ128MC710 microcontroller. 

The system's software development platform includes: GUI (Using Borland C++ 

Builder), DE2-70 Development board (Using Quartus II, Nios II IDE), DsPIC 

microcontroller (Using MPLAB IDE, MPLAB C30), control circuit design (Using 

Protel 99 SE). 

 

3.3-1 GUI Software Development 

The GUI platform of this thesis is mainly achieved by the use of Borland C++ 

Builder 6.0 [18]. The communication between the GUI and the core processor system 

is by using UART communication interface for signal transmission. Therefore, a 

simple UART communication interface program (Fig 3-18) must be written first.  

 

 
Fig 3-18 UART communication interface  

The main setting items of UART communication interface include: COMPORT 

settings, transmission baud rate settings, and data flow control. 



 

 - 38 -

 The main intention of the design of GUI (Fig 3-19) is to input the target space 

coordinate format when the robot manipulator system is performing inverse 

kinematics. The degree format on the top left GUI is to let users verify the format of 

the motor axis angles of inverse kinematics. 

In addition, a single motor axis control interface is designed on the bottom left of 

GUI to make it convenient for the users to control motor displacement in every axis.  

The command area deals with functional options of the robot manipulator control 

system. 

 

 

Fig 3-19 GUI interface 
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3.3-2 DE2-70 Software development process 

In the previous sections, the DE2-70 development board features and peripheral 

hardware devices have been introduced. The main purpose of this section is to 

introduce the DE2-70 development board software development platform. The 

ALTERA offers users a complete software development platform Quartus II (Fig 

3-20), which contains NIOS II IDE [3] and SOPC Builder to develop software and 

hardware. 

 

 
Fig 3-20 Quartus II Software Development Platform 

 

Besides writing the hardware description language, users can also use the SOPC 

Builder (Fig 3-21) to construct their own 16bit NIOS II core processor in this software 

platform. Users can also carry on composing the core program of C Complier by 

using NIOS II IDE (Fig 3-22) provided by the ALTERA.  

This thesis uses DE2-70 development board for the core processor development, 

and builds a complete core processor of the robot control system. First, we use 
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Quartus II to write Verilog HDL hardware programming language to construct the 

Intellectual Property cores (IP) [6][8][17], for the signal conversion between SPI and 

CANBUS. After completing the IP of the communication interface then the 

construction of the core processor of NIOS II begins. 

 
Fig 3-21 SOPC Builder Software Interface  

 

 

 
Fig 3-22 NIOS II IDE Software Interface  

 



 

 - 41 -

3.3-3 Construction of the NIOS II core processor 

NIOS II is a 32bit core processor system, just like other CPUs, it is equipped 

with a CPU ALU arithmetic logic unit, data transfer, flow control, conditional 

instructions and so on. Designers can write programs by using common software like 

C or C++ programming language.  

NIOS II system provides a complete peripheral I / O device, timer / counter, and 

its external memory interface can be ROM or RAM, to form a small core architecture 

processor. Advantage of this system is that users can build a small core system by 

their needs. (Fig 3-23) is a tailor-made block diagram for the NIOS II core control 

system.  

 

 

Fig 3-23 Robot Manipulator NIOS II Core processor 
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3.3-4 DsPIC33FJ128MC710 Microcontroller software development platform 
The Microchip company provides DsPIC microcontroller with many software 

development platforms, including MPLAB IDE、Microchip C30 program compiler, 

microchip ICD2 [5] online programming debugger (Fig 3-24). This platform makes 

the users able to recording and debugging while developing programs, it is a rather 

powerful pack of development tools. 

 

Fig 3-24 Schematic diagram of the software development platform 

 

Microchip C30 program compilers provide users with many complete 

application modules. Users can use C30 database to search for the module type they 

need. Therefore, for those programming language beginners, the Microchip C30 is a 

fine learning platform. 
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3.4 Definition of System Communication Interface Transmission 

Protocol 

This section aims to annotate the communication interface of the modularity 

control system proposed by this thesis. The most important part of the modularity 

system is the selection of the communication interface. In previous chapters, the 

communication interface chosen through this system has been introduced in details. 

In this section, the system communication architecture diagram is used to present 

how the transmission protocol of the system communication interface is defined.  

The following is the layer explanation of the communication interface of 

modularity system structure. 

 

The layers show as follows (Fig 3-25): 

 First layer: The host to DE2-70 development board.  

 Second layer: The DE2-70 development board to CAN BUS transform circuit. 

 Third layer: The CAN BUS transform circuit to DsPIC33FJ128MC710 

microcontroller motor of Robot Manipulator. 

 

 

Fig 3-25 Communication system architecture diagram  
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Previous chapters of this thesis have sorted out the whole transmission interfaces 

of the system, including UART, SPI, CANBUS and the parallel transmission interface. 

In the process of transmission, due to different definitions of interface data format, 

different transmission format is used to define different transmission. It will be 

showed by diagrams in this section. 

 

 First layer: The host to DE2-70 development board of the protocol defined: 

 

The UART is chosen as the first layer communication interface format of this 

system. The UART transmission speed, in this thesis is to use the transmission baud 

rate 115200 bits/s. In order to reach a higher degree of precision, we use floating point 

operations to define the variables when computing inverse kinematics in the NIIOS II 

system. Therefore, the upper transmission in the GUI must also use floating point 

format to input variables. 

In this system, the complete commands of the robot manipulator control system 

interface include inverse kinematics X, Y, Z, time and motion commands. 

The data length must be defined first, when the UART transmits a data of 1 Byte 

length, the range of its value is of 0 to 255. Assuming we want to be single-axis 

control, the freedom of its axis rotation is 360 degrees, meaning that the range of 

value is not enough, so we use 2 Byte to represent the range of this value. The value 

range 0-65535 of 2 Byte not only represents a set of 360-degree in protocol, but also 

shows the range of floating points. The floating-point range in this thesis means that 

the in protocol will be sent to 100 times magnification to represent a group of X, Y, Z, 

time and motion command mode, which means the data length of a set of X data is 2 

Byte, (mathematical formula expressed as: (XH * 255 + XL)/100). Details are as 

(Table 3-2). 
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Table 3-2 First layer communication interface commands defined method 

X1 X2 Y1 Y2 Z1 Z2 Time Command 

0 0 0 0 0 0 1 
0 

(homing) 

XH XL 0 0 0 0 1 
1 

(Motor1) 

XH XL 0 0 0 0 1 
2 

(Motor2) 

XH XL 0 0 0 0 1 
3 

(Motor3) 

XH XL 0 0 0 0 1 
4 

(Motor4) 

XH XL 0 0 0 0 1 
5 

(Motor5) 

XH XL YH YL ZH ZL T 
6 

(Kinematic) 

x XL x x x x 1 
7 

(Gripping) 

 

 Second layer: The DE2-70 development board to CAN BUS transform 

circuit of the protocol defined: 

 

The second layer communication interface format is CAN BUS. As the robot 

manipulator control system needs to be multi-axis motor control, so the stabilization 

of the transmission interface is very important when the core system transmits signals. 

CANBUS has the features of high reliability, high transmission stability, anti- noise 

and multi-host-nodes. Besides, CANBUS uses a two CAN series (CAN H and CANL) 

structure to connect any node device, greatly reducing the complexity of the system 

and wiring costs and make it suitable for the application of a modularity system. 

As the DE2-70 development board does not offer a CANBUS communication 

interface, therefore, this thesis uses its own writing Verilog hardware description 
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language to write the IP of SPI signal controller and SPI transform CAN(Fig 3-26), 

and integrates the core system of this IP and NIOS II into the chip of Cyclone II. 

 

 

Fig 3-26 SPI_Singal_Controler & SPI_IP 

 

The command in format of inverse kinematics has to be indicated with 16 bits. 

Considering the signs and the action commands, the output GPIO of NIOS II must be 

set as 0-20 bits to represent.  

 Detailed protocol defined as (Table 3-3). 

Table 3-3 Second layer communication interface command definition method 

      Bit 

 

Instruction 

20~17 bits

(Command)

16 bit 

(Positive/Negative)

15~0 

(Data) 

Initial 0000 +/- 0 

Axis 1 

 Position 
0001 +/- Degree1 

Axis 2 

 Position 
0010 +/- Degree2 

Axis 3 

Position 
0011 +/- Degree3 
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Axis 4 

Position 
0100 +/- Degree4 

Axis 5 

Position 
0101 +/- Degree5 

Kinematic 0110 x x(Moving) 

Homing 0111 x 0 

Home 1000 x 0 

Gripping 

State 
1001 x state 

 

 Third layer: The CAN BUS transform circuit to DsPIC33FJ128MC710 

microcontroller motor of Robot Manipulator of the protocol definition: 

 

In the second layer of system communication interface, the communication 

interface has been converted into CANBUS interface. The entire communication 

interface of the system is completed as long as the CANBUS signal is received by the 

microcontroller. 

The DsPIC33FJ128MC710 microcontroller provides CAN BUS with 

communication interfaces. Microchip calls the CAN BUS telecommunication 

interface as E-CAN BUS. The latest protocol version of CAN BUS is 2.0, and this 

version can be divided into the basic version 2.0A (Fig 3-27) and the full version 2.0B 

(Fig 3-28). This thesis uses version 2.0A to complete the communication transmission 

of CAN BUS. 
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Fig 3-27 CANBUS 2.0ABasic 

 

 
Fig 3-28 CANBUS 2.0B Full 

 IEEE 754 floating-point standard is used as the communication interface in 

protocol analysis method to carry on in protocol resolution. Detailed communication 

interface commands are as (Table 3-4) shows. 

 

Table 3-4 Third layer communication interface commands defined method 

     Byte 

 Instruction 
Degree H Degree L Command 

Motor1 Goal Position 

(Motor H*255+Motor L) 
Motor H  Motor L 

1 

(Axis 1) 

Motor2 Goal Position 

(Motor H*255+Motor L) 
Motor H  Motor L 

2 

(Axis 2) 

Motor3 Goal Position 

(Motor H*255+Motor L) 
Motor H  Motor L 

3 

(Axis 3) 

Motor4 Goal Position 

(Motor H*255+Motor L) 
Motor H  Motor L 

4 

(Axis 4) 

Motor5 Goal Position 

(Motor H*255+Motor L) 
Motor H  Motor L 

5 

(Axis 5) 

Kinematic 0 0 
6 

(Kinematic) 
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Homing 0 0 
7 

(Homing) 

Home 0 0 
8 

(Home) 

Gripping 

State 
Motor H  Motor L 

9 

(Gripping 

State) 
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4. Kinematics of Robot Manipulator 

The kinematics is the discussion of the robot’s movement. According to the 

hardware machine structure of the robot, using mathematical relationships derives the 

knowledge. It only includes the location, direction, speed and acceleration, but not 

including the function of force. This is the most common method to use on the 

research of the robot and exercise of the machine structure. 

There are two kinds of exercise control of robot manipulator. One is by visual 

feedback, and another method is using the forward kinematics solving inverse 

kinematics. The more orthodox method is by way of the anti-matrix operations to 

calculate inverse kinematics equation. However, the computing process of anti- 

matrix operation is complicated, and not very easy to calculate. 

The robot manipulator control system in this thesis does not use the visual 

feedback, but the mathematics to derive inverse kinematics equation. The method of 

solving inverse kinematics is through a fixed End-Effector and the base coordinate 

direction, so the End-Effector coordinates and base coordinates can reflect other. This 

method not only simplifies the mathematical derivation, and it can compute the only 

solution while analyzing the object coordinates in the space. The detailed robot 

manipulator inverse kinematics will be described in this section. 

 

4.1 Forward Kinematics 

 Robot's movement and coordinate system are closely related. The robot 

manipulator must build a coordinate system in all axis motors and it can work. After a 

rotation of coordinate system and displacement movement, the coordinate of the robot 

manipulator axis motor can be connected into a coordinate linkage system. 
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  The definition of forward kinematics is to define a base coordinate linkage under 

a base of robot manipulator. By the D-H coordinate frame system, build the 

coordinate linkage system of axis and use it to derive base and End-Effector 

coordinate (Fig 4-1) [13]. 

 

Fig 4-1 Coordinate diagram of the forward kinematics  

 D-H coordinates frame system is defined a coordinate frame rule. The purpose is 

used to show the coordinates frame system of robot manipulator. When the robot 

manipulator construct the coordinates frame system, there are three rules should be 

followed: 

 Direction of coordinate system Z axis must be selected on a rotating axis 

 Coordinate system X-axis is perpendicular to the Z axis 

 With Z axis and X axis; the coordinate system Y-axis must follow the right-hand 

rule. 

 D-H rules are defined as follows: 

 θ  : The angle of rotation from the Xi-1 axis to the Xi axis about the Zi-1 axis. 

 d  : The distance from the origin of the (i-1) coordinate system to the 

intersection of the Zi-1 axis and the Xi axis along the Zi-1 axis. 

 α  : The distance from the intersection of the Zi-1 axis and the Xi axis to the      

origin of the it coordinate system along the Xi axis. 
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 a  : The angle of rotation from the Zi-1 axis to the Zi axis about the Xi axis.  

Use the D-H coordinate linkage rules to build link coordinates frames (Fig 4-3) and 

link coordinate parameters (Table 4-1). 

 

 
Fig 4-2 EUROBTEC IR50 robot manipulator entity diagram  

 

 

 
Fig 4-3 EUROBTEC IR50 map of the robot manipulator link coordinates frames  
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Table 4-1 IR50 robot manipulator link coordinate parameters 

 θ  d  a  α  

1  d1 (28cm) 0 α  ( π
) 

2 
π

2
 0 a2 (20cm) 0 

3 +
π
 0 a3 (20cm) 0 

4  0 0 α  ( π
) 

5 
π

2
 d5 (16cm) 0 0 

 

According to (Table 4-1), use the D-H homogeneous transformation matrix to 

calculate coordinate frame system transformation matrix. Here is the homogeneous 

transformation matrix:  

i
iT 1 Rot ),( 1 iiz  Trans ),( 1 ii dz  Trans ),( ii ax Rot ),( iix   

        

cθ sθ 0 0
sθ cθ 0 0
0 0 1 0
0 0 0 1

1 0 0 0
0 1 0 0
0 0 1 d
0 0 0 1

1 0 0 0
0 1 0 a
0 0 1 0
0 0 0 1

1 0 0 0
0 cα sα 0
0 sα cα 0
0 0 0 1

 

 

=

1000

0 iii

iiiiiii

iiiiiii

dCS

SaCSCCS

CaSSSCC








       (4-1) 

 

According to equation (4-1) and (Table 4-1) to calculate the relationship between 

the each axis coordinate matrix: 

I. Base To Axis1:   

               T Rot Z , θ Trans Z , d Rot X , α  
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=

cos θ 0 sinθ 0
sinθ 0 cosθ 0

0 1 0 d
0 0 0 1

       (4-2) 

 

II. Axis1 To Axis2: 

T Rot Z ,
π

2
Trans X , a2  

 

=  

cos θ sinθ 0 a2cosθ
sinθ cos θ 0 a2sinθ

0 0 1 0
0 0 0 1

      (4-3) 

 

III. Axis2 To Axis3: 

T Rot Z ,
π

2
Trans X , a3  

 

     

cos θ sinθ 0 a3cosθ
sinθ cos θ 0 a3sinθ

0 0 1 0
0 0 0 1

      (4-4) 

 

IV. Axis3 To Axis4: 

T Rot Z , Trans X , a4 Rot X , α  

 

           

cos θ 0 sinθ a4cosθ
sinθ 0 cos θ a4sinθ

0 1 0 0
0 0 0 1

       (4-5) 

 

V. Axis4 To Axis5: 

T Rot Z ,
π

2
Trans Z , d  
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cos θ sinθ 0 0
sinθ cos θ 0 0

0 0 1 d
0 0 0 1

       (4-6) 

  

By equation (4-2) to equation (4-6) can get that base coordinates frame to the 

End-Effector coordinates frame (Fig 4-4) the transformation matrix. As equation 

(4-7), P  , P  , P  are End-Effector position. 

TB T T T T T      

u v w P
u v w P
u v w P
0 0 0 1

       (4-7) 

 

 
Fig 4-4 Base to End-Effector coordinate 

 

In equation (4-7), each element is as follows: 

u  C C S S C            (4-8) 

u  S C S C C            (4-9) 

u  S S              (4-10) 

v  C C C S S            (4-11) 
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v  S C C C S            (4-12) 

v  S C             (4-13) 

w  C S             (4-14) 

w  S S             (4-15) 

w  C              (4-16) 

P   C a S a C a C d S        (4-17) 

P   S a S a C a C d S        (4-18) 

P   d a C a S a S d C       (4-19) 

 

From this thesis, we can calculate the forward kinematics coordinates system of 

IR50 robot manipulator. From equation (4-17) to equation (4-19), P  , P  , P , are 

End-Effector position coordinates. 

 

which， 

C  Cos            (4-20) 

S  Sin            (4-21) 

C  Cos           (4-22) 

S  Sin           (4-23) 
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4.2 Inverse Forward Kinematics 

The method of solving inverse kinematics is through a fixed End-Effector and 

the Base coordinate direction, so the End-Effector coordinates and Base coordinates 

can reflect each other. This method not only simplifies the mathematical derivation, 

and it can compute the only solution while analyzing the object coordinates in the 

space. 

 First, fixed the End-Effector coordinates and derive the coordinates mapping 

diagram (Fig 4-5) by using the Homogeneous Transformation matrix. From (Fig 4-5) 

can know the coordinates corresponding relations between the Base and End-Effector 

matrix( 4-24). 

 

    TT
B  

0 1 0 X
1 0 0 Y
0 0 1 Z
0 0 0 1

          (4-24) 

 

Fig 4-5 Coordinates mapping diagram  

 

Compare forward kinematics TT
B  Homogeneous transformation matrix, the 

most simple equation is found out. Comparing equation (4-16) and equation (4-24) 

can know that:  
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C  Cos    -1      =>       0 (4-25) 

C C C S S  = 1 

C C S S  = 1     

Cos 1         =>          (4-26) 

Let equation (4-17) and equation (4-18) in a S a C a C d S  

Become b, 

b = a S a C a C d S        (4-27) 

 

Let 

W  C b             (4-28) 

W  S b             (4-29) 

W   d a C a S a S d C       (4-30) 

 

Step1: 

Equation (4-28) and equation (4-29) divided by the two equations can be obtained: 

W

W
 S S C C S

C S C C S
 = 

S

C
 = tan  

  A tan 2 W ，W           (4-31) 

 

Step2: 

Get ，will equation(4-28) and equation (4-29) multiply C  can get: 

C W C b            (4-32) 

S W S b            (4-33) 

Let equation (4-32) and equation (4-33) two formulae square multiply can get: 

S  C W S W W
       (4-34) 

 = Sin C W S W W
     (4-35) 
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Step3: 

Get equation (4-23) and equation (4-30) simultaneous solve S  and C : 

S  S C W

S C
        (4-36) 

C2  
a3C3 b a4 a2 a3S3 W3 d1 d5

a2 a3S3
2 a3C3

2         (4-37) 

From equation (4-36) and equation (4-37) can get , 

 = tan S C W

C S W
       (4-38) 

 

Step4: 

From equation (4-25) and equation (4-26) can get: 

 

 

 0 

 =              (4-39) 

 

 

 

 

 

 

 

 

 

 

 



 

 - 60 -

5. Control Theory & Experimental Result 

5.1 PID control 

Apart from the structure of software and hardware, and communication 

interfaces, the most important movement of the robot control system is the control 

structure of the motor. The main purpose of motor control is to control the function of 

motor positioning. In the thesis, the motor controller uses microcontroller control 

structure to correct the motor position and motor controller is achieved by using PD 

controller. 

PID controller [16] is a simple structure, good stability, easy adjustment of 

industrial control technology. The PID controller includes three kinds of controllers, 

proportional, integral and derivative: 

 Proportional Gain (Kp): 

The proportional gain can regarded as a stiffness of motor system. In the system, 

the influence of Kp value in the restoring force of the position error, and the 

higher Kp value can speed up motor system. The most important point is that if 

Kp value is too high, it will cause the system rush violently and exist steady-state 

error. 

 Derivative Gain (Kd): 

The Derivative Gain can be regarded as the motor system damping effect. In the 

system, the Kd value is worth a direct proportion to lead at the site error variety 

of influence. The Kd value in the system can predict error margin variety.  To 

avoid the system rush violently, Proportional + Differential (PD) controller can 

improve the system in the regulation of the process dynamics. The PD controller 

is used to control robot manipulator to reach smooth, and linear control. 
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 Integral Gain (Ki): 

The Integral Gain can be regarded as the static torque applied on motor system. 

The output of the controller and the integral of the input error signal are in direct 

proportion. Adjusting the Ki value can increase the accuracy of location. 

Therefore, Proportional + Integral (PI) controller can make the system steady 

state error. 

 

5.2 Experimental results 

This section will conduct a complete framework for this thesis and make a 

description of experimental results. 

 

 System GUI: 

 
Fig 5-1 The System GUI diagram  

 

 

 

 

 

 



 

 - 62 -

 Core processor and DsPIC the interface of the hardware communication carries 

out diagram: 

 

Fig 5-2 Core processor and DsPIC the interface of the hardware communication carries out diagram 

 

 

Fig 5-3 CANBUS communication interface carries out diagram 
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 DsPIC microcontroller hardware circuit board actually makes: 

 
Fig 5-4 DsPIC Microcontroller hardware circuit board implementation 

 

 Single-axis control robot manipulator: 

Fig 5-5 Homing Position Fig 5-6 Kinematic HOME Position 
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 Single axis positioning control through the GUI: 

Make use of a GUI 

control 

Axis1 angle= 0° 

 

Make use of a GUI 

control 

Axis1 angle= 45° 

 

Make use of a GUI 

control 

Axis3 angle= 0° 
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Make use of a GUI 

control 

Axis3 angle= 45° 

 

Make use of a GUI 

control 

Axis3 angle= 135° 

 

Make use of a GUI 

control 

Axis4 angle= 45° 
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Make use of a GUI 

control 

Axis4 angle= 180° 

 

 

After the experiment and the test, CAN BUS has the features of high reliability 

and high transmission stability. It can carry on single-axis motor control of robot 

manipulator. In the experiment of kinematics, the CAN BUS communication mesh 

can make robot manipulator to carry on multi-axis motor control. It will not take place 

the bad signal connection, and improve the problem of communication interface 

delivery. 

In addition, use EEROM memory to deposit the motor encoder in this thesis, and 

record the information of the motor location encoder before the power failure. Thus, 

in this thesis use this method to record the motor position and to achieve absolute 

motor position encoder function. 
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5.3 Velocity trajectory planning 

In order to make the robot manipulator move smoothly and fluently, the motor 

velocity control should be controlled when the robot manipulator is moving. The most 

common motor velocity control program is designed by Trapezoidal velocity planning 

[11] [14] and S-curve planning. 

In this thesis the velocity trajectory planning is used Trapezoidal velocity 

planning. In the Trapezoidal velocity planning, there are three parts should be 

discussed, Accelerate region, Constant speed region and Deceleration region, In (Fig 

5-7) Ta is the acceleration time, T is the total movement time, T-Ta to Ta is the 

constant region, and Vm is maximum velocity during exercise. 

 

 

Fig 5-7 Trapezoidal velocity planning  

 

In the experiment, adding velocity trajectory planning of the robot manipulator 

exercise, the smooth movement would be more obvious and the residual shock when 

the motor reaches the position will reduce. 

The following will be using MATLAB simulate to verify the motor velocity 

trajectory planning. 

(Fig 5-8) and (Fig 5-9) the sampling time is 3 Sec, each 3 Sec execute acceleration, 

constant velocity and deceleration rate planning. 
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Fig 5-8 Motor moving from position 0 to 8200  

 

Fig 5-9 Motor moving from position 0 to 5900  

Implementation in this thesis is to use microcontroller to achieve the velocity 

trajectory planning, it through the PWM voltage output to achieve velocity trajectory 

planning, make the robot manipulator to achieve the point-to-point control of smooth 

movement. 
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5.4 Future Work  

 To integrate GUI the system into the DE2-70 development board. 

 To integrate the robot manipulator into the movement platform. 

 To integrate the robot manipulator with current estimate and force feedback 

measure control to completion nerve of muscle's control. 

 Increase the function of the robot vision, and research home service type robot 

manipulator for daily life. 
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