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ABSTRACT

Delea rabois arc parallel robots that are composed of three paralle] kinematic chains
connecled at the base of the robot and at the end effector,

U'he design features of the robot maintains the orientation of the end effector. This
rohot is characterized by the high acceleration, accuracy and precision.

Therefore, they are used heavily ir the industsx. This project aims to develop an
educational delia rubot where the students can epply the principles of multi mput
multi outpur contral algorithms, use the forward and inverse kinematics for control
and trajectory planning. and apply intelligent control approzches including sensor
fusjon.

Furthermure. the dela robot is equipped by electronic items 1o implement the
network contral approach and wireless control

And as an educational robot, the safety of both the human being und the robot itself
has been studied inlensively and the required clectrical and electronic components are
added.
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1.1 Introduction

High-speed paraliel robots with low movement of incrtia andhigh aceeleration
that's is delta robot in brief.
This chapter introduces a summary of the differences between serial and parallel robot
structures, related work, then the mativation of the project and problem definition |

1.2 Baclkground

There are essentially two Lypes ol rahot manipulfators: serial and parallel, Serial
manipulators consist ef a number el links connected in series to vne another o form a
Kinemalic chain, Fach joint of the kinematic chain is usuallv sctuated. This tvpe of
structure is known as an open chained mechanism as shown in Figure 1.1 [8].

Fipore 1.1: Scrial Robots.



Paralie] Robotsalse called parallel manipulators, are closed-loop mechanisms,
characterized by their high accuracy, velocity, rigidily and ability to move large loads.
Nue to thess advantages they have been vsed inoa large number of applications and
gre hecoming increasingly popular in the ficld of machine-tool industry, Paraile]
rabots are specifically  designed for high-speed applications in  packaging.
manufacring, assembly. and materal handling [1].

Fixed Base

Passive joint

Active
joint

End effector

Figure 1.2: A paralle]l manipufator.

An n degrees of freedom parallel rohet cansists of an end-effector and a [ixed
biise ng seen i Figure 1.2, They are linked together by more than one independent
kinemalic chain. Nermally, cach kinematic chain has a series of links connected (o
gach other by joints, Some of these joinis are aetive (connegled Lo an actuator)
whereas the others arc passive. Actuation takes place through n actuators. In parallel
rabots, the number of actuators are Lhe same as the number ol degrees of freedom |
The actuators in parallel robots are fixed to the base, which makes the moving parls
relatively light[1.3].



1.2.1Delta Robot

Delta rohot transports products with high precision from the aceeptance
lacatian to the target locativn. I can move preducts in a three dimensional Cartesian
coordingte system. The combination of the constrained motion of the three army
connecting the traveling plate 1o the base plate ensues in a resulting 3translator
degrees of freedom (DOF). As an optior: with 2 ratating axis ot the Toel Center Point
(TCP), 4DOF are possible [1.5.4].

As the Figure 1.3 shows the delta robot which consist of
| . Actuators (3 moetors)

2. Base plate

3. Upper robol arm

4. Lower robol amm (Forsarn)

5. Rotation arm (optional. 4=-D0F)

6. Travelling plate, TCP (nd ¢ffector)

The upper robol arms are mounted directly to the acruators to guarantes high
stability. And the three actuators are rigidly mounted on the base plale with 1207 in
hetweer. Each ol the three Iower robot arms consists of two parallel bars, which
commects the upper arm with the travelling
plate ball joints. Te megsure each motor shaft angle a encoder is used [2].

Figure 1.3:Delta robot



1.3 Previous Studics

Modeling and control of a Closed Chain Parallel DIT.TA Robor is very difficult
cspecially, when using traditional methads in modeling.

=

E

Yangminli, QingsongXu [9] proposed the simplified dynamic equations
derivied via the virtual work principle on 3-TRC translational parallel
kinematic mnchine,

André Olsson [2] deseribes the virmual work principle mathemarical modeling
of a Delia=3 robot acruated by molors and drive units, Experiments wilh
comparison between the Simulink model and the real robot are done.

Yangmin Li and QingsongXu [7] performed inverse dynamic modeling based
upen the principle of virtual work for medical Delta Robot. The dynamic
conlrol uses computed torque method,

Mohsen, Mahdi, Mersad| 6] describes the Dymamics modeling and trajectory
tracking contrel of a new steucture of spatial parallel robors from Delta robots
tamily. This paper compared implementation of computed torque (C-T)
method using adaptive Meuro-fuzzy controller and conventional PD) controller.

Angelo Liadis{3] proposed [agrangian principle for modeling 2 DOF parallel
rabol, and introduced cight controllers | furey and non-fuzzy controllers.
Experiments with comparison berween the Simulink madel and the real robol
are done.



1. 4Prablem Definition

The vptinal eontrol problem can be siated as: find a clozed lbop optimnl
controller that minimizes error berween the measured phase and actual phase wanted
e truek specilicd path, Optical encoder is attached in the end of each Serva motar
shall. measuring the actuel phase of the link and rom that: we can calculate speed and
ageeleration. Controlling of Delta Parallel rabot wants true modeling for its dynamics,
i, By using the Prototype, we can model the robot aasily and test its motion in
Simulink Matlab tool.

| Centrotler IMotors |
T) Drhes  |(Comes . Am2 B T
| Tranemizzion | e —
e | | BB A3 8y
T T ey PO KDETTIZES e B A '

4ol Aphey

i
-

Figure 1.4: DELTA Robot Control System,

The motors that are used to actuate the three prms aof the Delta-3, From Figurel 4,
Controller unit (microcentroller) caleulates inverse kinematics of reference position
xy.2 ol moving platliorm in delta robol | actualors drive servo motors voder the effeel
ol controller leading the end effector to the target peint in minimum time and no ereor
45 possible




1.8 Motivation

Modeling and Digital control ol Dyvnamie system was our target of our
praject: modeling ol mechanical systems. No need to extract the dvnemic equations of
robol. Simulink tool of Matlab can simulate the robot as equations built in Protolype
located, 'his study Thesis treats the medeling of the Parallel DELTA roboet actuated
with servo DC motors and drive unils: Also the Kinemastics [or a Delta-3 robol iy
implemented 0 be able o sce where the traveling plate has lor position.

Intreducing this new technology in domestic market has a big role, in
developing and improving the products, in order 10 merease the guality ol these
preducts in addition to the praductivity,

Future rescarch will be conducted for disturbance rejection and trajectory
planning of the end-cffcctor, Different contrallers can be built for controlling this
robot by the students at the PPU university.

Warkspace analysis is required in the design of the parallel rabot. It is necessary
o make sure that delta parallel robot has a good workspace volume. In addition. a
PITY controller will be designed to achieve the required specifications and to improve
the response of the delta robat.

As the device introduces a new technology for parallel rabot in Palesting, it should
satisfy snme features and requirements.
|. The device must be safe.

2. The device must include a simple user interface,
3, The device must be eonvenient for phjects with different sizes,

4, Suitable lor industrial environment,

=]

. The'device kas high spead and acceleration.
. The device have 1o be robust.

=]

. The device must have high accuracy and good efficiency.

|




1.6 Time Tablc

First semester:
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Task 1: Choosing the idea of the project.

Task2: Collecting the information that related to the project idea / Documentation,
Task 3: Deriving the kinematic and dynamic coualions.

Taskd: Designing a contraller and simulation,

Task §: Sclecting the compenents,structure and ordering them

Second semester:




Task 6: Connecting the parts topether

Task 7:Writing the contrelling ende for microcantroller.
Task 8:Run the project

Task 9: Doing experiments and documentation.

Task 10: Find applications for the project
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Chapter two

Delta Robot, The
MECHATRONICS
SYSTEM DESIGN

Approach

2.1 Introduction
2.2Recognition ol need

2.3 Conceptual Design
2.4 Sensor And Actuator Selection

2.5 Mathematical modeling

2.6 Simulation
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2.1 Introduction
I'he mechatronics design methodology is based en a concurrent approach instead ol sequential o
discipline design , resulting in products wilh more synergy.

This chapter introducss an explanation aboul the Delta Robot as & mechatronics project
we will provide an overview of the mechatronies design process and a general deseription nf the
rechnnlogies empleyed in cur project as the mechatronics approach.

Madelin gf}’r'muldﬁun Protatyping ﬂnpfu}m! ent/Life eyele

— —

Bacognition of Hardumars-n-the-loop Duployrment of
the need s lotion embadided woffaare
T———

Detigr
opiimanion

eyl

oplemimtion

; Coancaptunl design amnd
fimetioees! wnagification

Ferst principle modular

mathematical modeling

Sensorand actustor
celaction

Dt akliond s oyl
mothesatical rrogeting

Control system
G

feign
a0

{formatian for futuee modulesiupgrodes
P

Figure 2.1 : Mechatronics design process

The mecharronics design process as shown in figure 2.1 consists of three phases : modeling and

sirmulation .prototyping . and depleyment .




2.2 Recognition of need

The recognition ol need of our project which is 1o develop en educational deliz rubot where the students
can apply the principles of multi input multi output contral aleorithms, use the Jorward and fnverse
kinematics for contral and trajeciory planning, and apply intelligent control approachas including sensor
fuasion

Furthermone, the delta robet s equippad by electranic items o implamisat the network conire] approach
and wircless conirol

And as an educational robet, the safety of both the human being and the robot itself has becn studied
mtenaively and the required electrical and electronic components are added,

2.3 Conceptual Design

Dielta robot is composed of difitrent pars and componants connseted with each other. A st af Setors
must he eonsidered belore boilding the robot, Same are relared to the robot itself such as: safety, cost,
design simplicily, workspace availability, volume ocoupied by the robar,

Whereas the others are related to the user of the robet, whe needs a simple progtam Lo deal with
the rebot. It is desired to design, build and contral three degrees of [reedom delia robot,

I'he platfiorm {end-clTector) of the delta robot can move purely Inmslatian along three axes (x-
axis, y-axis and z-axis). The motion of the end-effecter starts when the user sends command (o
delts robot to move the end-cffector to & desired position, in order to send the command 1o the
robot. a Graphical User Interface is required.

e end-effector can move by using three actuators, these actuators arc connected with the end-
effeetor by using three Kinematic chains, Position sensors detect this motion and measure the
change of the position [or each actuator, | hese sensors are connected to a microcontroller which
in turn can contral the motion of the actuator which leads to control the motion of the end-
effector.

in order to control the cperation of the actuntors, drivers will be used. These drivers ure

controlled by the microcontroller and alsa used to supply the actualors by the required power,
The electrical actuatars will be fixed on the base.

12




Aeimiiors

Figure 2.2: Block diagram of the svstem.

I'he kinematic chains consist a paraliclogram in order to keep the end-effector abways moves
purcly franslation (parallcl two the workspace and the hase), The connection between the
paraliclogram and the end-effeetor is by joints, Revolute juint can be used but the workspace be
limited than the spherical joint workspace, so the ball hearing Joint would be used for this robot,

A current sensor could be used (o measure the consumed current [Ur each actustar in crder to
muke tarque contrel, this sensor is connected to the power circuit, Also there is 2 need Lo
measure Lhe acceleration of the cend-clfector 30 n theee uxes acceleromeler be used.

The mechanical structure of the robol could e made by dilferent materials, but the aluminum is
belter because it is light and strong enough to achicve the goal of using this robot.

The chosen motion sensor must afford # high resolution for determining the aceurate position.
For this reason, three rolary encoders are used (one for each scluator), these sensors can read the
change of position of the three actuntors and send these readings of position to the
microcontralier. The microcontroller will translate these readings into the coordinates of the
position of the end-efféctor through C-code a3 show in figure 2.2,

The programming code contains the forward and inverss kinematic aquations. The user will ke
able 1o move the end-effector to the desired position by using inverse kinematic equation. or the
USEr can aperate @ny actuator(s) by using lorward kinematic equations. Also il the user would 1o
save some positions and then allew the robat to move between ther . here the user can save
these pesitions in the C-code.

13




2.4 Sensor and Actuatlor Selection

2.4.1 Introduction

As a Mechatronics proiect, the components are chosen depending on involved study of the
objectives and the regquirements for mechanical and clecirical parts, this approach called
eoncurrent appraach, which is hetter then sequential approach.

e companents, which are used in this project, are microcontroller, Arduina kthernet Shieid.
Display 16x4 LCD. Black 4x4 Kevpad, position sensor. 2-axis aecelerometer. current sensor.
three DT servo actuatlors. drivers and the computer (including the required hardware and
software), The following subscetions explain these components and the reasons for choosing
each one.

2.4.2 Micro-Controller

The chesen micre-controller is Arduine as shown in Tigure2 3. The Arduino is the first Ardoine
hpard based on a 32-bit RAM core micrncontraller, With 34 digital input/output pins, 12 analag
inputs, it is the perfect hoard for powerful larger scale Arduing projeets.,

The hoerd contains is ready 1o be used by conneeting it (o a computer with a micro-USH cahle or
power it with 4 AC-te-DC adapier or butlery (o gel slarted, The specifications of this Arduino are
in table 3.1,

Figure 2.3; Arduino Dug




Table 2.1: Technical specification of Due Microconiroller.

| Microcontroller AT915AMIXEE
-: Oparating Voimps a3V B
Input Velluge (recommended) T-12V
Input Voltage (limits) G-10V 0
Digital /0 Pins 54 (of which 12 provide PWM output)
Analog Input Pins _ 12 = ]
“An:dlui_.-'. Output Pins 2 (DAC)
Jotal DC Qutput Current on all 1O lines | 130 mA
DC Current for 33V Pin 800 mA
[C Carrent for 3V Pin 00 mA = ]
| Tlash Memory 312 KD all available for the user
| applications
| SRAM 95 KB (two banks: 64KE and 32KB) o
| Clnck Spead 44 MHz
| Length | 101.52 mm
Width 53.3 mm
| Weight 36 g

The Arduine Duc can be powered via the USB connector or with an external power supply, The
power souree is selected automatically.

Fxtemal (non-USB) power can come sither from an AC-te-DC adapler Pwall-wart) or battery.
The adapter can be connecied by plugging a 2. Imm center-positive plug into the board's power
jnck. Leads from a battery can be inscried in the Gnd and Vin pin headers of the POWER
conneetor.

The board can operatc on an external supply of 6 to 20 volts. If supplicd with less than 7V,
however, the SV pin mav supply less than five volts and the board may be unstable. If using
more than 12V, the voltare regulator may overheat and damage the board. The recommended
range 15 7 o 12 volis,

15




2.4.%3 Arduino Ethernetl Shield

The Arduino Ethernet shield as shown in Fipure 2.4, allows an Arduing board 10 connect 1o the
nternet using the Ethernet library o read and write an SD card using the 8D library,

The chosen Arduine Tthernet Shield s to control (he system through the network.

Figure 2.4: Arduino Ethemnet Shield
2.4.4 Display 16x4 LCD

The chosen Thisplay 1oxd 10T as shown in Figure 2.5, s to show the three measured angles,
scording Lo the three used actualors (84, 8;and 85) and the three direction axis X , ¥ and Z.

Figure 2.5: Display 1ox4 LCD




2.4.5 Black 4x4 Keypad

The chesen Black 4x4 Keypadas shown in Figure 2.6, is used for data entry { the three anples
(@, Osend 84),and the three direction X, ¥ and Z) to Micro-Controller

Figure 2.6: Black 4x4 Keypud

2.4.6 Position scnsor

Pasition sensor is a device thar is used [or position measurement. [t can be either an absolulc
nasition sensor or 4 relative ene (displacement sensor) as shawn in the Figure 2.7 Delta Rahot
has thres angles to be measured. according Lo the three used actuulors(fy, Faand 8,
respectively.

17



Figure 2,7:Rotary encoder.

The most commoen angitlar position sensors are encocers, kneoders have twa types: absolule
encrders and incremental cncoders. The advantage ol using the absolute encoder over the
incremental one appears in case of power failure. An absolule enceder can continue from the
position, which it lies on even il it is changed during the power lost. While the incremental
eneader starts counting from zero.

I'he incremental enender can be used instead of the absolute encnder because we deleet an initial
position [or the Delia Kobat.

2.4.7 Three axes aceclerometer

The ADXL345 is a low power, 3-axis MEMS aceclerometer module with high resolutian (13-
hit) ond measurement range up fo =16 g It is wsed for this project. Digital output data is
formatted as 16-hit, The ADXL345 is supplied in 2 small, thin, PCB board size: 31 (mm) x13
(mm), |4-lead, plastic puckage. as shown in Figure 1.8,

Figure 2.8:ADXL345 accelerometer.

18




2.4.8 Currenl sensor

ACK712, as shown in figure 2.9, is o precise current sensor. It can Be uzed in make torque
comtrol for the robot, This sensor has the following features:

I- Output valtage propartional to AC or DU currents,

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

3- The analog output is 185mV / A,

- The module requires just 3 connections: +5 Yee, ground and analog voltage out.
3- Nearly zero magnetic hysteresis.

f- Operating veltage is 5V DC.

Figure 2.9: ACST 1 2curment sensor.

2.4.9 DC servo actuator

The 3 DaF Delta Robat pesds 3 actuarors in order to mave the end-effector to the specific
position, The chosen acuator is 1O servo actuator because it has pond fesmires, which make it
suilable 1o be used lor our projeet, like zeeo backlash. bigh positional accuracy and high stiflness,
The RIT actuators, as shown in Figure 2,10, combining precision [Harmenic Drive gear and DC
serva motors offer unique features unsurpassed by conventionally geared drives.

18



Figure 2.10: RII mini-series DC servo Actiators,

Table 3.2:50ime technical daty abtul the ‘actuators:

Rated Oulput Power [ W 18.3
Rated Volwge [ V] 24
Rated Current [A ] 1.3
Rared Output Torque [Nm] ey
_r_{ateﬁ Cutput Speed [ rpm | 3l

 Peak Current [ A ] (4.1
Muximum Qutput Torgue [ Nm | 20

| Maximum Qulput Speed | rpm | S0
Tarque Constant [Nm/A | _ 5.76
Voltage Constant (B.EM.F.) [WVirpm ] 0.60
Inertia at Output Shaft [Kam’ ] §1.6% 107
Mechanical Time Constant [ms ] 7.4
Viscous Damping Constant |[Nm/rpm| 1.5%107t
Gear Ratio 100
Motor Rated Output | W] | 30

| Moler Rated Speed [ rpm | 3000
Armalure Resiglance [ £1] _l_'T
Armature Inductance [mll] 1.1
Elcctrical Time Constant | ms | 0.41
Starting Current] A | .43
No-Load Running Current| A | .91

0




2.4.10 Maotor’s Driver

In order to control the direction and the operation of the mator. driver is required. The L298 18
an integrated monolithic circuit as shown in Figure 2,11, It is a high voltage, high currenl dual
full-bridge driver. Two enable mputs arv provided to enable or disable the device independently
of the input signals.

Figure 2.11: 1. 298N Motor Driver Module

[ 298N Motor Driver Module has the following characteristics:
|-Operating supply veltage up 10 46V,

2-Total DC Current up to 4A.

J-Law saturation voltage.

4-Over temperature protection.

21




2.5 Mathematical modeling

2.5.1 Introduction
Delta robot consists of three closed-loap kinematic chains, each cham represent parallelopram
and it consists fixed link and twe moving links as shown in Figure 2.12.In this section. we will

study the kinematics and Dynamics ol 3 1XOF Parallel TTELTA robol,

Ball Bearing

Figure 2.12: Delta Robaor




2.5.2 Inverse Kinematics

Inverse kinematics solution used in order to find the joints space (0, , 6. 8. ). for known tusk

ipace pasition (v, » =i

The purpose of determining the inverse kinematies of this parallel robot is to accuratcly model
the angle produced at each joint al a specific location of the effector, This is advantagecus for
W main reasons; il is relatively simple to define any réasonable trajectory for the end elfector ta

travel und it can track different trajectories in & non-singular region [10,5].

Imverse Kinematic is essential for the pasition contral of parallel rabars.

It should be nnted that the parameters of the overall system are known, which inelude: the range
of the desired angles (8. , 8, 84), for the overall length of the upper link *La’ and the averall
length of the lower link “Lb™ 83 in figure 2. 13, The desired location of the task space (x, 1, z) and

the angles between the acluaters]11].

Wa begin by extracting the kinematic model in which the parameters are as follows:

- Length of one side of the cyuilateral triangle that forms the framework: 7
- Length of eng side of the equilateral triangle that forms the effector; ¢
- Lengrh from the fixed joint F1 until the spherical joint J1: La

= Length trom the spherical joint 11 until the spherical joint E1: L&

23




Fignre2.13: Equilateral triangle on the fixed platform., fixed and spherical joint in delta Robol,

The point J1 can be [ound as the intersection of two cireles, One with center in F1 and radius L

Other with center in U1 and radivs /L] — X2,

24




We should choose only one intersection, the smaller Y coordinate selution, as shown in Figure
2.4,

Figure 2.14: Twa eircles act in two pomt

25




Figure 2.15: equilateral triangle on the Task space. position of L1

Frony the Figure 2.13;

E = (xn Yo %ol

£

i =
EE, = 5 tan(30%) =

» Radius ofthe circle

i

Sanf 30%)

by |




We can get the coordinates of J1 in terms of the courdinates of € and the parameters of the robs
as [ollows,

Twor equations of two circles as shown in figure 2,14

I:.!"Jl “.5-'F'|:I € 4 ':-‘fn = Zm} “i

=R 2
(= e} 4 (e =y ) = B =42 23
L — ¥eil 1 Yer .= &p 2ok
Subtract equation (2.2) from equation (2.1) and substitute value of 2g, and 2y,
3—1;2 ERL: . _7':_,_2 -;-_L:n'f_LE s iy
Yrr — ¥y v Ll¥py — ¥Frid¥n — &y 7 &fppd@n = L 3 T an &3]
Rewrite equation (2.3) as:
aynthzy=d (2.4)
Where!
a = 2{yp — ¥r1)
h =2z
d = yi ~ yh 4 533 - G + st
Rearrange equartion (2.4);
[ Nt 1
z|". = : -IIJ f_" :H'
i= ‘.1 A
Substitute equation (2.3} in equation (2.1
2 g : [EENEN ;
Yot ¥m— 2}_;1}’171 + = ) L= o)
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Fxtract equation ( 2.6);

S

¥z + Y — LY ¥ps + 61y + (¥ + Gy — Ly=10

Where:

Rearrange equation (2.7) 1o ba:

(1+ 6.0y + (Gs = 2ys)yjn + Gy + ¥y —L3) =0

Rewrite equation (2.8) as:
Oy + @y +L =0
Where:

= rJ. = -G:[}
0 = (Gz—2)z)

L= ff;i'i' ]-"E’i, == LT;.\.]
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Solve cquation {2.9):

o T PTAHL
S 21

¥ I8 the smallest raot.
Ta find z;; substitute 3y in equation (2.5)

Now from figare 2.2 and by help of equations (2.5) and (2,10} we can [ind the first angle:

by = ot (2 /
¥y = Yyl

In arder to find 0; and @, we knaw the axis are rotate about 7-axis by 1207 and 2407

respoctively. So we can wrile the eyualions as:
T = Xpcose —yvpsing
Vi = Xpsing' 4 vicosa
I = Zn

Wherel =423} and & = {120,240} for 8, and B, respectively.
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g, = tan™1! (i
X3 =¥y

2

12,14

=41

= tant (——}
N Eg — Fray




2.5.3 Forward Kinematics

Farward kinematics or direct kinematics determines the position of the tosk space{x, v, and 2] in
the fixed trame. Given the actuators angles 8, (Joints space). where { correspond o the number

of loop {{ = 1.2,3) s shown in Figure 2.16.

Dircet Kinematic is intercst for the control of the pesition of the manipulater, bul also [or the

velocity control of the end-effector.

To calculate the direct kinematics we mowve the center of the spheres from points 11, J2 and 15 1o

the points J1'. J2'and J3" using the transition veclors E1EQ, E2ED E3EQ respectively.

— Etuﬁ;vﬁl:zﬁ l

Figure 2.16; shown the pasition of J1', J2° and J2° after transition
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After this transition, the three spheres will intersect i the point: E(x, v, 2y ) a5 shawn in Figure
p ¥ Yo S

2.7,

Figure 2.17: thiee spheres will intersect in the center of task space

To find coordinates (x,, 5, 25) of point E=ED we need ta solve three cquations like:
(x -x)*+(r-w) "+ —g) =1 -f=123

Ard (x. ¥, £) the coordinates of sphere centars J1°, 127, J3°




Figure 2.18: Lpper section shows the center of task space after transition and equilateral
lriangle.

From the Figure 2.1§;

OF1 = OF2 = OF3 = gran 30° ==L (Trom equilatersl tiangle)  (2.15)

LS

e =]3]2" =37y = %tan 30° = = (From equilalerul irangle)  (2.16)
F1/1 = La.cusd, (2.17)
F2J2 = La.cos B (2.18)

F3]3 = Lag, cos 8, (2.19)




Coordinales ol center spheres ara:

;1*=(ﬂ ”" —La.cosBy —La. 5|lﬂ'1j—f‘f Yoz )

i [rr=e ff=e '
a . o T T L e 1 T
= I{l[\r ]+ La.casf ]u ant (575 + La.cos qus.n 3a Luzin E'zlli [ o i

e r—s
o5 409 [E+L ..05911-:11130" — - \|1u4|— {ot g )

Equation of spheres:
(F—x ) y—m) e —2)* =0
(=2 e F=—m)* tle=n) =1

=)+ =y 2+ (z=2) =13

lixtract equation (2.23), (2.24) and (2.23):
byttt —yy —2mzr =1 —y f—

F2

T - 3 i
S S s =y =y — et —..u.—x-j—_'r‘f

x* + ¥y 4 22 = 2XaX — Ly —DEzz = .’.ﬁ = x_% = }"f' ——.r:-f

Let

- b
wi = xf +y7 + 7f
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{Z321)

(22

(2,29)



Subtract equation (2.27) from equation {2.26):

ler + {:L'll == }"2]:” + I:z'l S 2;}2 = {_V-‘-l — H':}."IE IE,_%‘.}J

Subtract equation (2.28) from cquation (2.26):

¥ (0 =¥y + (73 —25)z = (wy —w)/2 (231

Subtract equation (2.28) from equation (2.27);

(a =20+ —ya)y + (2= 2y)2 = (wy — W3 )il (2.32)

From cyuation (2.30) and (2.31), we can find the solution of (x and V)

X =04z + by

}':-!11::2—-.[3‘2 ry

Where:
2y = =1z — 20y = 31) = (7 — 2200y = )]

1
by = 5= 10wz = W) (g — ) = (g — wa) (g = 2]

d = (y2— 1023 — (33 — y)%;
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=, !
oy = T[[Z: — 2y )05 — (73 — Z2)2;3]

; 1
s = ﬁ [(weg = ey ditg — (g — Wy 2]

Substitute cquation (2.33) and (2.34) In equation (2.20),
(af+ad+ 1)z + 2(a. + a, (b, =y) =707 + (b + (b, = .0 % + 2] = 12)(2.35)
The smallest negative squation roat results = Zy

(xp Vo) Are calculate with sguations (2,33 and (2.24),
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2.5.4 Yelocity Kinematics

The most relevant loop should be picked up for the intended Jacobian analysis. Let 8 be the

vector made up of actuated joint variables and £ is the position vector of the moving platform as

shown in Figure 2,19 and fipare 2.20 [12].

Figure 2.19: Projection of link | on a2 plane.

£




Figure 2.20

Vi planc

Where,
: S'_‘I : &
Byr= [ﬂ;g‘ =R H (2.36)
Bay

Then the Jacohian matrix will be derived by differentiating the appwoprinte loop closure equation
and rearranging the result in the following form:






by i = Vg (@ % ;) (2.43)

Where;

cosfy] sin By cos{fy; + f2;)
a, = L, 0 |.b,=1y sin By
L&in ﬂlf £in ﬁSi fﬂS{:Hl: o HE!)

W= =8y, W, Sin; —w, cos (), {2.44)

0 vy COS Dy — by, cos B,
P B=
0 o
Rewriting the vectors of equation (2.43) in the X2 coordinate frame leads 1o,
Jix Ve + al-l"r']"}' + fipte = Ly 5iN By ST By, 5.'I.' {2.43)
Where:
Jiz = €05(By + 83 sin By; cos @, — cos fy; sin B

.rll'}' =x L'UE':_.E'[;' | Eg.:l sin '9_:“' sin E"[ —C05 '93: Cos ':h

Jix = sin{fy + 85;) sin by 2.46)

Expanding equation (2.45) for { = 1,2 and 3 vields three scalar equations which can be
asscmbled into a marrix form as:

Whare:

Jix Jiy Jiz
T = lex Juy S (2.48)

Jax Jav Juz
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]

r_q =L, a gin 8,5 sin &5,
0 0
0y
i = |y
B3
Afrer algebraic manipulations, it = posaible to write:
0= f?
Where:
ax gy Fids
88, a8, &8,
ey dx dy &=
I1'=1e'lo = 50, 36, g8,
4 gy oz
a8y a8, &8,

2.5.5 Dynamic model

sindys 5in f15

i
(2.24)

,..-.
b
L]

rd
th
i
—

Dynamics describes why and how a metion aeeurs when forces and moments are applied on
massive hadies. The motion can he considered as evolution of the position, oricntation and their

rigid bodies.

Where :

Af#): nxn is the inertia matrix of the manipulator

CLa, ) :is anx | vector of centrifuzal and Coriolis terms

GUA): is an n % | vector of pravity lerms

47

T = A0 + C{6, 0)6 — G0

time derivatives. In robetics, the dynamic equation of metien for manipulators i3 utilized 10 sel
! up the fundamental cquations for conteol, The links and arms in g robotic system are modeled wus



Wi use the ferm stale-space equation becsuse the tenm C{8,0) has hoth position and veloeity
dependence, Each element of A(0) and G () is a complex funetion that depends on #, the
position af all the joims of the manipulator. Fach element of . C(8.8) is & complex funciion of
both & and § We may separate the various types ol terms appearing in the dynamic equations
and farm the mass matrix of the manipulator, the centrifu gal and Coriolis veetor, and the gravity
vector [§] .

1551 VIRTUAL WORK PRINCIPLE

Virtual work on a system is the work resulting from cither virtual forees scting through a real
displacement or real lorces acting through o virtual displacement. The term displacement may
refer 10 4 translation or to @ rotation and the term force to a foree or a mament, The principle
does not refer to any geometric or inertial parameters and may therefore be eonsidered 25 a
lundamental connection between dynamics and kinematics |&].

Since any generalized forees svstem can be used, (he equality of the virtual works associated to
the two coordinaies systems of interest in roboties vields:

.50 =1. 8%, (2.33)

Where :
71 s the foreefiorque veetor correspanding to joint space virmual displacement
d8: is the force acting un the traveling plate correspond ing 1o the virtual displacement

a%n s the virtual displacement in Cartesian space.
TH: istorque acting on the traveling plate sorresponding o the virtual displacement

The relationship between joint velocity and Cartesian velocity

=]t (2.54)

Jacobian matrix can be used Lo transform the foree/torques acting in Cartesinn spave i joint

speceas T = 71,/ which is equal tot = 5, fF




2552 CALCULATION OF DYNAMIC MODEL BASED ON VIR TUAL WORK
PRINCIPLFE

Twao kinds of forces are acting on (ke rraveling plate. The gravily force 67 and the nertial

Fn. These two is given by:

Gp =My (0 0 —g)T

"L'-‘! = m"..!'}l';'h'.
X, = /8 +j8
Where

mat | toetal contribution mass of traveling plaie
Xt the relationship between the Cartesian acceleration and the acceleration in joint space

force

| ]
=0
[
dat

The contribution of these two forces in Joint space, can then ke caleulutad with the transpose of

the Jacobian marris as described in gection 2.5,1

Tn =B = P, X,

ton =70, = [T, (0 0 —-a)"

]

Where ;

16D The torque produced by the pravitational force ol sach Upper arm
76 : the torque th produced from the inertinl force acting on each upper arm
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The gravitational conwribution van be saleulated us the foree that is ueting perpendicular to the
upper arm through the mass cenire point as shown in Figure 2,21

Figure 2.21; gravitational torce acting on the upper arm of a Delta-3 rabot,

This gives

Ty = Toplin(cos @, costy cosB.)7 (2.60)
Tﬂ = rl.lg 'f:.-ﬁl,'

lyy O 0
lrll_a = I g !EI'.E 0 I r:".ﬁ:'

where :
Gh: is the gravitational force acting on the mass centre point of cach upper arm
[B: ts the insrtia matrix ol the arms in joinl space

According to d*Alembert's principle the contribution ol all fhe inerlial forees must equal the
contribution of all the nen-inertial forees| 13,147, this applicd at the joint level leads 1o

T+ T Tpp = Tp + LE {:'ﬁ-"rl

Thig gives

| Jeer {."ru 1" ﬂl:,rj].;_}[‘j— 2 Urmnrﬂi)g = ':_Tr.'-.q - i Tt;;_.-j fi.ﬁ-—”




2.6 Cantrol System Design

2.0.1 Controller Techniques

Cantrol is the science of desired motion, [t relates the dynamics and kinematics of a
robotf to a prescribed motion, [t includes best solving te determine torgue so that the
system will behave ideally.

The inverse kinematies of & parallel manipulator determine the desired angle of cach
actuared joint given the position of the end clfeet of 2 robot, Replacement of the joint
kinematics in the equations of metion provides the actuator commands.

2.6.2Control Technigue

In feedback linearization technigue, we define 4 eontrol law to ohtain a linear
differential equation for the error commund. and then vse the linear control desizn
rechniques. The feedback lincarization technigue can be applied to  robols
successfully: however, it dees nol puarantee rohustness aceording o parnmeler
uncartainty or disturhances. This technique is a model-based control method.[16]

A robel is a mechanism with an actuator a1 cach joint (i) to apply a force or tarque to
derive the link (i). T'he robor is instrumented with positionsensors (o measure the Jaint
variables kinematics. The measured values are usually kinematics information of the

frame f, . show Figure 2 8.attached to the link{i). Proporticnal to the frame B or
B .o cause euch joint of the robot to follow a desired motion. we must supply the

required forque command.

The robot arm dvnamics are
T =Migy ' Clg.g) ~G(g)(2.65)

Where ¢ is the vector of joint variables, and T is the torgues applied at joints and
M (g )is the inertia matrix, C(g,g }the Cariolis ar centripelal vector, and (rig)the

Oravicy veCLor.
Lat

Nig.g) =Cla.q) Gig) (2.66)

g5




We can re-write Eq. 2.05t00:

L =Mighi — Nig.d)2.67)

This is an apen-loop control algorithm, hat the control commands are caleulated
based on a known desired path and the equations of motion. Then, the contral
commands are fed to the system to generate the desired path, however, there is no
mechanism 1o cempensate any passible error.

Therefore, it is important W be able w find the desired joint space trajectory given the
desired g, . This is accomplished using the inverse kinematics. Supposc that a desired
g has heen selected for the arm motion. To ensure tajectory tracking by the joint

variable. define an output or teacking errore as:

To show the influence ol the input on the tracking error, differentiate the crror ¢ as,
& = ¢, -q (2.69)
& =g, -q (2.70)
Solve forg  inkg.2.65:
g =M (N =7) (2.71)
Now substitute 2.71 into 2.70:
& = g, - M N =1} (277

The contee! input:

g =u(2.78)




Detine astate x(1) by

e
xlfi=| .

5

(2.79]

Write the wacking error dynamics as:

o Iile 0
= ]_— 1 (2.80)
|.‘“ {]_.- & Jr i

It is driven by the control inpul w (1), Notice that this deviation is @ particular instanuve
of the peneral fesdhack linearization procedure. The feedback lincarization
transformation may be reversed o give:

T =M —u)+ N 2.8

We call this the computed-torque cantral Jaw, Substituting Bq. 2.8] into Eg2.66 yvields

Mgy - Nigg)=M{g —u)+ N (2.82)
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Figure 2.22: Compuled-torque control svstem

The resulling control system appears in Fugure 2,22, It is important Lo note that it

consists of an inner nanlinear leop plus an puter control signal u (t). Since u (L will

depend on 4 and 2 Lhe outer loop will be a [eedback I;.\u{‘.-p

2.,6.3 D Outer-Loop Designs

COne way 1o select the auxiliary control sivnal uft) is as the proportivmal-pius-

derivalive (PD) feedhack

U =K,e -K ¢ (283)

Lhen the cverall robot arm input becomes

T =Mig g, tde+k el t Nig.gi2.84)
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Figure 2.23: Block diagram of computed torgue control.

2.6.4 Simulation

This section contains the simulation results for different parts such as rohot
kinematics. robot dynamics asShown in Tigure 3.3.A Simulink hlock is cresied where
the data from MatlabSimulink is imported into the genecation black in the Simulink
model. The output from this block, the desired arm angles are not recaleulated this is
achieved with an implemented farward kinemarie block and inverse kinematic block,
which takes the thres end-cffecter dirsction components x, v und 7 as input and gives
out the three upper 2rm aneles.

In figure 3.3.the inverse kinematics is used to transform the position (x.v,z) mto
desired angle for the three arms that are forwarded into respectively della robat
dynamic every Lime cyele. The delts rubot dyramic everv also retums an actual value
afthe three arm angles every time evele. These returned angle values are only used 1o
caleulnte how big the tracking ertor is. The forward kinematics is also used to
caleulate the initial position so the mation from the initial position to the starl positinn
of the motion can be caleulated. Then during each time cvele the tracking crror is

=

caleulated with help of the farward kinematics.
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Figure 2.24: explain the part of the Simulink

2.6.5 Simuolation Results

We simufated the PD compured-torque controller for a delta robot  arm. Firse, the
tracking error <) and its derivative are computed. Then Mig yand Nz 4

are computed. Shown figure2.25.1n is dynamic that the differencehetween the desired
angles ¢, and the angles ¢ be as small a5 possible by tuming K, K .asshowing

figure 3.4 in order for the end elfecter error to be minimized (o reach zero shows
gure2.25 ,

—=_ Impn
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1EHN ] q Sutpnr
I
el
.I
|
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Timea (g}

{a)
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Time ()
Figure 2.26: Tracking error e(t) (red).

The angular speed in rad per scoonds for the three upper robot arms whicli are linked
to the three motors at the based plate, show Figure 2.27,
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31}
]
]

Time {5}
Figure 2.27: represent three angular velocity with PD contralles
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The camponent's position of (x, Y. z}. The line represents the measured actual valye in
the -Simulink model 8. The units at the v-axis are m and the X-axis Units are in
seconds as show figure 228,
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Figure 2.28: the position(0.6,0.0.1 ) of the end effect after applied PL) controller




Chapter Four

Conclusion and Future work

4.1 Conclusion

4.2 Future work




4.1 Conclusion

The purpose of this project was to build and control 3DOF parallel DELTA
robot structure. A summary of differences between serial and paralle] robot structure
niroduced the background of robotics, while the literature review provided a detailed
account of the beginning of robotics

The 3INDOF paralle] DELTA robot was built in the real life. and TRACKER
controller was used 1o control of the DEL I'A rohot, After MENY experiments on the
robot by moving it in three coordinates {x, ¥ and z) Lhe results was showed that (he

robot move in aceurate mannes.

And it can be follow the cntered commands from the user. All of these was in
Joint space Iewvel,

Finally, the proposed mode! in this prajcet will open the road to master students who
wish to continue their graduate study in the fizld of paralle] robets.

4.2 Future work

The work was in joint space level, but we can alse work in task space level, by
using accelerometer for examuple,

also modify the user interface to be by android 08, We will put suction air valve
on the end-efTector in order to make the rabat perform specific work.
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