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Abstract

Parallel robuts have inherent advantages for many applications in the ficlds of robotics, A
3 DoF Deha parallel robot designed and built, which consists two platforms, one is fixed and the
other is mobile. The movements are fransmitted 10 the mobile platform through the closed chain
loops. The used actuators are fixed to the base. The three kinematic chains consist of group of
links connected to cach other by ball bearing joints. Forward and inverse kinematic analysis is
used 1o study the motion of this robot. A discrete tacker controller is implemented to achieve the
accuracy, speed and acceleration.
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CHAPTERI

Introduction

Robots play a very impertant role in the industry. Robols are classitied into Paralle| and
Serial Robots, Delta Robot is a parallel robol which containg three closed kinematic chains. A
summury of the differcnees between senal and parallel rohor structures, related work, then the
motivation of the project and problem definition are explored in this chapter,

1.1 Introduction

Ruobots today are widely used in many arcas such as lactories. universities, schools,
nospitals, homes, underwater, in the space and many other places. Robots plav 2 very important
role o numerous applicutions in the industrial field as shown in Figure 1.1 as an example. They
are employed in metal production. packaping. transportalion and electronics industrizs. The field
of robotics is a signilicant part of modem engineering that interacts with other fields such as
clectric &  electronics  engineering, computer engineering. mathematical modeling and
mechanism design.

Rohors are desizned to do repetitive tasks 1o incrcase the produclivity, accuracy,
efficieney, speed and acceleration. Lhey save both time and cost, further robots take the people
tar away [rom the harm environments, Further. they visited the space for information recording
and transformation[1, 2].




- Figure 1.1: Robaols used in indllST_I'_}:-

According to the International Orpanization for Standardizastion (standard 180
8373:2012). a definitiom of & mobhor is: "An actuated mechanism programmable in two
or more axes with a degree of autonomy, moving within its environmenl, 1o perform intended
tasks",

tHence the robot has the following basic elements:

* Links: Rigid clements connecled with each other by joints,

* Actuators: Dlements responsible for giving the capability ol movement to the robot and
driving the effector to the desired point. The actuator is just a part of a complete drive system.
Several types of actoators are available like pistons and cleetric molors, The actuator can be
connected to a drive system to transfer torque or force such as bully-belt and harmonic drive
systems. The choice ol actustor lype ina design depends on :

- lLoad process.

. Available volume.

. Whole construction.

. Surraunding.

¢. Cosly,

LR L = ol

=

* Controller: Component, hardware or software, which is used to supply the plant or actuator

with the suitable command signal bused on the desired and actual conditions of the process.

* End Effector: It relers Lo the device at the end of a robatic arm as seen in Figure 1.2, It can
move in deferent ways, translation or rotary motion which are called its degrees of freedom
(DOF).




Passive joint

Active
joint

End etffector

Figure 1.2: A parallel manipulator,

* Sensors: | hey are used to sense the change of a physical phenomenon.
* Joints: Connect two links or more tagether. They are two types: active juinis which are driven
by aclualors and passive joints which are not connected to actuators [3].

Industrial robots play an important role in the industrial automation in terms of
manufacturing, assembly and matetial handling which need a fast and agile robot with a light
moving parts. The robotic systcms are classificd into two typical groups (scrial and parallel
robots).

[.1.1. Parallel Robots

Also called parallel manipulatars, are ¢losed-loop mechanismis, characterized by their
figh aveuracy, velocity, rigidity and ability to move large loads. Due te these advantages (as in
Table 1). they have been used in a large number of applications and are becoming increasingly
popular in the ficld of machine-lool industry. Parallel robots are specifically designed for high-
speed applications in packaging, manufacturing, assemblv, and material handling[4].

An n degrees of freedom parallel robot consists of an end-cfTector and 4 lisxed hase. They
are linked together by more than one independent kinematic chuin. Wormally, each kinematic
chain has a series of links connected to each other by joints. Some of these juints are aclive
(connected to an  actuator) whereas the others ate passive. Actuation takes place through n
actuators. In parallel robots, the number ol actuators are the same as the number of degrees of
freedom of the end-effector. The actuators in parallel robots are Oxed 1 the base, which makes
the moving parts relatively light [4].




Table 1.1:The advantages and disadvantages of the parallel roboL.

Advantages

Dsadvantages

I-The parallel robol provides high rigidity.

g

2. ['ligh pavload-to-weight ratio since the load
15 shared by several kinematic chains,

1-Limited waork volume,

2-Low dexterity.,

ia-High accuracy because  lhere  is

sceumulation of joint errors.

T1ey

3- Singularities that occur hoth inside and on
the envelope of the work volume.

i-Low inertia of moving parts.

3-High agility.

There are many variant designs of parallel robots. Stewart platform or Hexapod Parallel
Robol shown in Figure 1.3 is an example ol parallel robot, this rohot is used in aircraft motion
simulators, Further the Delta robot. which is used in packaging plants [2].

Figure 1.3: Hexapod Paralle! Robol

In general, for high speed and agility, the links of the parallel rohot are made of
Hghtweight malerials. They have a robust construction and they can move bodies of considerable

masses and dimensions with high speeds [3, 6],




1.1.2. Serial Robots

A serial robot has a singlc open loop kinematic chain, which consists of a zroup of links
connected together in series by joints as shown in Figure 1.4 . each joint has one actuator or
more. so all joints are considered as active joints. The end effector is connected to the hase by a

single kinematic chain [6].

Figure 1.4: Serial Robots,
Serial robots need to be apile cnough in order to perform the requested fask.
I he serial robot must be strong enough to perform  its tasks hundreds of thousands of times,

These robots are used in the industrial systems and have the advantages as in Table 1.2,

Table 1.2:the advantages and disadvantages of serial rohots,

Advantapges Disadvantages

LA large work volume(large workspace with | 1-Low precision: stems from cumulative joint
respect to it's size ol the robot) errors and detlections in the links.

2-High dexterity. 2-Tour foree,

2-Ocoupy small oor space. 3-Lxertion capability.

4-The relatively low ellective load that they
can be manipulated,

S-large number of moving parts which have to |
be cartied and moved. leading to high inertia,




I'he [ow precision and payload-o-weight ratio lead to expensive serial robots utilizing
catremely accurate gears and powerful motors. The high inertia disadvantage nrevents the use
of serial robots for applications requiring high accelerations and agility, such as flight
simulation and very fast pick and place tasks[ 6]

1.1.3. Delta Robot

Delta robot is a parallel robet with three Kinematic closed chains as in Figure 1.3, It has
two platforms, one is called the base where the motors are altached to, the other one is called the
end cffector: These two platformys are connecled with each other by three kinemartie chains
which have group of links connecied to each other by joints. Delta configurtion allows for a
distribution of payload among their three closed-loop kinemalic chains,

Fixed Base

Mobile

/ End effectar

Figure 1.5: CODIAN Roboties Parallel robot.

Three motors will be used in the delta robot with the drivers. These motors will move the
active joints m order to move the end effector to specific positions. Fuither. a controller will be
used to ensure that the end effectar will move in a specific required speed and acceleration and
10 specific position.




1.2. Previous Studies

Kinematic and dynamic analvsis of a Delta parallel robot and an inverse dynamic
problem 15 solved by using the virtual powers method as réepreseated in [7]. Discussion ol a
number of performance criteria dealing with workspace and a discussion of the performance
analysis of delta robot are presented in [8]. Swdying of a parallel delta robot controlled via
\Phone accelerometer, from Kinemalics theory o 4 practical implemendation is preseated in [9].
Describing the kinematics and dynamics of Delta parallel robot with 3 Dol” is presented in [10].
A briel review of the Kinematic analvsis, the singularitv analysis are presented in [11].
Established some recursive malrix relations used for positional, kinematie and dynamic analysis
for & three degree of freedom Delta robot as represented in [7] Introduced the performance, the
dimensioning of the 3 DOF DELTA parallel robot and presenting the performance evaluation
resulls are presented in [12]. Introduce two different kinemalic calibration models of 3-DoF
Delta paralle] robot is presented in [13]. Modelling and index analysis of a Delta-type
mechanism, the forward and inverse kinematics are derived o be used for performance analysis
which presented in [14].

The Delta robot design has atrracted great interest not only in the industry but also in
universily laboratories, Academically, the importance of the studies related to these robots
mereased as well. Delta robot was built at the University of Maryland, Anather, was constructed
at the Lniversity ol Genoa. Three linear-motor versions were also constructed at Ferdinand-von-
Steinbeis Schule, ETTT Zurich, and the University of Stuttgart. Another lingar version and two
conventional Delta robots were fabricared ar the University of Michigan. Delta rohot, as part of &
decoupled 6-DOF huptic interface, was implemented at Tohoku University. And an even more
original application ol the Delta robot, as a vegetable transplanting device. was implemented
at Dathousie University[15]. Yet another highly-optimized version, NUW AR, was huilt at the
University of Westem Australia shown in the Figure 1.6, [3. 16].

Figure 1.6: Delta robot developed at the University of Western Australia.




1.3. Motivation

In assembly. packaging and handling materials process, a high speed and high accuracy
molions are essential. In order to achisve this, parallel robots arc designed with hish agility.
Delta robot is butll with light weight links in order to achieve a higher load capacity due to the
deercase in the mass of the overall system [2] .

Introducing this new technology in domestic market has a big role. in developing and
improving the products, in order to increase the quality ol these produers in addition to the
produeivity.

Future research will be conducted for disturbance rejection and trajectory planning of the
end-effector. Different controller can be built for controlling this robul by the students at the PPU
university.

Workspace analysis is required in the design of the parallel robot. It is necessary 1w make
sure that delta parallel robot has a gond workspace volume. In addition, a PID controller will be
designed to achieve the reguired specifications and to improve the response ol the delia robot.

As the device introduces a new technelogy for parallel robot in Palestine. il should satisfy
some features and requirements.

. 'lhe device must be sale,

2. The device must include a simple user interface.

3. 'The device must ke convenient for ohjects with different zizes.
4. Suitable for industrial environment.

The device has high speed and acceleration,
The device have to be robust,

R

‘The device must have high accuracy and good efliciency.,

1.4. Problem Definition

In order to build the delta robot there is a need (o solve two problems.

First one: Detecting the position of the end effector will be given by the x. vy and 7
coordinatest [ur the desired positions of the end effector. Far example, to move the end-effector
1 specific point with coordinates XY and Z) . we need to defermine the corresponding angles.
of cach one of the motors. because the motors take U1, 02 and 03 (motors’ angles), o set the end
sitector in proper position for picking. The process is known as inverse kinematics,




IFigure 1.7: Delta Robot.

Secondly by knowing the angles of the moters’ joinls, the position of the end effector 1s
10 be determuned . this is done by using (orward kinematics. Here cach motor can be actuated
alone or nll the three actuators be actuated, we ¢an operate cach acluator independently because
her the angle of cach actualor is entered as the user wanl, Roth forward and inverse kinematic
algorithms have heen developed, which are essential for the molion planning and control of a
paralle] rabaot, sec Ficure 1.7,




L.5. Time Table

First scmester:

Task 1: Chaosing the idea of the project.

Fask2: Collecting the information that related to the project idea / Documentation.
Task 3: Design the robot strueture (by SalidWeorks),

Fask 4: Building a rapid prototype (hy wood),

Task 5: Deriving the kinematic equations.

sceond semester:

Task 6

Task 7

Task 8

Task 9

Taszic 10

10




Task 6: Selecting the compaonerts and vrdering them.,
Fask 7: Writing the controlling code for microcontroller.
Task8: Designing a controller and simulation.

Task 9: Building the robol.

Task 10: Doing experiments and documentation.

1.6 The Report Outline
Chapler 2 presents the cxplanation of the Delta Robot its work. components, Short
wtroduction about a different designs of Delta Robot. It provides some applications of Delta

Robot

Chapler 3 presents the components that are used in this project with the functional
specifications for each subsystem of the device and the budget of the projoet,

Chapter 4 presents the Forward and Inverse Kinematics ol the Delta Robot.
Chapier 5 presents the controller desigm for the system.

Chapter 6 presents the software (Graphical Tlser Interface) used to communicale with
mierocontraller to operate the Delta robat.

Chapter 7 present the assembly operation for the mechanical and electrical vomponatite

11
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Delta Robot

I'his chapter introduces an explanation ahout the Delta Robol. There are different desizns
of Delta Robot, some ure three Dol and other are four or six DoF. Also, The main COMPONEents
of Delta robot and how it works, it’s usage in indusiry for packaging und manipulating small
abjects also is mentioned on this chapter, including some commercial Delta Robots,

2.1. Delta Robuot

The delta robot (a parallel arm roboty was invented in the carly 1980s by a research team
f=d by professor Reymond Clavel at the Ecole Polyviechnique Tédérale de Lausanne (LPFL.
Switzerland) as shown in Figure 2.1. The purpose of this new tvpe of robot was to manipulate
light and small objeets at very high speed and acceleration . an industrial need at that time, the
motors in parallel robots are fixed to the base, this make the mobile part relatively light. This hes
miade Delta robots the fastest robets thal huve been designed for vears now|d. 7, 171,

Figure 2.1: The Clavel's Delta Rohot.
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Delta robot can be high speed robot (dealing with lightweight {(up o 1 Kg)) or robol (o
sandle heavy objects. Both have low inertia structure becanse the molors are fixed {0 the base
and the links are made of light weight material. Delta robot is suitable for high speed pick-and-
place applications involving lightweight parts [5],

The main  advantage of delta robots s its high speed. The only meving part of delta
robol 15 ts Jinks, which are usually made of lightweight composite materials in order to have
low inertia. Further, delta robuls have high agility, accuracy and acceleration which make the
delta robol widely used in industry[5].

Drela robot has two platforms as shown in Figure 2.2, the upper platform (the hase) with
three motors mounted on it, and the lower moving plarform  which is the end effector, The
molors set the position of the wrms and so the XYZ-position of the end effcctor to the desite
position,

The Delra robet consists of three closed chain loops. Each chain consists of groups of
links, connected together by revolute joints. A moving platform 1= connected to a fixed basc
through three parallel kinematic chains. Each chain contains ball bearing joints, Fach chain is
activaled by an actuator fixed on the base platform. The three actuators are rigidly mounted on
the base plate with 120° in berween. The movements are transmitied Lo the mobile platform
through the closed chain loops as shown in Figure 2.2,

The main design feature is the usage of parallelograms in the arms, which always
maintains the orientation of the end effector to be parallel to the base i2]. 1lsing threc
parallelograms make the orientation of the moving end cffector o he only with purely
translational degrees of freedom, and restrain the oricntation of the lower end effector in order ta
xeep it parallel lo the working surface . The inpul links of the three parallclograms are mountad
on rotating links vin ball bearing joints.

13




Actuator

Active joint

Passive joint

Fnd cffector

Figure 2.2: Delt Robot.

The nput links of the three parallelograms arc moumted on rotating levers via revelute
woints. The revolute joints of the rotating levers arc actuated in two different ways: with
rotational (DC or AC servo) motors or with Inear actuators. The majority ol della robols use
rolary actualors, Recently, vertical linear actuators have been used {using a linear delta design) 1o
sroduce a novel design of 3D printer as shown in Figure 2.3 [18] .




FFigure 2.3: (a) Rostock (delta robot 3D printer). (b) Customized MOST Delta RepRap.

Controlling the delta robol will be by using closed loop controller to minimize the crror
setween the measured phase and actual phase in order to track such a specificd path. Omptical
cocoder is attached to the end of cach motor shaft, measuring the actual phase of the link. The
controller unit caleulates the inverse kinematics of reference position X, v and 2 of the moving
platform m delta robot. The confrol of a ¢losed chain parallel DELTA Rohol is very difficult
=specially, when using traditional methods in modeling|2].

2.2. Delta Robot as a commercial product

There are many companies that produce Delta robols [or industry, Demaurex made
scveral versions under the names ol Pack-Placer, Line-Placer, Top-Placer, and Presto, shown in
Sigure 2.4, Japanese company Hitachi Seiki manufactured Delta robots of small dimensions for
packaging and for drilling (P433), as shown in Figure 2.5. ABD Tlexible Automation made its
Uelia robotl under the name IRB 340 FlexPicker, as shown in Fieure 2.6 Delta robot is otfered
oy SIG Pack Systems; the CE33 as shown in Figure 2.7. while the ('23 and (33 are
manufactured by Demaurex.




— e I/
T =l R

i,

Figure 2.4: Demaurex's Line-Placer installation for the packng-'u:g of pretzels in an
industrial,

Figure 2.5: Two of the three Delta robot models offercd by S1G Pack Svstems, €32 and CE33.
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Figure 2,7; ABB Flexible Automation's IRB 340 FlexPicker.,




2.3. Applications

Industries take advantage of the Delta robot’s high speed are the packaging, medical and
pharmaceutical industrics, Possible applications include assembly tasks or operation in a elean
room. Also, they can be used for welding the electronic components.

Delta robot can be used in industry field for paint. draw, moving something. grasping and
packaging in factories efe, because they ars quite fast.
Delta robot can be found in deferent kinds of industries, like:

- Solar panels manufacturers where delta robot is used o place photavoltaic silicon wafers onto
2lass substrates| 19,

-Engrgv-cllicient lighting Manufaeturars where Delta robots are used to place lenses into LED
arrays as shown in Figure 2.8 {5].

Figure 2.8: D¢hia robat used to place lenses mito led armay.

2.4 Conceptual Design

Delta robet is composed of different parts and components conneeted with cach other, A
==t of factors must be considercd before building the robot. Some are related 1o the robot itsell
such as: safety, cost, design simplicity, workspace availability. volume veeupied by the robot.
Whereas the others are related to the user of the robeot, who needs a simple program o deal with
the robot.

Itis desired to design, build and control three degrees of freedom delta robot. The
maobile platiorm (end-eftector) of the delta robot can move purely translation along three
axes (x-axis, y-axis and z-axis). The motion of the end-effector starts when the user sends
command to delta robot to move the end-effector to a desired position, in order to send the
command to the rohot, a Graphical User Interface program is needed.
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The end-effector can move by using three actuators, these actuators are connected
with the end-effector by using kinematic chains. Position sensars detect this motion and
measure the change of the position for each actuator. These sensors are connected Lo 3
microcontroller which in turn can control the molion of the actuator which leads to control the
motion of the end-effector,

In order to control the operation of the actuators, drivers will be used. These drivers are
controlled by the microcontroller and also used ta give the actuators the required power, The
clectrical actuators will be fixed on the base, so this required ta use some kinds of mechanical
components Lhat are commonly used for this goal.

Rigrale Posihon

SIS

Drives Arunioms

Figure 2.9 : Biock diapram of the svstem.

The kinematic chains consist a parallelogram in order to keep Lhe end-effactor always
moves purely translation (parallel to the workspace and the buse). The connection between the
parallelogram and the end-effectar is by a kind of joints. Revolute joint can he used but the
workspace be limited than the spherical joint workspace, so the ball bearing joint would be
used for this robot.

A current sensor could be used Lo measurs the consumed current for each acluator
order to make torque control, this sensor is connected (o the power circuit, There is a need 1o
measure the acceleration of the end-elfeclor so z thrae axes accelsrometer be uscd,

The mechanical structure of the robot could be made by different materials, but the
sluminum is better beeause il is light and strong enough to achieve the goal of using this rohot,

The chosen motion sensor must afford a high resolution for determining the accurate
positian. For this reason, three rotary encoders are used (one for each actuator), these sensors
can read the change of position of the three actuators and send these readings of position to the
micrecontroller, The microcontroller will translate these readings inta the coordinates of the
position of the end-ceffector through C-code.

The programming code contzins the forward and inverse kinematic equations. The user
will be able to move the end-effector ta the desired position by using inverse kinematic
=quation, or the user can operate any actuator(s) by using forward kinemartic equations, Also if
the user would to save some positions and then allow the robot to move hetween then | here
the usar can save these positions in the C-code.
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CHAPTER3

Components selection

3.1 Introduction

As a mechatronics project, the components are chosen depending on an invalved study of
the vhjectives and the requirements for mechanical and electrical paris, this approach called
soncurrent approach which is berter than sequential approach.

The components which are used in this project are inicrocontoller. position sensor,
S-axis accelerometer, current sensor, three DO servo actuators . drivers and the computer
mehuding the required hardware and software). The tollowing subscetions explain these
components and the reasons tor choosing cach one.

3.2 Micro-Controller

lhe chusen micro-controller is Arduine MEGA ADE as shown in Figure 1. Tt has many
sdvantages that makes it the preferred choice such as: apen source codes which are availahle for
many applications and can be downloaded from the company's websile, the available shislds for
Siany camponents which allows the conmnection of modules eastly, Other advantages are the
sogradability, the modularity and the last important thing is (hat, it does not need a dedicated
programmer as it can be programmed through the same cable that is used for the PC connection.

Figure 3.1: Arduino MEGA ADK,
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The Arduino MEGA ADK can be powered via the USB connection or with an external
power supply. The board can operate on an external supply of 5.5 10 16 volts, The recommended
enge is 7 to 12 volis. The Arduino software includes a serial moniter which allows simple
xtual data to be sent W and from the board. The Arduino MEGA ADK can be programmed
with the Ardumo soflware which is available freely . Some of technical specification of ADC
Microcontroller is shown in 1T'able 3.1

Table 3.1! Technical speetlication ol ADK Microcantroller,

Microcontroller ATmega2 560

Onerating Voltage 3V

inpul Voltage (recommended) | 7-12V
Digital [/O I'ins 54 (of which 15 provide PWM output)
Analoz [nput Pins 16

OC Current per IO Pin 4 mA

OC Current for 3.3V Pin 20 mA _

“lash Memory 236 KB ol which 8 KB used by baotlonder
' SRAM EKB
EEPROM 4KB

Clock Specd 16 Milz =]

Length 101.52 mm

Width 333 mm

Weight 6 g

The Arduimo MEGA ADK has a resettable polyfuse that protects the computer's 1SB
ports from shorts and overcurrent. If more than 500 mA is applied o the USB port, the [use will
sutomatically break the conngction until the shorl or overload is removed.

3.3 Position sensar

Pasition sensor 15 a device that is vsed for position measurement. 1t can be either an ahsaliute
pesition sensar ar a relative one (displacement sensor) as shown in the figure2. Delta Robot has
three ungles 10 be measured, according to the three used actuators(d: 0, and 04) respectively.

Figure 3.2: Rotary encoder.




The mast comunon angular position sensors are encoders. Encoders have two types:
shsolute encoders and incrementul encoders as the ane shown in Figure 3. The advantage of
asing the absolute encoder over the incremental anc appears m case of power failure. An
shsolute encoder can continue from the position which it lies on even if it is changed during the
power lost, While the incremental encoder starts counting from zero.

Figure 3.3 Incremental and absolute rotary encoder,

An incremental encoder can be used if there is a selected home position. This position
welates the initial position of the device 1o the beginning ol count from zera. The incremental
=ncoder can be used instead of the ahsolute encoder because we detect an initial posilion for the
Delta Robot, An initial position for the Delta Robot is chosen as shown in Figure 4, where the
upper links arc parallel (o the basc.

Figure 3.4: The Initizl position of Delta Rebol.

The required incremental encoder should satisly some requircments such as: firstly, the
precision (the number of pulses per revolution). but the clock speed of the used micro controller
must be considered. This is due to the fact that the angular positions of the three motors must be
read from the allached cncoders in asynchronies fashion, therefor Loo high precision will limit
the microcontroller reading performance. Secondly, the size because the cncoder will be
connected directly to the shaft of the actuator and these actuators will be fixed on the hase.
Thardly. the encoder operating voltage,




e

2.4 Three axes accelerometer

The ADXL345 is a low-power, 3-axis MEMS acecleromeler module with high rasohition
13-hit) and measurement range up to 116 2. It is used lor this project. Digital output data is
formatied as 16-hit. The ADXL345 is supplied in a small, thin, .PCB board size: 31 (mm) x13
‘mm). 4-lead, plastic package. as shown in Figure 5. This sensor consists of a micro-machined
structure on a silicon waler. The struclure is suspended by polvsilicon springs which allow it o
detlect smoothly in any direction when subject to acceleration in the X Y andior 7 axis
Oeflection causcs a change in capacitance belween lixed plates and plates attached to the
suspended structure, This change in capacitance on each axis is converted to an output voltage
proportional to the acceleration on that axis.

3.5 Current sensor

ACET12, as shown in fgure 6, provides economical and precise solutions for AC or DC
current sensing in industrial systems. It can be uscd to make lorgue control for the robot. The
Seviee consists of a precise, low-olTsel, Fnear Hall sensor cireuit with a copper canduction path

scated near the surface of the die. Applied current flowing threugh this copper conduction path
senerates a magnetic field which is sensed by the integrated [lall 1C and converled into a
sroportional voltage. This sensor has the following features;

I- Output voltage proportional to AC or DC currents.

2- The module can measure the positive and negative 5 amps.

3- The analog output is 185mV / A,

4- The module requires just 3 conneetions: =3 Vee, ground and analog vollage oul.
5- WNearlv sero magnetic hysterasis,
- Operating voltage is 3V DC.

Figure 3.6: ACS7 1 2current scasor.
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2.6 DC servo actuator

The 3 DoF Dela Robot needs 3 actuators in order to move the end-e(Teelor o Lhe specific
rosition. The chosen actuator is DO servo acluater because il has good features, which make it
sutlable 10 be used for our project, like 7era hacklash, high positional accuracy and high
stiffness, The RH actuators. as shown in {igure 7. combining precision | larmonic Drive gear and
OC servo motors ofTer unigue Teatures unsurpassed by conventionally pearad drives.

Figure 3.7: RH mini-series DC servo Actuators.

RH mini-scrics DU servo Actuators are used in highlv demanding industral servo
seslems, they provide precision mation conirol and high torque capacity in very compact
packages, The encoder is direetly mounted onto the motor shafl. Since the gear has zero
sacklash, The Ilarmonie Drive gear is lubricated with a specially developed grease to ensure
minimum maintenance requirements and long service life. The motor brush holders have seals to
prevent dust transfer,

Table 3.2: Some technical data about the actuators;

Lated Outpul Power | W ] 18.5
Rated Voltage [ V ] | 24
ated Current [A] . 1.8 1 '
Rated Outpul Torque [Nm] 5.9
Hated Qutput Speed | rom | 30
Peak Current | A | 4.1
aximum Output Torque | Nm | 20 _
Maximum Output Speed [ rpm | 50 -
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 Torgue Constant [Nm/A ]

3.76

Voltage Constant (B.EMF,) [Vipm |

Inertia at Outpul Shaft [Kem” ]

0.60

81.64107

Mechanical Time Constant [ms |

7.0

Viscous Damping Constant | Nm/rpm]

1.5-10"

Gear Ratio

100

Motor Rated Output [ W]

30

Motor Rated Spead [ 1pm |

3000

Armalure Resistance [ Q]

27

Armature Inductance [mH]

I

Flectrical Time Constanl | ms |

Starting Current] A 1

No-Load Ruaning Carrent| A |

-Selection Procedure

Requirements for Preliminary Selectian:
Load Torque Ty [Nm| < Rated Torque Ty [Nm]

Load Speed », [rpm] < Rated Ouipul Speed ny [rpm]
Lond Inertia ./, [kgm®] <3 J. (Actuator Inertia) acceptable
Load Inertia J, [kam®] < J, {Actuator Tnertia) for best possible

dyvnamic response.

Determination of the acceleration lorque T, [Nm]

o  Acceleration Torque Ty < Maximum Qutput Torgue T,




Determination of the averave lorque 1T [Nm] :

B e
Vo g+

where:

Ty: Acceleration Torque.

T2 =T Load l'oryue.

Ty; Braking Torgue
L=T1-(1-T2) (=t )
t: Acceleration Time.

Y o

t2: Constant Speed Time.
ts: Praking Time,
Le: [dle Time.
e Averape Torque Ty < Rated Torgue Ty of the actuator.

Load and Operating Conditions :

Load Torque TL=3Nm.

Lond Speed ng =30 rpm . I
Load lnertia Iy, — 0.25 kgm®,
Acealeration Time 1, = 0.2 5.
Constant Speed Time ;= 0.3 5.
Braking Time 1; — 02 5.

e Time t.=0.73.

Actuator’s Data:
Ty=5.9Nm
oy = 30 rpm
1, — (L0816 kem®
I,=20Nm

Ti1=8.08 < 20 [N.m].. Ta=3.6976 < 5.2 |N.m]

= The above procedure leads to the following selection
Actuator RH - 14D - 3002 — E100AL

1.7 Motor's Driver

In arder to control the direction and the operating of the motor, a driver is required. The
298 is an integrated monolithic cirenit as shown in figure 3.8, I is a high volage, lugh carrent
dual full-bridge driver. I'wo enauble inputs arc provided to enable or disable the device
mdependently of the input signals. The emitters of the lower transistors of each bridge are
connected together and the corresponding external terminal can he used lor the conncction of an
external sensing resistor.




Figure 3.8: L298N Matar Driver Module,
LISRN Motor Driver Module has the following characteristics:

I-Operating supply voltage up o 46V,
2-Total DC Currentup to 4A.

*-Low saturation voltage.

+-Over temperature protection.

3.8 Mechanical Design

The Delta Robol consists two plate form , one is fixed and called the base and the other is
mobile and called end-cffector. Also it consisis three Kinematic chains, cach one includes the
apper link and parallclogram in addition (s four bearing connecting the parallelogram sides.

1he base made by wood as shown in figare 8. the shape of the base is triangle ,cach side
15 5535mm and thickness 20mm. The base is fixed to the thres links made by stcel as shown in
figure 3.9. The length of the steal structure is 300mm and the other picce ts5530mm. The eross
section of the steel structure is square with dimension 20X20mm.

Figure 3.9 The base.
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Figure 3.10:The structure.

I'he upper links. bearings, lower links and the end —effector all are made by Aluminum.
The dimensions of the lower link are 41 0mm length and 8mm eross section radius as shown in
fgured. 10, Further, the upper link is 180mm length. 30mm width and 13mm depth as shown in
figure 3.11. The mass of upper and lower links are 190, 53g respectively. The cnd-elfector also
made by aluminum and has a mass of [96g as shown in ligure 3.12. The ball joint bearing made
oy aluminum und has a mass of 24¢ for each pisce as shown in figure 3,13,

Figure 3.11: Upper link,




Figure 3.12: Lower link.

£

-
=

e

Figure 3.13: End-effector.




Figure 3.15: Delta robot atier assembly.
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3.9 Budget.

~Table 3.3: Budget.

Components Price (N1S) Quantity ' Total [NIS)
~Mierocontroller 3001 1 300
Position scnsor 25 3 73

Jccelerometer 150 1 150

Current sgnsor 31 1, a7

Agtuators 5310 3 1391
~ Mechanical struciure | 340 | 5440
| Driver S5 2 110

Hearing L0 12 120

Mechanmies] works for actuators | S0 3 150
Wood pieces 35 l &3

Bolts, nuts and washers 27 | 27

Mechanical components 350 1 330

Plastic cover 1410 1 160

Other parls 5‘71 1 b

Printed labels 40 | 40




CHAPTER4

Kinematics and dynamics

Delta robol consists of three closed-loop kinematic chains, each chain represeat
parallelogram and it corsists fixed link and tow moving links as shown in Tigure 4.1, The
narallclograms ensure the constant orientation between the fixed plattorm and the mobile
platform (task spacc), allowing only translation movements of the task space. Delta Robot can
move in a three dimenstonal Cartesian coordinate system.

The combination of the constrained motion ol the three arms connecting the lask space
1 the tixed plate ensues in a resulting 3 translator degrees of freadom (DOF),

As mentioned in the previous chapter, there is two problem., one is lorward kinematics
and the other is inverse kinematics. In this chapier we will study the Kinematics of three depree
of freedom parallel delia robot.

Ball Bearing

Figure 4.1: Delta Robot




4.1 Inverse Kinematies

Inverse kincmatics solution used in order to find the joints space (.6..8,) , known the

sk space position(x, ¢ ,2).

The purpose for determining the inverse kinematics of this parallel dela robor is 1o
sceurately model the angle produced for cach 10int space at a specific location of the task space.
'his is advantageous for two main reasons; firstly, that it is relatively simple to define any
asonable (rajectory for the 1ask space to traverse it and secondly. it can track different
‘rajectories in a non-singular region [20].

‘nverse kinematic is essential for the position control of parallel robots.

It should be noted that the parameters of the averall svstem are known, which include:
“ie range of the desired angles for (2,6.,8,) | the overal] length of the upper link ‘L, and the
overall length of the lower link ‘Ly’. ‘The desired location of the task space{x, ',z ) and the
angles between the actuators.

We begin by extracling the kinematic model in which the parameters are as follows:
- Length ot ong side of the equilateral trfangle that forms the framework: )3
- Length of one side of the equilateral triangle that forms the effector; ¢
- Length trom the fixed joint F1 until the spherical Joint J1: £,

- Lenpth [rom the spherical joint J1 until the spherical Joint E1: Ly
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Figured. 2: Equilateral triangle on the fixed platform, fixed and spherical joint in delta Robot.,

The peint I; can be found as the intersection of two circles. One with center in Fy and

=

radius 7y Other with center in E1° and radius: /L7 x|




We should choose only vne interscction. the smaller Y coordinate solution, as shown in
Freure 4.3,

Figure 4.3: T'wo circles act in two point




T <. tan(30°)

Figurc 4.4: cquilateral triangle on the Task space. position al'E1° Fro
m

the higure 4.4:

E= '."- s n:'

[P

i L 24 -
£ = \,l'lr.:'t_;'l? —E " = -Jla'rr? —x, —» vadius of thecincle

We can get the coordinates of 1 in terms of the coordinates of E and the paramcters of the

maeline.




Two equations of two circles as shown in figure 4.3

-

-, 1
':_J-."r] __!-'",_-| }_ +I5.i'l — FI.]- :L”'

Wanr vl *Ea—za =L, ~x

subtract equation (4.2) from equation (4.1) and substitule value of =, and z

i B e, ! 3 2 s £ *
Yo Yty =yl =ze 2 xo=losl ¥y,

Rewrite equation (4,3 as:

Al +hz 1 =d

Where:

=2y, —»,)

bt |

4=yl —ykv2di-Lvx]

¥l

Hearrange equation(4 . 4);

Substitute equation (4.3) in equation (4.1);

= L
e =2y o —— ] i =)

Satract cquation{4.6):

Y, +-".f~; -2y LW g fl’?l}'i +&,0, +0, —Ii =1
Where:

.1
4.2}

(4.3)

(4.4)

(4.8)

(4.8)

(4.7)




Rearrange equation (4.7) Lo be:

(1-G )y} =(G=2vy )», +(G - vi -L3)=0 (4 8)

Hewrnte equation (4.8) as:

Hy' +Q, +E =0 (4.9)
Where:

H=(1+0,)
0-(G,-2y,)
L -—IZG,,+}'f_. —Li)

solve equation{4.9):

0 +JO? —2HT
¥, = (4.10)
i 2H
v is the smallest root.

Tofind z ,; substituic ¥, inequation (4.5).

Now from figure 4.3 and by help of equations {4.5) and (4.10) we can {ind the first angle:




' order to find #, and @ we know the axis arc rotale ahout z-axis by 120 and 240°

sespectively. So we can write the equations as:

X, =Xx,cos{er)=v, sin(e)
Yo, =X sinfa) - v, cos(ex)
=

4 LU

Where 7 ={2.3} and o = {120,240} for ¢, and ¢, respectively,

Now:
i gl Y
th=tan""' =
Ye—¥u )
- -z,
g, =lan .
\'Fi'i _-]'F L] )ll

e

(4.12)

(4.13)

{4.14)




4.2 Forward Kinematics

Forward kinematics or direct kinematics determines the position of the task space
v.y,z) inthe fixed frame. Given the actuators angles £ (Joints space). where @ correspond
0 the number of loop (7 =1,2,3) as shown in Fipure 4.2,

Direct kinematic is interest for the control of the position of the manipulator. but also for the
velocity control of the end-ellector,

Lo calculate the direct Kinematics we move the center ol the spheres from points Iy, Is
and J; to the points 1, ', Jo'and I3 using the transition vectors E1E0.E2E (. E3EQ respectively.

El %o, ¥s,22)

Fizure 4.5: shown the position of J,°, 12" and J:° aficr transition




After this transition the three spheres will intersect in the point: E(x,.p;.2,) as shown
m Figure 4.5.

Figure 4.6: three spheres will intersect in the center ol lask space

70 find courdinates E(x,.p..2,) of point E=10 we need to solve three equations like:
fe=x.) +0r=y Y4 -2 Y=L = ;=123

And (x, y. £) the coordinates of sphere centers J1°, 127, J3°,




.rf ]
B . 2
F2
3
F3 o
\_ X =
30°
F1
i
1
i f

Figure 4. 7i Upper scetion shows the center ol task space after

From the figure 4.6:

OFl=(F2=014"3= '% tanf 30 = -%_: (from equitateral tri aaie )
. L A

‘% (30 = f.E ( from cqurilatered trian ol )
F1J1=La.cos(#)
F2J2 = La.cos(é.)

£33 = La.cos(ll,)

JLIIIZJIEJE1 '—uryjlj
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transition and cquilateral triangle.

(4.15)

(4.16)

14.17)
(418)
(4.18)




___—————------IIIll..........l=======!ll

Coordinates of center pheies are:

_I?'—(U j——i"--,c;r-q:m{ﬁ'l —iu-sin[ﬁ]_])—{'.1:“_1,',,.:,} (4.20)
243 |

K

e s 7 '
# f |‘:—_,;:-—J.-.. -.-uﬂl‘s_.‘.ll.a..-.-if.'il"-"': |‘-F—:_i La-eas(y !J:hu'.'iﬂ". —fa sinfdly | ]-—:.;-r:.;__:;; (£.27)
v | = U - /
+3- |Ji—-'-' Laiv cosis, .I|w_:r'iﬁ"'i i—: R s .srn.'JE'ﬂ —Liangd ) | - T i4.22)
WS Uil ' ’
Cquation of spheres:
Co =% " 4y =3, F (2 =2, =1, (4.23)
(x—x, ) = —¥a) +z —=z,) =73 (4.24)
(=2 ) A~y Ptz =ry =/ 2 (4.25)

Extract cquation (4.23), (4.24) and (4.25):

= 2 ¥ a 3 5
il e e e 2yt il (4.26)
oy iz =Py -2 =222 =3 Mt :1 e —:I? (4.27)
e n % ] 1 w -
x” +¥ fprl =dxs% —~2pz =2xr = e =¥y =2 (4.28)
Lel
1-1'_=:J.',1-i-_1-'l'|'f5,: (£ 29)
Sublract equation (4.27) from equation (4.26);
¥l (¥, —2.)y +{z, =207 =fw,—w,)/2 (4.30)

Subtract equation (4.28) from equation (4.26):

XX+ =3 +(z, Ik = —w ) /2 (4.31)




Subttact equation (4.28) from equation (4.27):

(= xa)x F0r =y HZ =2 ) =W w5 2 {4.32)
From equation (4.30) and (4.3 |}, we can find the solution of (x and v}
|r =g,z th 4.33)

| =,z +b, (434

Where:

1
4 =—[(z0=200 =3 )= G =20 =)
1

by = o= )0 =) =0y —w X, =)

d=(y,—y ) —(p;—p ),

~1

a, —a—l[{:za: ').1:,.—!_':1—:1_-}.1:._,_1
b, wé[{h': W gy — i = ‘jle

substitute cquation (4.23) and (4.54) n equation (4.26).

(@ +a,” +12° 4 2 va by =y )=z )z + (b7 (b, =2,V +=z, =L,%) (4.35)

The smallest negative equation root resulls z =24
(x,.1,) Arecalealne with equations (4.33) and (4.34).

4.3 Velacity Kinematies

The most relevant loop should be picked up for the intended Jacobian analysis. Let g be

the vector made up of aclualed joint variables and P is the position vector of the moving
plattorm as shown in Figure 4.48.




Pl

Fipure 4.9; ¢ = plane.




Where,

Ou=|0, ‘ ¥
|_ 4. L (4.26)
Then the Jacobian matsi« will be derived by g Herentiating the appropriate loop closure equalion
a0 rearranging the result iy the tfollowing form:
(4]
' | %
.\_-Ir.-'_-'_—'g'. "I,n" =‘ . ‘
g i
= | - =
i4.27)
| Vo ; = = . h s
Where ™'™ and Y: gre i %52 4nd 2 components of the veloeily of the paint P op the lask
Pace in the **2 frumea Iy order to-arrive at the above form of e equation, we look af the loop
OARC P .z,

; . . I - S u
. The corresponding clozure equation in the /Y frame is

OF +7C, =08 +TF +iC"

(4.38)
'he matrix form of equation (4.38) is:
Tp, cosg -p 088 | [£7] [e7 Teosd 7 [sind. cos #4868, )]
£ : | i e ' X i
P sing —p cosg '—‘ 0 ’—' Ulel,| © |4z, sin el '
I P, 01 10]  |sing, | Lsing, cos(g, 46, ) ,
= - (430
e differenvation of this equation leads 1o tie desired Jacobian equation. The loap closure
“quation (4.38) can pe re-writien as:

(Pec)=Fra s
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Where % and 2 reprasents veelors 22, and B.L. respectively.

—_

Differentiating cquation (4.40) with respect to time and using the facl (hat £ is a veelor

characterizing the fixed platform. and € is.a vector characler zing the task space.

(d.41)

The lincar velocities on the right hand side of cquation (4.417 can be readily converted into the
engular velocities by using the well-known identitics.

Thus
V=W, Ra HW,, xb, 4.42)
Y and M s the angular velocity of the link ¢, To climinate "' _ it is necessary lo dot-
nulbiply botk sides of equation (4.42) by / , therefore:
P
' ' (443
Where,
cosé, | siné, cos(é, +4, )
g=t| 0 |b =L sin g,
sinf, | siné,, cos(4, +4,,)
r |
: v, cosd =1, ms;ﬂ,-‘
o, =| =@ [r= Vsing —v cosd,
0 M,
J (4.44)




Rewriting the vectors of equation (4.43) inthe * %+ coordinate fratme leads 1o,

-
-'.'.t"'ll.'l' li:.l vl.' _L..lrll_- II_ x Lﬂ Hin ﬁﬂf E'].'n'b"‘-: E]'

(4.45)
Where,
4, =eos(th, +6., )sin g, cosd —cosf, sing
Jy =cos(l), 14, )sin 8, sing, = cosd; cosd,
A, =sin(f] +6. )sing, (4.46)

F =13 : . .
Expanding equation (4.45) for T =h2a0d 3 iad4e three scalar equations which can be
sssembled into a matrix form as:

I =14 {4 47)
Where,

r-fh Jw o

T =] Fue Fo5 T
‘ Jaw Sy s (4 48)

siné, sin., 0
i =L, 0 siné., sin,, 0
- 0 0 siné.. sin.,

(4.49)
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26, o6, 08,
e A L (4.51)
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4.4 Forward and Inverse Singularity analysis
From equation (4.47) it can be abserved that singularity occurs:

L. Whendel{ 7, ) = 0. This means that either &, =0 or, &, =0 orn fori=1.2 and 3.

2. When det( f, )= 0. This means that either &, <&, =0 ormw or & =0 orm fori-1.2 and
3

3. When det( j, ) =0 and det( /) = 0. This situation accurs when 8, =0 or 1t for 1=1.2 and
L

In summary, singularity of the parallel manipulator oecurs:

1. When all three pairs of the tollower rods are parallel, Therefore, the moving platform has

three degrees of freedom and moves along a spherical surface and rotates about the axis
perpendicular to the moving platform.
2. When two pairs of the follower rods are parallel. The moving platform has one depree of

freedom i.e. the moving platform moves in one direction only.
3. When two pairs of the follower tods are in the same plane or two parallel planes. The

moving platform has one degree of {reedom: i.e. the moving platform rolates aboul the
hortzontal axis only,




4.5 Dynamic model

Dynamies is the science of motion. It describes why and how a motion occurs when
forces and moments are applied on massive bodies. The motion can be considered as evolution
of the position. orientation and their Ume derivatives. In roboties, the dynamic equation of
mation for manipulators is ulilized to set up the fundamental equations for control, The links and
arms in a robabic syslem are modeled as rigid bodies.

Therefore, the dynamic praperties of the rigid body take a central place in robot dyramics. Since
the arms of & robot may rotate or translate with respect o each other, translational and rotational
=quations of molion must be developed and deseribed in body-attached coordinate [rames BI,
B2, B3 ... or in the global reference frame Ci.

There are basically two problems in rebot dynamics.

Problem1. We want the links of a robot to move in a specified manner. What [orces and
moments are required to achieve the motion? The first Problem is called Inverse dynamics and is
casier to solve when the equarions of motion are in hand because it needs differentiating of
kinematics equations. The first problem includes robots statics because the specilied motion can
be the rest of a robor, In this condition. the problem reduces finding forces such that no motion
tukes place when they act. However, there are muny meaningful problems of the first tvpe that
invalve robot motion rather than rest. An Important example is that of finding rhe required forces
that must act on a robot such that its end-effector moves on a given path and with a preseribed
time history from the start conliguration to the final configuration,

Problem2. The applied forces and moments on a robot are completely specified. How wall the
rabot move? The second prablem is called direet dynamics and is more difficult to solve since it
needs integration of equations of mation. However, the variety of the applied problems of the
second type is interesting. Problem 2 is essentially a prediction since we wish to find the robot
mation lor all future times when the initial state of cach link is given.

In this section. we will perform the inverse dynamic modeling of the parallel manipulator based
spun the principle of virual worle. The inverse dynamics problem is to find the acluator lorques
ind/or forces reguired to generate a desired trajectory of the manipulator.

it iz oflen convenient to express the dynamic equations of a manipulator in a single equalion that
sides some of the details, but shows some of the structure of the eguations. The stafe-space
squation When the Newton-Euler equations are evaluated symbolically for any mampulator, they
vield a dynamic cquation that can be written in the form:

1 =M(E)8 = V(0,00 + G(D) (4,82}
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Where M (0} is n X n Tnertia matrix of the manipulator, V (£.8) is anx 1 vector of centrifugal
and Coriolis terms, and G {0) is an 0 x 1 vector of gravity terms. We usc the term state-space
squation because the term V(8. @) has both position and velocity dependence. Each element of
M (8) and G (0} is a complex function that depends on ¢, the position of all the joints of the
manipulator, Fach element of V(#.#)is a complex fumction ol both 8 and f. We may scparate
the various types of leems appearing in the dynamic aqualions and form the mass matrix of the
manipulator. the centri fugal and Coriolis vector, and the gravity vector [21].

4.5.1 Virtual Work Dynamics

In this ssetion, we will perform the inverse dynamic modeling of the paralle! manipulator
based upan the principle of virtual work. The inverse dynaimies prablem is to {ind the actuator
wriques and/or forces required to generate & desired trajectory ol the manipulator [22].

Without losing generality of model. we can simplify the dynamic problem by the following
hypotheses:

The connecting rods of Tower ks can be buill with light materials such as the aluminum alloy.

=4
e The lower links rotational inertiss arc neglecred.
» the mass of each lower links, is divided evenly and concentrated at
= The two endpoints ol the parallelopram.
Also it is supposed thal:
« The [riction forces in joints are naglected.
» No external forces suffered.
We consiclet that T= [Ty, To, Tz ] und 56 = |88, 662, 80: ] are the vecior of actuator

torques and vector of Cﬂl‘l".:‘:-i]‘u.ﬂldiﬂg virtual img_u]a:' diﬁplacernf.:n ts. Furthermore. E = [5‘-‘(7. a_l-'..

Az] represents the virtual linear displavements vector of the mahile platform. We can derive the
following equations by applying the virtual work principle.

o' 30+ ML 30+ F], 08— M, 80~k 6p=0 (4.53)




Where,
1 o
M, = [_: m,=m,)-g-L,-1 | cosé, a4

s,

s the upper links gravity torques vector, m, and my are mass of upper link and each connecting
rod of lower Link, respectively. Here g denotes the gravily acceleration. and | represent the 3x3
identity matrix.

()

6] {4.55]
' —(m, | 3m, g

Denotes the mobile platform gravity force vector. and m. is mass of the mabile platform.

&
M =Id= I_,L}: (4.56)
MNhere,
| = ~
f_., = {a"['ﬂul__n_' m_.l i \,I [ (2 57)

Represents the upper links incrtia torques vector and denotes the upper links tnertial matrix with
respeet to the fixed frame O {x.y .z | and,

¥
P, =M, P=(m~3m)- I ¥ (4.58)

Denote the mobile platform inertial forces vector. Equation (4.50) in section 4.3 can be rewritien

5=7 (4.58)

Consequently,
Sp =.J56 (CHY

Substituting equation 4.39 into eguation 4.52 results,

(' + M +Fed-M =k N6 =0 (4.81)




Equation (4.60) holds for any virtual displacements 5¢ . so we have,

r=M +J'F -M,-J"E_ (4 62)
Substitule equation (4.55) and (4.56) into eguation (4.61), allows the generation of,
r=l G+ M P-M. -JF. (4 63)
Differentiating equation (5.59) with respect to time, vields.
P=Jb+ip (4.54)
Subsiituting equation (4.64) into equation (4.63), we can derive that,
r= M) +V (8.6)0 +G(0)] (4.55)

The previous cquation described in equation (4,52) represents the dynamic model of parallel
manipulator in jeint space. Here. 8« £ is the controlled variables, and

M#) =1, -r—JT;‘Lj";J (4.68)

Denoles a symmetric positive definite inertial matrix, that M () e B> |
V(6.8)=J"M J {4.67)

Where I (0,4) e R™ is the cenlrifugal and Coriolis forces ratrix. and,
GOy ==M o, —F K, (4.68)

Represents the veclor of gravity forces, and G(7) e R,




4.5.2 Non-Rigid Body Effects

[t i= important to realize that the dynamic equations we have detived do not encompass
all the effects acting on a manipularor. They include only Lhose forces which arise from ripid
pody mechanies. The most important source of lorces thar are not included is [riction. All
mechanisms are, of course, alfected by frictional forces, In present-day mampulators, in which
significant gearing is typical, the forces duc 1o friction can actually be quite large perhaps
equaling 253% of the onque required to move the manipulator in typical situations. In order to
make dynamic equations reflect the reality of the physical device, it is important to model (at
least approximately) these forces of [riction. A very simple model for friction is viscous [riction.
in which the Llorgue due to friction is proportional to the velocity of juint motion. Thus, we have

Lo = VO (4.68)

Jcin
Where v is a viscous-friction constant. Another possible simple model for friction. Coulomb
riction, 15 sometimes used. Coulomb friction is constant except for a sign dependence on the
ot velocity and 15 given by

T o = € SIN(A) {4.70)
Where ¢ is a Coulomb-friction constant, The value of ¢ is often taken at one value when @=10
the static cocfficient, but at a lower value, the dynamic coefficient, when 8 = 0, whether a joint
of a particular manipulator exhibits viscous or Coulomb friction is a complicated izsue of

mbrication and other effects. A reasonable model is 1o include hoth, hecause both offects are
likely:

T — 1O+ SIN(B) (4.71)
It tums owt that, in many manipulator joinls, friction also displays a dependence on the joint
position, A major cause of this effect might be gears that are not perfectly round-their
eccentricity would cause friction 1o change according o joint position. So a fairly complex
friction model would have the form

T = (L) (4.72)

These friction models arc then added to the other dynamic terms derived from the rigid-body
model. yielding the more complete mode!

r=M(8)8+V (8,6)8 + G{E}+F{&.é}| (4.73)

[his equation (4.73) known as Inverse dynamic eguation.




IL'HAP'J'ERS

COHtI‘Ol]El‘ Design

5.1 Introduction

By using the inverse kinematies Cquations, we can caleulate the actuators angley for a
desired position of the end-cllector of the rabat. By using & rotary ¢ncoders. the actual amrles of
the actuators will be mewsured then compared with the desired angles that be needed o move the
end-clTector to the desired posilion,

There are dilferent controllers thal can be designed to conrrol the delta rokot, A discrete
iracker controller is designed for the position and the specd for each omne of the used actuator,

5.2 System equation

For Delta robot mechanics, each joint is actuated with a DC serva Motors, In general, the
torque generated by a DU motor is prepertional to the ammature curvent and the strength of the
magnetic fleld, Here the magnetic ficld is constant and. therefore, the mator torque is

preportional 1o anly the armature current “I" by a constant factor Kras shown in the equation

below,

(5.1)
The back emf, e, is propartional to the angylar velocity of the shaft by a constant factor Ke.

e=K, 8 (

L
ke

In 81 units, the motor torque and hack clectromagnetic fisld (emf) constants are equal,
that is, K = Ke: therefore. we will use & to represent hoth (ke molor torque constant and the

back emf constan(.
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Figure 5.1: The electric equivalent cirenit of the armarure and the free-hody

diagram of the rotor.

From the ligure above: we can derive the following equations based on Newton's 2™ law und
Kirchhoff's voltage law,

l8+bA-Ki (3.3)
n‘" E a

L#+R1=V—HE (5.4)

Where:

1: Moment of inertia of the rotor.
b: Motor viscous Iriction constant.
K. Motor torque constant,

R Electric resistance.

L: Electric inductance.

3.3 Transfer function of the actuator

[n order to design a diserete tacksy controller for the DC actuator. ths transfer function of
this actuator should be known. There are dilferent methods fo get the vansfer i unction of a DC
uctuator, all of these three methods dan ¢. but eventually the 3™ method is used for the controller,

First method: By making coupling between this DC actualor and another small DC
actuatar, which will werk as a generator with known relationship between the applied voltage
and the ouwtput speed. Then by applying known vollage to the DC actuator and sse the TESPONse

by using the oscilloscope, the value of (T) ean be known which represent the ime needed by the

56

\—




system to reach aboul 63.1% of s [inal value. and also the final value that we see on lhe
oscilloscope represent the DC gain multiplied by a constant. this constant represent the slope of
the speed-vollage curve for the small actuator, o

OC i)
i) = Arelin
e |
Where:

1D gain—linal value * K,
K. slope of the speed-vollage curve for the small actuator.

Second method: by using the encoder’s reading that connected to the DC actuator, this
encoder measure the position {angles of the actuator’s shall), thee by using a microcontroller we
can gel the speed and then plot the speed with the time curve and see the response by using an
escilloscope. From this response we can gel the values of the constant (K & a) of the actuator's
trunster function which i1 the form:

Gis) =

il o |
Where  K=final value X a_
514 T

T: The time needed by the svstem to reach 63, 1% of it’s linal valuc.
-Here the linal value that appear on the curve of the speed-timce represent Kia.

Ihird method by applving the Laplace transform for the modeling equations 3 and 4, we

et the following:

(s 1 BY8(5) = Kl(x) '.

L
_'Lh

(Ls+ R si=V{s)—As81s) (5.6)

We arrive at the following open-loop transfer (unclion by climinating {(s) between the two abave

equations, where the rotational speed is considered the vwiput and the armature voltage is

comsidered the input,

J.’:i'[..i'} " i [ rad/se: l
:

P{'.] = [5.?_]

() - (Js+=DY(Is+Ry+ K~




I'he physical parameters for the used actustor are:

(1) moement of inertia of the rotor ~ 81.6% 107 [ke.m"]

(b} motor viscous friction constant 1,433 [M.m.sg]
(Ke) electromotive foree constant 5,73 | Viradisec]
(Kt} motor torque constant 3.75 IN.m/Amp]
(R)  electric resistance 5 | Ohm]

(L) electric inductance 1.1*107 [H]

Naw, represent the nbove open-loop transter function of the actuator in MATLARB by delining
the parameters and transfer function as follows, Running this code in the commimd window
produces the wansfer function of the actuator as shown below,

=] = B1.6%10°-3);

2ER=2.T;

==L =1.1410%-3):

=>s =i s);

=>TF_motor = KA((1*s -b)*(L*s+R)+K"2)

=>Transfer [uncton:

L

T3

8.076e-0058"2+ 02210+ 36.7

I'he transfer function can be reduced to:

258224
s+ 1653698

(5=




5.4 Design a Discrete Tracker controller

The goal of implementing any type of controller is 1o observe the OutpuUl response it
wauld be generate based on the input conditions. Tn order o achieve this. it is NECESSAry to solve
for the control input {u) of the system [2].

Using of digital contraller has the following ndvantages over analog control systems: reduced
cost, lexibility in response to design changes and noise immunity,

The principle of feedback control can be expressed as: when the actual variahle is simaller
than the desired value, the controller will Increase the control command. when thie actual varizhble
ts larger than the desired vatue the controller will deerease the control command [Z].

Controllability is the main issue in the analysis of a system before deciding the best
control strategy to be applied, or even the system is possible to be controlled or stabilized or not.
A control system that will be designed must always have some robustness property.

At any instant there can be a difference between the actual joint variables and the desired
values. The difference is called the error and is measured by
€= 'E}-.E = i:Ilill

where:

&: Error.
04; Desire angle
B.: Acrual angle.

Figure 5.2: State space representation of the plant.

The process (shown i figures.2) :
¥=AX+Biu

y=Cx+Du

Note: & and y are vectors,




r + >y +

%
A <

Figure 5.3: plant with state-varighle leedhack.
Discrete time process -
X(k+1)=A, X(k)+B, alk)
yik) = C% (k)
Where
Ar+TA
B=TB
Tt Sampling time.

Where A, B, C and D are the state space matrices. For our system, the matrices AB Cand D
are:

{ il y

( ]
.4:[ } ;3_-‘ ) [l O] . D=1
0 16538 25,8230/

Figure 5.2 illustrates the discrete tracker contraller design in a block dinpram. This is a
closed-loop eontrol algorithn, in which the control commands are caleulazed nased on the
differcnce between actual and desired variables, Reading the actual variables ang comparing
with the desired values is ealled feedback, and becuuse of thar. the closed-loop control algorithm
is also called a feedback contral algorithm[2] .

&l
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Figure 5.4: Discrete Tracker contraller.
With all the defined appropriate data. it is now passible to determine the cquarion for tha

controller. The conirol effort must satisfy the requirement and must ensure that the output
response is stable.

The extended mutrices are -

f 1 0] (0 )
A.=10 —16538 0O » I = 25.8230 | .

=] 4] ) L0
he discrete matrices are:

(1 0.01 @) 1) 3
4, =] 0 06338 0 |, B =| 02582

l. —r].{]l ‘J l .-'| {.:I ¥

By using MATLAB, the extended and discrele matrices are defined by ;

Re=[A zeras|(2 1) =0 §]:
Be=[B; 0]:

Ad=eye (21] ) ~T+Re;
Bri=T+Bea;

Optitnal method is used 1o desion the discrete tracker controller by using MATLAR, The
following code had written on MATLAB command winderse b0 get the controller parumerers (K.
K2 and Ki).

Ke=dlari{Ad, Ba, 0=, 8a) ;

h=Re (e la2)




BEI==Fe& {3}
Eo=ad o {Bd-

t dntegral gain
Bi*Ke) & Contrzller psles

The disurete tacker controller is desighed for eich actuator. but for controlling the Delra
Robot it is needed to retune the Tracker controller parameters 1o ger the optimal one
approximately. Tracker contraller parameters are shown in the next tahle.

Table §.1: I'tacker controller purameters.

 Controller Parameters | Tuned Values
K1 | 15.8974
K2 -1.0579

Kl | 273.7128

The response before designing the controller shown in bgure 3.3. The input is step input ,
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Figure 5.5: Simulation for the position res ponse of the actuator before designing a controller.

Settling time — 2.5 sec, Overshoot=3.775%, peak time=1.59 sec.




Afler the discrete tracker contraller is designed, the simulation response shown in fi gure 5.6, 5.7

and 3.8 .
S - 3 T T ¥ F T E—
— e = ==
IE=
: - g ] 3 3
2.5 i 35 & 4.5 &
Time [sec]

Figure 5.6 : Simulation position response of the acluator,
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Figure 5.7 : Torque response of the actuator.
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Figure 5.8 : Simulation speed response of the actualor,

The analysis of the simulation response:
¢max _cfinal
OIS = . x100%
clinal
4
T“_—.——T
et
A0S,
o =ln| Dl:'"
h_ '.——'___'_
¥ Chitas
| Iy il LS
e 2+(In(==))"2
|
I
T

e —
Pow1-0"2 )

_For nosition of the aciuator:

UH08 = 041702 + 1(0% = 4.25 % .

A

4

f‘



T, =0.46 sce.

TI: =[.265 sec.

L=0.7089 |

= 12,2652 radisec.

final value = 40 degree.

steady state error =(.0%

-For torque;

Maximum required torque =3.349 N.m .
-For speed of the actuator:
Maximum speed = 1.82 md/sec .
5.5 Heal Results

Real response shown in figure 5.9 and 5.10.

Angle [Degrea)

0 0.2 DA 0.6 C.3 i 1.2 1.4
Time [s=a)

Figurc 5.9: Real position response of the actuator.
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Figure 3.111: Real speed response of the actuator,

The analysis of the real response:
] p

-I'or position:

2408 = 0'4[1.;“' x100% = 2.5%.

T, — 0.65 sec.

T, —0.63 sec.

£=0.7613 .

w=8.0833 radisec.

final value = 40 degree .

steady state error =0.0%

-For speed:

Maximum speed = 1.4 radisec .
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Real results for the position and speed of the end-elfector:

o Real position and speed responses of the end-effector when moves in one axis
(x-axis):

Flisddrom Trr]

Tretel] '

Figure 5.11 : Real position response of the cnd-effector in x-axis.
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Figure 5,12 : Real speed response o f the end-slToector in x-axis.




e Real position and speed responscs of the end-effector when maves in one axis

{ y-axis):
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Figure 5,13 ; Reul position responsc of the end-effector in y-axis.
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Figure 5.14 : Real speed response of the end-effector in y-axis.
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* Real position and speed responses of the end-cffector when moves in ome axis
[ Z-axis):
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Figure 5,16 :Renl specd response of the end-effector.




o Real position response of the end-efTector when moves in rwo axes (x and v-axes):
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Figure 5.17 : Heal position response of the end-clledtor in x-axis,
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Figure 5.18 : Real posilion response of the end-efTector in y-axis.




¢ Rcal position response of the end-effector when moves in three axes ( X, v and z-
axes) :
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Figure 5.19 : Real position responise ol the end-effector in x-axis.
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Figure 5.20 : Real position response of the end-effector in y-axis,
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CIIAPTER6

Software program

6.1 Introduction

Tn order 1o communicate, control and operate the Delta Robot, it is required to use 4
software program “Graphical User Interface™. The program can deal with the [orward and
inverse kinematic equations. This program provides casy and simple way to commumicate with
the Delta Robol.

bicro-
controller

Figure 6.1: Schematic for the communicarion between user and Delta robot,
6.2 The program

I'his software program allos the user to write the commands, to move the end-effector to
a desired position. Ter this system we have the commands which arc the coordinales ol the
desired position i’ we want to move the end-cffecior by using the inverse kinematic equalions.
However, if we nee the forward kinematic equation, the entered command will be the values of
the angles for each actuator.

“Microsoft Visual Basic 20110) Express” is used for programming. This program can
directly identify the connected Arduine microcontroller, conmected port and can detect the baund
rate of the microcontoller. The user needs to click on the button *Connect”™ in order to moke the
conneciion with Arduino microcontraller.

On the sereen ol the program as shown in figure 6.1, there is a command window, which
' appear on the button of the program’s screen. In Lhis command window the user can write the
command that will be sent to the Arduino microcontoller. then the user must click on the “Send”
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button to send the command 1o the microcontroller. Also, on the screen there is a window that
show the position coordinates and the angles of the actuator of the Della rohot, for the current
position.

Figure 6.2: The interface window of (he program.

The entered command hay the following manners:

IMirst, when controlling the Delta Robot by forward kinemalic. a short MESSBEC appear on
the window in the program, this message s

“ lForward Kinematics
Enter acruators angles such as:
=alf) b20 ¢30; »

50 the user must enter the command like this template in order the robol to understand
the values of the acmator’s ungle. “a™ represent the value of the angle the first actuator, “p”
represent the value of the angle the second actuator and “c” represent the value of the angle the
thicd actuator. The line of command siust ends with ",




Second |, when controlling the Nela Robot by inverse kinematic, a short message appear
un the window in the program, this message is:

# [nvers Kinematics
Enter Coordinates such as:
= x 1020 z30; *

so the user must enter the command like this template in order the robot to understand the
values of fhe actualor’s angle, X7

represent the x-coordinate of the desired position of the end-
effector. “y~

represent the y-coordinate of the desired position of the end-effector and “z7
represent the z-coordinate of the desired position of the end-cifector. In addition, the line of
cormmans must ends with 37,

Before the user get out from the program, he should click on the "Disconnect™ button, 1o
discannect the microcontroller with the program.
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CHAPTER7

Assembly

7.1 Introduetion

Different components had used for building the Delta Robot. Mechanical COmpONEnts
include the mechanical parts of the robot (upper links. lower links and end-effector) in addition
to the fixed base and the sicel structure which used Lo fixed the basc on it. Eleetrical components
include the DC serve actuators, drivers, encoders. current sensors and the microcontroller.

7.2 Assembly for the mechanical parts

Starling by the mechanical components. The base is Iixed on the steel strusture by using
bulis nuts and washer. as shown in Fgure 7.1 .

Figure 7.1: The base fixed on the steel structure,
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Then the actuators are fixed on the base by
figure 7.2

using bolts .nuts and washers ns shown in

Figure 7.2: The actuntors are fixed on the baze,

The mechanical parts of the
connected to each
figure 7.4

robot (upper links, lower links uand end-effee

tor) are
other as shown in figure 7.3. before be assembled with actualc

s A8 shown in
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Figure 7.3: The mechanical parts of the robot be assembled together.

Figure 7.4 : The mechanical parts of delta robor be assembled with the actuators.
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7.3 Assembly for the clectrical parts

Fur the electrienl parts. the encoders are coupled with the actugtors. The drivers are

connected to the uctuators, power supply and the microcontoller, Also, the ericoders aps
connected 1o the microcontroller, Figure 7.3

drivers with the actuators and the encoders.

5 shows the connection of the microcentroller and

Figure 7.5: I'he connection of the microconiroller and drivers with the actualors and encoders.

Now, labels are added L each wire in order to facilitate the identification of the wires

connection or direetion. Alsw, the current sensors are conneeted with the microcontroller and the
actiators as shown in figure 7.6 .

e




Figure 7.6: The labels are adde

d and the current sensars connestion,

A plastic cover be designed to cover the electrical compenents and wires, Also. w pive

protection for these components o be oyl of touched hy the people. In addition to give the robot

beautiful appearance, the plastic cover is fixed arvund the base and the electrical canmponents as
shown in figure7.7 .
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Figure 7.7: The plastic cover of the electrical commonents,

7.4 Schematic wire diagram for the clectrical components

Figure.8 shows the schemia

tic wiring diagram for the ¢lectrical
the Delta Robar,

components that used fir
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Power Supply

¥ GhD 11Xy

Figure 7.8: The wiring diggram [(ur zlectrical componens.

7.5 Workspace analysis

The workspace ol the Delia Robot is limited due to the length of the lnks(upper and
lenwer links). The tatgel objects .which will be dealing with. must be within the workspace of the
Delta Robol. where the end-effectar can move to deal with these objects.

The z-axis, which represent the vertical distance of that the end-effector can mave along,
he limited to (<255 to -330)mum, according to the axis which fixed an the base. as shown in figure
7.9 and figure 7.10 . The total distance thar the end-effector can move along z-axis

is 275mm.




Figure 7.9:Minimum distance along 7-axis.

(0.0,0)

(0.0.-330)

Figure 7.10:Maximum distanee along 7-axds.

For the x & y-axes the distance is symimetrical. The distance alonyg x & y-axes is different
depending on the distance along the 7-axis, For (he minimum distance along z-axis, the distance
along (x & v-axes) is 10mm, as shown in fipure 7.11 .
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Figure 7,11: The workspace of the Delta Rohat

bor z=-253, the coordinates of the points(for dark blus eurve shown in ligure 7.11) are;

{20.0, ~255),{-20,0,-255),10,20,-255). )
110.~20.-255} 110,10, 255! -;—1&.1-:}.-25::}.;

110,-10,-255) {- IU—IH.—E'.:?.E!

For z = 3100, the coordinates of the paints(for purple curve shown in ligure 7.11) are;

1110,0.=300}. {80, 80300}, {0,110, -3001,
<{~80,80,-300},{-110,0. =300}, {=80.-80, =300}, L
{0.110.-300}, {80. 80, -300}

For z =-530, the coordinates of the omts(for green curve shown in fiaure 7.119 fire:
P k

{150.0.-530}, {1101 10. =530}, 40,150,-5301,
cf-110.1 ILJ,—E:-E"-.{—Iff].('.—53ﬂ!,f—l 10,~11 n.-m;,'
1 0=150.-530. {110,110, -530) [

And so on.
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Conclusion and Future work

8.1 Conclusion

The purpese of this projeer was to build and conlrel 3DOF paralle! DELTA robot
structure, A summary of differences botween serizl and parallel robat structure introduced the
backeround of robotics, while the literature review provided a detailed account of the beginning
of rebotics,

The 3DOF parallel DELTA robot was built in the real life, and TRACKFR eontroller wes
used to control of the DELTA robot. After many experiments on the roket by moying it in three
eoordinates (X, v and £) the results was showed that the robot move in accurare manner. And it
can be follew the entered commands from the user. All of thase was in joint space level

Finally, the proposed model in this project will apen the road t¢ master students who
wish to continue their graduate study in the field of paralle! robots.

8.2 Future wark

The work was in joint space level, but we can also work in task space level, by using
accelerometer for example, Also modify the user interface to be by android 0OS.

We will put suction air valve on the end-effector in order to make the robot perform specific
waork.
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