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Abstract

Parallel manipulators have some special properties in comparison to serial robots,
making them increasingly appealing in industrial applications as technology ad-
vances. such as: more rigid structure, high orientation accuracy, better control on
the limits of velocities and accelerations, good positioning accuracy, high payload-
to-weight-ratio and low inertia of moving parts. On the other hand, parallel
robots are nonlinear multi-input multi-output (MIMO) systems whose dynamics
are governed by a highly nonlinear coupled, time-varying system with many
uncertainties such as load variation, friction and external disturbances, making
robot control more difficult and necessitating a robust control system.

This thesis provides passivity-based control as one of the strategies for designing
robust controllers for a 3-DOF Delta Robot trajectory tracking. Passivity is a
fundamental attribute of many physical systems that may be nearly characterized
in terms of energy dissipation and transformation and its intrinsic input output
property quantifies and defines a system’s energy balance when external inputs
imitate to produce some outputs. Furthermore, it is a method of operating a
system with the goal of making the closed loop system passive. The 3-D model of
a 3-DOF Delta robot is designed in 3D-CAD (Solidworks). Hence, this modeling
environment enables to introduce real but not approximated parameters of the
robot and eased computation of large matrixes. Dynamical model with all the
kinematic constraints for a robot will simply be found by exporting a 3D-CAD
model of the robot to Simscape Multibody.

The kinematics, dynamics and singularity analysis of the 3-DOF Delta robot has
been carried out, a passivity based controller has been designed and its perfor-
mance is tested by tracking a circular trajectory centered at (15,15,Z) on X-Y plane
with 160mm radius. The simulation result shows that the steady state tracking is
reached in about 3 seconds for a circular trajectory and X & Y rms error of 2.88mm.




ii

The robustness of the designed controller is illustrated mathematically and the
simulation is carried out on MATLAB, and it shows that the controller is robust to
external disturbances.

Keywords— Passivity Based Control (PBC), 3D CAD (solidworks) model of Delta Robot,
3-DOF Delta Robot, MATLAB/Simulink
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Introduction

1.1 Background

The design of intelligent, autonomous machines to perform tasks that are dull, repetitive,
hazardous, or that require skill, strength, or dexterity beyond the capability of humans
is the ultimate goal of robotics research. Undersea, space, and planetary exploration,
manufacturing, excavation, toxic waste remediation, construction and robotic assisted
surgery are all examples of such tasks [1].

From children’s toys to guided missiles, the name "robot" has been applied to a wide range
of mechanical devices. One of the most important criteria for classifying robots is the
manipulator arm [1]. There are essentially two types of robot manipulators, serial and
parallel. Serial manipulators are made up of a succession of interconnected links that
form a kinematic chain and each joint of the kinematic chain is usually actuated. An open
chained mechanism is the name given for this type of structure. Parallel manipulators,
on the other hand, are made up of multiple kinematic chains that are linked in a parallel
fashion. The kinematic chains operate together to move the end-effector, which is a
common point and usually consists of manipulator that performs a certain task [1-6].

Day by day, the parallel manipulator’s uses in numerous fields become more evident and
it is increasingly being used in precise manufacturing, medical science, and commercial
applications by orienting the manipulator in space at a high speed with the required
accuracy [2-4, 7]. Even though conventional serial manipulators have a large workspace
and dexterous movement, parallel manipulators have recently become very popular. The
primary issue with serial ones is that their cantilever structure makes them prone to
bending under high load and vibration at high speeds, resulting in a lack of precision and
a slew of additional issues. [2, 4-7].

Parallel kinematic manipulators provide numerous advantages over their serial counter-
parts for certain applications. Among the advantages are greater load bearing capacities
hence total load can be shared by number of parallel links connected to fixed base, low
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inertia, higher structural stiffness, reduced sensitivity to certain errors, easy controlling
and built-in redundancy but smaller and less dexterous workspace due to link interference,
physical constraints of universal and spherical joints and range of motion of actuators and
suffer from platform singularities. The fully parallel designs of robots have all actuators in
or near the base, which results in a very low inertia of the part of the robot that has actually
to be moved. Hence, a higher bandwidth can be achieved with the same actuation power.
The high-speed motion under a high load, good position accuracy and light construction
make the parallel robots very good solution in many applications such as laser cutting,
flight simulation, pick and place operations, assembly and many others. [2, 5, 6].

Because of the closed kinematic loops, the kinematic equations for a parallel kinematic
mechanism are far more complicated than for a serial (open) kinematic structure. Parallel
manipulators are also known as closed loop manipulators. In order to develop high-
performance robots, models will indeed be essential for simulation and performance
prediction, as well as for model-based compensation in the control system to attain ad-
vanced performance. Any mechanical systems composed of conventional joints, traditional
parallel manipulators suffer from errors due to backlash, hysteresis, and manufacturing
errors in the joints. In contrast to serial manipulators, un-actuated or passive joints
might be present. The inclusion of passive joints and multi-DOF joints distinguishes the
kinematic analysis from that of serial manipulators. Direct kinematics is much harder and
involves elimination of passive joint variables in parallel kinematics. Because of many
parallel links and closed loop architecture, parallel robots are intrinsically more accurate
than serial robots because their errors are averaged rather than added cumulatively [6].

(a)
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(c)

Figure 1.1: (a) shows a SCARA-type serial-architecture Robot (www.mecademic.com)
(b ) Stewart platform /Parallel Robot (c) Flex Picker Robotics Parallel Delta Robot
(www.abb.com)

Among parallel kinematic Machines, the simplest and sophisticated parallel robot which
is capable of moving in 3D space with superior speed and invented in the early 1980s
by Clavel, is the so-called Delta Parallel Robot [8, 9]. The Delta robot is one of the most
common parallel robot manipulators, which is comprised of three parts: a fixed plat-
form, a moving platform and some identical and symmetrical parallel links. Each parallel
link includes upper link and lower link. When the upper links are actuated by motors,
which attached to the fixed platform and apart at 120°, the moving platform produces
three translational motions because the parallelogram-based lower links maintain the
orientations of the moving platform [10]. Optionally by introducing fourth inner leg
at the end-effector platform, about the axis perpendicular to the platform, the degree
of freedom of Delta robot can be extended to four, 3-dof for XYZ translation plus a
fourth control angle rotational freedom at the end-effector platform. Based on the joint
which driven the input, the delta robot can be categorized into Revolute-Input Delta
Robot and Prismatic-Input Delta Robot [11]. In this thesis, Revolute-Input Delta Robot
which has three DOF is used to demonstrate passivity based control for trajectory tracking.

The Delta parallel Robot was designed to operate light and small objects at a rapid speed,
which has sparked interest in sorting and collating, pick-and-place applications, and even
in the machine-tool sector due to enhanced stiffness. Industries that take advantage of
the high speed of delta robots are the packaging industry, medical and pharmaceutical
industry. For its stiffness it is also used for surgery and other applications include high
precision assembly operations in a clean room for electronic components. The structure of

Section
1.1
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a delta robot can also be used to create haptic controllers. More recently, the technology
has been adapted to 3D printers as well [8-11].

In recent decades, many results have been reported about dealing with control problems
from the perspective of energy transformation, for which passivity-based control have
been widely adopted [12]. The term passivity based control (PBC) was coined in 1989 in
the context of adaptive control of robot manipulators to describe a controller methodology
with the goal of making the closed loop system passive. The robot dynamics describe
a passive map from input torque to output link velocities, thus this goal appeared very
natural in this setting. As a matter of fact, passivity property is inherent to many other
physical systems such as electrical and electromechanical [13, 14].

Passivity is one of the most fundamental properties of robotic or any mechanical systems.
This passivity property, hold both for linear and nonlinear mechanical systems, has been
a crucial tool for robot control, as it allows control designers to exploit the nonlinear
dynamics of robotic systems, instead of attempting to completely cancel out and replace
it by linear dynamics (e.g., computed torque control, feedback linearization. This then
necessarily results in improved robustness of the controller. Furthermore, with its storage
function often serving as a basis for Lyapunov function construction, this passivity prop-
erty has also been instrumental to enforce stability of the closed-loop system in a robust
manner, either when the robot is operating alone or interacting with exogenous objects
and environments. Many important topics in robotics have been benefited substantially
from this passivity-based control framework, including manipulator motion control, inter-
action control, underactuated robots, flexible manipulators, robot hand, biped walking,
teleoperation, and even aerial robots [12-17].
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1.2 Problem Statement

The applications of robot manipulators have increased considerably in several manufac-
turing tasks such as assembly, drilling, painting, and welding to mention a few. These
tasks require modelling of the robot dynamics, trajectory planning and generation, and
control strategies design and implementation. On the other hand, the dynamics of robot
manipulators are usually affected by disturbances, including payload variation, the effects
of friction in the joints, external forces, etc. If these disturbances are not compensated, the
performance of the robot manipulator is severely affected and may lead to instability [18].

Though the dynamics of a robot manipulator is governed by highly nonlinear coupled,
time-varying system with many uncertainties such as load variation, friction and external
disturbances. With the advancement of technology, the parallel robot has become more ap-
pealing in industrial applications where high precision motion, high speed, high-accuracy
and high-acceleration are need [10]. Thus, the design and development of robust control
for such complex dynamics has received particular attention in the last decades. On the
other hand, Passivity based controller is used for achieving stability of nonlinear systems
by making the system passive, because passive systems are by nature asymptotically stable
systems. It produces no unduly big control effort and has inherent robustness against
plant uncertainty and disturbance since it heavily exploits system properties.

In this thesis one of the most successful industrial parallel robot, a three degree freedom
of Delta Robot is considered. The 3-DOF Delta Robot is a nonlinear, multivariable and
coupled system. Parameters of the system such as gravitational load vary from task to
task, and may not be precisely known in advance. The system may also be subjected to
uncertain nonlinearities such as external disturbances, link flexibility and joint friction.
For the inherent mechanical structural constraints of delta robots, they would make the
motion control more complex than serial manipulators. A delta robot control system is a
highly coupling system and easy to induce position errors or chatter due to the effects of
other attached limbs.

Section
1.2
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1.3 Objective

1.3.1 General Objective

The general objective of this thesis is to design a Passivity Based Control(PBC) system for
trajectory tracking of 3-DOF Delta Robot.

1.3.2 Specific Objectives

The specific objectives of the thesis are:
« Formulating the kinematics equations of the Delta Robot
+ Building the 3-DOF Delta Robot 3D model using computer aided design (CAD)
« To derive the dynamics equations of the delta three robot

« Establish passivity-based controller for 3-DOF revolute delta robot to track the
intended trajectory

+ Demonstrate the performances of the system using MATLAB/Simulink



Contribution of the Thesis

1.4 Contribution of the Thesis

One of the major considerations of control system design is achieving the control goal
with minimized control effort and this thesis contribute the application of passivity based
control to a three degree of freedom Delta Robot. By nature, passive systems are asymptot-
ically stable systems and Passivity based controller strongly exploits the system properties.
Therefore, it does not produce unduly large control effort and has inherent robustness
against plant uncertainty and disturbance.

The other contribution of the thesis is the development of the 3D model of 3 DOF Delta
Robot in CAD(Solidworks). This modeling environment enables to introduce real parame-
ters of ABB Flex Picker IRB 360- 1/1600 commercial Delta Robot which can also be used
for further researches. On top of this, the kinematics problem of the 3DOF Delta Robot is
clearly formulated in detail using geometrical approach in this thesis. Thus, one can be
clear on kinematics analysis of any robotic system.

Section
1.4
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1.5 Methodology

The following methodologies have been used for the accomplishment of this thesis:

Mathematical modeling: The first stage in mathematical modeling is formulating
the kinematics of 3-DoF Delta robot. Specifically, the kinematics used here is the
inverse kinematics which gives the determining joint variables values required
to achieve the desired position and orientation for the end-effector. Secondly, the
derivation of the Jacobian matrix performed. This matrix used for finding the robot
dynamic parameters as well as for singularity analysis. Thirdly, the dynamics of
the three-DoF Delta robot has been studied.

CAD designing of 3-DOF Delta robot model: SolidWorks 2019 has been chosen as
3D-CAD modeling program to effectively meet the requirement of a 3-DOF Delta
robot system

Controller design: passivity-based controller has been designed for the three degree
of freedom Delta robot.

Simulation: MATLAB R2019b version simulation tools has been utilized for proper
CAD transformation of rigid bodies with their constraints to be maintained in
MATLAB Simulink’s simulation environment.

Controller testing; The passivity-based controller has been tested on the imported
Cad model of three-dof Delta robot while tracking the circular path trajectory.
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The below flow chart shows the overall methodology for passivity-based control of 3DOF
Delta robot for trajectory tracking.

General overview
of the kinematics

Analysis of the Inverse
kinematics, Jacobean matrix
and determination of dynamic

Design 3D model

parameters
of Delta Robot
on CAD &
import the model J
to Simscape
Multibody 4

Integration of the system and over all
platform dynamic analysis

;

Lyapunov function Energy
determination shaping and
damping

Jl injection

NO

Figure 1.2: Flow chart of passivity-based control of 3DOF Delta robot for trajectory

tracking
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Chapter 1 Introduction

1.6 Outline of the Thesis

This paper is organized in five chapters. The background about 3-DOF Delta Robot
and Passivity based controller, objective of the thesis and its contribution, methodology
and reviewed literatures has been covered under chapter one. Chapter two introduce
the modeling of a 3-DOF Delta Robot; the modeling includes both forward and inverse
kinematic and dynamic aspects. Chapter three addresses the design control scheme,
Passivity Based Controller (PBC). Stability analysis of the closed-loop system and the
robustness of the designed controller has been covered as well. Chapter four presents the
3D-CAD modeling, PBC control simulation setup, simulation result and discussion. At
last, the conclusion, recommendation and Future work of the thesis presented in chapter
five.

10



2 Literature Review and Theoret-
ical Background of Delta Robot

2.1 Literature Review

Parallel robots are more and more promising in the solution of recent application problems
of robotics technology. Parallel robot applications own several outstanding features which
make them more preferable than the use of serial robots. One of the most popular parallel
machine is the Delta robot, which consists of a three (or four) degrees of freedom (DOF)
parallel arms and a moving platform which is performing a moving sequence in terms of
the actuators attached to a fixed base. The Delta robot originally invented by Clavel in
1988. It was designed to be used in industries such as electronics, food, and pharmaceutical
that demand a high level of hygiene and consistent product standards. The Delta robot
constitutes technological innovation in the robot industry and has attracted much research
interest since it was brought to the industry for pic and place operations. The straight-
forward explanation for this is that the robot offers a very high accelerations compared
to standard serial robots because of the light weight of the moving parts. Furthermore,
the robot’s closed link structure allows the actuators to be fixed on the base unlike the
traditional serial robots, which is usually actuated at each joint along the serial linkage.
For a serial robot, each axis has to drive not solely the weight of the driven link but also
the load of the actuator for the following links. This results in moving heavy masses and
a low dynamic motion response especially on a big machine. On top of this, the force
(moment) characteristics of the parallel robots are better than those for serial ones. This is
due to the parallel actions of arms. For example, the static force acting on a serial arm can
be distributed to three forces in parallel robot cases giving less deformation and providing
more accuracy. The links of the parallel robot do not need to carry the load of actuators
so the parallel links can be built as lightweight structures. Therefore, the Delta robot
provides multiple advantages when compared with serial robots; easy construction, higher
stiffness of the structure, higher speed operation and better load to weight ratios [4, 11,
14, 19].

Several designs of Delta robot are available in the literatures, from translational/rotational
Delta robots to topological variations of the robot design. On the other hand, day after

11
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day with the development of technologies, the parallel robot became more attractive in
industrial, tough the dynamics of a robot manipulator is governed by highly nonlinear
coupled, time-varying system with many uncertainties. Thus, many scholars have been
implementing different control strategies to get better performance and some are pre-
sented below. This thesis addresses the problem with passivity based control strategy.

Paper [10] proposes neural network based dynamic trajectory tracking of Delta parallel
robot. The author develops both forward and inverse kinematics using geometric method
and built a simplified dynamic model by using virtual work principle. As a result, com-
puted torque method-based controller is obtained. The author mentioned that the major
impediment to development the work was the high coupling and nonlinear properties
of the dynamics model. In order to compensate errors caused by the uncertainties of the
model’s parameters, Neural Network based controller is proposed and executed by the
joint simulation of Adams and MATLAB. So as the computed torque method-based con-
troller. According to the work the results show that the performance of Neural-Network
based controller is quite effective in comparison to the Computed-Torque method.

[15] claims due to some desired properties such as low cost, reliability, ruggedness, and
high output torque, the induction motor has been used as actuator for the position control
of each joint of the SCARA robot. However, this generates complex nonlinearities that
make it difficult to control. In order to adders this problem [15] proposes a PI? and a
fractional-order passivity-based adaptive controller for trajectory tracking of the SCARA
robot. The suggested control consists of a PI? and a fractional-order passivity-based
adaptive controller, based on the Caputo-Fabrizio and Atangana-Baleanu derivatives,
respectively. [15] uses the Euler-Lagrange formalism technique to develop the fractional-
order dynamic model of the robot manipulator, as well as to obtain the model of the
induction motors which are the actuators that drive their joints. The effectiveness and
robustness of the suggested control approach were shown through simulation results. The
suggested fractional-order control approach is contrasted to its integer-order counterpart,
composed of the PI controller and the conventional passivity based adaptive controller,
in order to emphasize the performance superiority and efficacy of the proposed control
strategy.

The work presented in [18] developed an adaptive robust iterative learning control in
order to solve the trajectory tracking problem of a parallel Delta robot performing repet-
itive tasks and subjected to external disturbances. The proposed control scheme in-
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cludes an adaptive proportional-derivative controller to rump up the convergence rate, a
proportional-derivative-type iterative learning control to improve the tracking perfor-
mances through the repetitive trajectory as well as a robust term to compensate for both
repetitive and nonrepetitive disturbances. The author made of an assumption of alignment
condition instead of the classical assumption of resetting conditions. The disadvantage
of using controller which works under the resetting condition is that, the external dis-
turbances were assumed to be repetitive over a finite time interval, which is not always
the case in practical. The other advantage of the proposed controller compared to some
control strategy like PD control, PD plus feedforward control and PD plus sliding mode
control, it can learn from repetitive operation and improve tracking performance. The
asymptotic convergence of the proposed control [18] is proved using Lyapunov analysis
and according to the simulation result the tracking error decreases through the iterations.
To demonstrate the efficiency of the suggested control approach, simulations and experi-
ments are carried out on a Delta robot.

A self-learning interval type-2 fuzzy neural network (SLIT2FNN) control technique for the
Delta robot’s trajectory tracking problem is presented in [20]. The controller has a parallel
structure, that combines an interval type-2 fuzzy neural network (IT2FNN) controller
and a traditional proportional-derivative (PD) controller. [20] use the PD controller to
compensate the transient performance, and use the IT2FNN to learn the dynamic charac-
teristics of the system. The work presented in [20] used a trapezoidal interval type-2 fuzzy
membership functions (IT2MF) arrangement, thus it enables the adaptation laws to have
an analytical form. A learning algorithm based on sliding mode control (SMC) theory is
proposed for the parameter training of the IT2FNN system. The control algorithm learns
from the feedback error online and tunes the parameters of the IT2FNN, and will become
the main source of the control signal after several learning iterations. The benefit of the
proposed control is unlike model-based control, it has no requirement of prior information
and constraint conditions from the robot plant. Lyapunov stability method is employed
to prove asymptotic stability of the proposed approach. [20] validate the proposed con-
troller on trajectory tracking problem of delta robot. Simulation results illustrate that the
proposed SLIT2FNN control approach produces higher trajectory tracking accuracy and
more robust to uncertainties as compared to its counterparts.

The work presented in [21] concerns the application of the Hoo robust control law to the
three degrees of freedom direct drive Delta parallel robot. In this thesis the state space dy-
namic model was developed first and then its linearization around an operating point was

Section
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carried out. Hoo controller is synthesized based on the linear model. In order to simulate
the kinematics and the dynamics of the robot and to validate the control results of the me-
chanical model, a Simmechanics1 multibody has been developed. The presenter considers
the feed forward pre-computed torque to improve the tracking performances and increase
the movement dynamics. Two high speeds pick and place trajectories have been tested and
robustness analysis through methodical simulation results are presented and commented.
According to the paper the results for the semi-elliptic trajectory are very satisfactory and
meet the requirements of the specifications even for a high cadence of 3 Hz. According to
the presenter the point to point rectangular trajectory is not recommended, since the high
accelerations of the trajectory and the important torques lead to the saturation of actuators.

The above mentioned works are only a few , many scholars have been implemented
different control strategies to improve the performance hence, the 3-DOF Delta robot is a
nonlinear, multivariable, coupled system and parameters of the system such as gravita-
tional load vary from task to task and may also be subjected to uncertain nonlinearities.
On the other hand, researchers evaluate the performance of their controllers on different
schematics of Delta robot. Thus, several designs of Delta robot are available in the litera-
tures ranging from translational/rotational Delta robots to topological variations of the
robot design. This thesis addresses the control difficulty of the 3-DOF revolute type Delta
robot with passivity based control strategy. Most of the controller provide a control effort
that compensates the effect of the error. But in PBC case, by nature passive systems are
asymptotically stable systems and Passivity based controller strongly exploits the system
properties and quantify and qualify or define system energy balance when external inputs
imitate to produce some outputs, it is possible to reduce the error from occurring in the
first place rather than compensation. Therefore, this control schema does not produce
unnecessarily large control effort and has inherent robustness against plant uncertainty
and disturbance.
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2.2 Schematics of Delta Robot

The Delta robot is one of the most common parallel robot manipulators [10], it consists
of three parts: a fixed platform, a moving platform and some identical and symmetrical
parallel links. Each parallel link includes upper link and lower link. When the upper
links are actuated by motors, which attached to the fixed platform and apart at 120°, the
moving platform produces three translational motions because the parallelogram-based
lower links maintain the orientations of the moving platform. Thus, the Delta Robot
has 3-degrees-of-freedom (dof) (4" optional), 3-DOF for XYZ translation, plus a fourth
inner leg to control angle rotational freedom at the end-effector platform about the axis
perpendicular to the platform [11, 22]

—» Fixed platform

Upper Leg

— Inner Leg(optional)

—» Lower Leg

» Movwving Platform

Figure 2.1: A 4 DOF ABB Flex Picker Delta Robot Structure (www.abb.com)
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Fixed platform

Driving arm

Driving motor

Driven arm

Moving platform

Figure 2.2: The structure of the 3DOF Delta Robot [22]

Based on the joint which driven the input, [11] categorize the Delta Robot into Revolute-
Input Delta Robot and Prismatic-Input Delta Robot.

2.2.1 Revolute Input Delta Robot

As shown Fig [2.3], the 3-dof Delta Robot is composed of three identical RUU legs in
parallel between the top fixed base and the bottom moving end-effector platform. The top
revolute joints are actuated via base-fixed rotational actuators. Their control variables
are 0;,i = 1,2,3 about the axes shown. In this model §; are measured with the right
hand, with zero angles defined as when the actuated link is in the horizontal plane. The
parallelogram 4-bar mechanisms of the three lower links ensure the translation-only
motion. The universal (U) joints are implemented using three non-collocated revolute (R)
joints (two parallel and one perpendicular, six places).

Figure 2.3: Revolute Input Delta Parallel Robot Diagram [elmomc.com/capabilities]
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2.2.2 Prismatic Input Delta Robot

The Prismatic-Input Delta Robot is fundamentally similar to the original Revolute-Input
Delta Robot. The major difference is that the three inputs now are driven by three linear-
sliding prismatic joints instead of three revolute joints. This design change simplifies the
kinematics equations and the inverse position kinematics and forward position kinematics
equations and solutions significantly, because the three prismatic inputs are aligned with
the B frame Z axis, and there are neither sines nor cosines required as in the revolute-input
case.

Figure 2.4: Prismatic-Input Delta Robots[deltamaker.com]

As shown below, the 3-dof prismatic-input Delta Robot is composed of three identical PUU
legs in parallel between the top fixed base and the bottom moving end-effector platform.
The control variables are L;, i = 1, 2,3 The three-dof Delta Robot is again capable of XYZ
translational control of its moving platform within its workspace.

A V)
T 1

¥
“y o

Figure 2.5: Prismatic Input Delta Robots [deltamaker.com]
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2.3 Kinematics of Delta Robot

Kinematics aims to provide a description of the spatial position of bodies or systems of
material particles, the rate at which the particles are moving (velocity), and the rate at
which their velocity is changing (acceleration) disregarding the causative forces. Basically,
the kinematics for an industrial Robot can be distributed into three different problem
formulations, Forward Kinematics, Inverse Kinematics and the Velocity Kinematics.

The forward kinematics problem is to determine the position and orientation of the end-
effector, given the values for the joint variables of the robot. The joint variables are the
angles between the links in the case of revolute or rotational joints, and the link extension
in the case of prismatic or sliding joints. contrasted with this, inverse kinematics problem
concerned with determining values for the joint variables that achieve a desired position
and orientation for the end-effector of the robot [23]. In case of the 3-dof Delta Robot the
joint variables are 6, , 6, and 65 and the desired position of the moving platform is given
by the Cartesian X,Y,Z as shown in the following figure.

- \n
| .

o
{1 4
.'-..’::.'L <

Figure 2.6: Delta Parallel Robot Diagram [elmomc.com/capabilities]
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2.3.1 Inverse Kinematics of Delta Robot

The 3-dof Delta Robot inverse position kinematics (IPK) problem is stated: Given the
Cartesian position of the moving platform E, with coordinates (X, Yo, Zy ) , calculate the
three required actuated revolute joint angles 0y, 65, 6.

E-_: [xl_-'+ yl_l; z ,‘-:I

Figure 2.7: The joint angle and end-effector orientation of the Delta Robot [24]

The kinematics of Delta robot can be done either geometrically/trigonometrically or ana-
lytically [11]. However, the kinematics solution of the model will be now accomplished
geometrically.

First, let’s look at the kinematic scheme of delta robot. Basically, the 3-dof Delta Robot (See
Fig 2.8) is comprised of a stationary upper platform (1) with three drives fixed in it, and a
smaller lower platform (5). Platforms are equilateral-triangle shaped and are joint with
three pairs of upper arms (3) and parallel arms (4). Arms (4) form three parallelograms
which maintain fixed orientation of the lower and upper platform. Presupposing that
the lower platform restricts the robot’s workspace, the upper platform remains parallel
in relation to the workspace. Arms (4) are fixed in pairs with upper arms (3), which are
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moved by drives (2) and transfer movement of the tool in a Cartesian coordinate system
of the workspace (6). The reference frame will be chosen with the origin at the center of

symmetry of the fixed triangle, so z-coordinate of the end effector will always be negative
[25].

6
6,
' 2
I A
{4
‘ \
o
3 |
|
\
A ~f
v Eaf
o -

Le] "
Ey(Xy % ,2)

Figure 2.8: Kinematics model of the Delta robot: (1) Fixed platform, (2) drives, (3) the
upper arm, (4) lower arms 5) moving platform, and (6) the coordinate system
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Robots’ arms’ (3) circular motion, expressed by (81, 8,, 85) angles, leads to the movement of
the tool fixed to the lower platform by (x, y, z) in the coordinate system of the workspace.
Range of movement motivated by the motion of the arms is strictly associated with the
geometrical dimensions of the construction expressed by re, rf, f and e parameters, which
denote the following:

rf- length of the upper Leg,

re- distance between the upper arm and the lower platform,
f- length of the upper platform’s side,

e- length of the lower platform’s side

Stand on the delta robot configuration structure (refer Fig. 2.9) joint F; J; can only rotate
in YZ plane, forming circle with center in point F; and radius r¢. On the contrary E;
is universal joint. As a result, E;J; can rotate freely relatively to E; , forming sphere
with center in point E; and radius r.. The inverse kinematics problem is found at the
intersection of this circle and sphere and overall, there are four possible cases [26]:

« Generic solution: the circle penetrates the sphere, resulting in two solutions.
« Singular solution: the circle is tangent to the sphere, resulting in one solution.

« Singular solution: the circle lies on the sphere, producing an infinite number of
solutions. This is unlikely since it requires the moving and stationary platforms to
occupy the same plane simultaneously.

 No real solution: The circle and the sphere may not intersect at all.
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Figure 2.9: Intersection of sphere and circle from the projected lower leg and upper leg
[24]

Intersection of this sphere and YZ plane is a circle with center in point E; and radius
E/1 Ji, where E’1 is the projection of the point E; on YZ plane. T,he point J; can be found
as intersection of two circles of known radius with centers in E; and F; The intersection
point should be chosen with smaller Y-coordinate and if J; is known then angle 0; [24]
can be calculated. To get a clear view for analysis, let’s take a part view of the spare and
circular intersection.
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Figure 2.10: YZ-plane & base dimensions

(2.1)

(2.2)

(2.3)
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(yn —yf1)2+ (211 _Zfl)z = rfv (2.6)

(yr1 —ye)* + (271 — 2e1)’ = 12 = X2

£y 2_ 2
(yfl_%) +(zn)" =7y

2
€ 2
(yﬁ T ﬁ) 4z —20)t = 2= X 27)
271
0, = arctan —— (2.8)
(Y1 —yn)

Hence joint F; J; moves only in YZ plane, X coordinate can be completely omitted. In
order to find the remaining angels (6, and 8s), the symmetry of Delta property should
be utilized carefully. To simplify mathematical complexity, First, let’s rotate coordinate
system in XY plane around Z-axis through angle of 120 degrees counterclockwise (see Fig
2.11).

x'=x cos(120) + y sin(120)
"=-xsin(120) +y cos(120)

E,(x,:¥,:2Z) = (X;i¥Yyi Z)

Figure 2.11: Delta Robot coordinate system rotation by angel of 120°
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X'Y'Z become the new reference frame and thus the same algorithm can be used to find
0, as of 6;. The only parameters to be determined is the new coordinates of Ey, which are
X(/) and Y(;. which can be easily done using corresponding rotation matrix. To find angle
03, the reference frame should be rotated clockwise [24].

X’ cos(a) —sin(a) 0 X
Y | =] sin(a) cos(a) 0 Y (2.9)
A 0 0 1 VA

X" =cos(a) - X —sin(a) - Y
Y =sin(a) - X +cos(a) - Y

Z'=Z (2.10)

Where « is the angle of rotation about Z axis. From Eq. (2.8) yields:

0,5 = F(X,Y', 2 (2.11)

Because there are two legitimate options, knee left and knee right, there are two 6; solu-
tions, both of which are correct. For each leg of the Delta robot, this results in two Inverse
Position Kinematics (IPK) branch solutions, for a total of eight valid solutions. The option
with all knees kinked out rather than in is chosen [11].

2.3.2 Forward (Direct ) Kinematics of Delta Robot

The 3-dof Delta robot forward position kinematics (FPK) problem is stated: Given the three
actuated joint angles 6, 0,, 05, calculate the resulting Cartesian position of the moving
platform control point Ey with coordinates (X, Yo, Zy ). If angle theta is known then
finding the coordinate points of J;, J>, and J; would be easy.

Joints J1E; , J,E; and J53E5 can be freely rotate around points Ji, J>, and J; respectively,
forming there spheres with radius . .
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Figure 2.12: Projection of coordinate points in order to form spheres

Now let’s do the following: move the center of the spheres from points J;, J2, and J5 to the
points ]1,, ]2', and ]3, using transition vector E{Ey, E;Eq and E3E, respectively. After this
transition all three spheres intersect in point: Ey , as it is shown in fig below.
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Figure 2.13: Intersection of the three spheres [24]

The intersection of these three spheres represents the solutions to the direct kinematics
problem. In the generic case, there are two solutions, since the intersection of two spheres
forms a circle, which generally intersected by the third sphere in two locations. Four cases
are possible [26]:

1. Generic solution. The two solutions are realized at the intersection of three spheres.

2. Singular solution. One sphere is tangent to the circle of intersection of the other
two spheres. Hence there is only one solution possible.

3. Singular solution. The centers of any two spheres coincide, resulting in an infinite
number of solutions. This is an unlikely configuration for most embodiments of
the manipulator, except for the situation when 0; =60, =03 = 7 and e = f

4. No solution. The three spheres do not intersect.
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In order to find coordinates (X, Yy, Zy ) of point E, (see Fig 2.13), the three sphere equations
stated as follows mustbe solved [24]:

(x=x)" +(y-y)" +(z—2)" =7 (2.12)

Where coordinates of sphere centers (X}, Y;, Z; ) and radius r, are known. First let’s find
coordinate points of ]j,., Y}, Z;.. For clear vision let’s take a top view of Fig [2.13].

J

Figure 2.14: Coordinate point projection to the center of end-effector

OF, = OF, = OF; = ]zjtan(SO) = J—C tan(30) = L

2 24/3

4 ’ ’ e e
]1]1 = ]2]2 = ]3]3 = 5 tan(30) = %
FiJi = rgcos(0;)
FoJo = rg cos(02) (2.13)

F3J3 = rycos(03)
(f-e)
2V3

J10,— +rp cos(6;), —rf sin(6y)
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]2’([f :/f) +rf cos(Gg)] cos(30), [

(f—e)
23 23

+71f cos(02)] sin(30), -rf sin(@z)) (2.14)

]3’( [ (f\—/_e) +rf cos(93)} cos(30), [

(f—e)
23 23

+ry cos(@z)] sin(30), - Sirl(93))

Lates design coordinates of points Ji, J2, 5 as (X3, Y1, Z1) , (Xs, Y2, Z2) and (X3, Y3, Z3). As a
result, the equation of the three spheres become as shown below by taking X, = 0

X))+ (Y -Y)2+(Z-2Z) =12 (2.15)

(X =X)%+ (Y = Vo) +(Z - Z,)% = r? (2.16)

(X =X3)%+ (Y = V3)2 + (Z — Z3)* = r? (2.17)
XP+ Y2+ ZP-2v\Y —22,Z =r2 - Y} - 72 (2.18)
X2+ Y2+ Z2-2Y,Y - 22,7 =v2 - X2 - Y} - 72 (2.19)
X2+ Y2+ 722 -2V,Y — 2237 =v2 - X2 - YE - 72 (2.20)
Wi = X2+ Y + Z? (2.21)

subtract equation (2.18) from (2.16)

W — Wi
XX + (Y = Y)Y +(Z) — Z5)Z = — - 2 (2.22)
subtract equation (2.19) from (2.16)
- W
XX + (Y, = V)Y + (Zy — Z3)Z = 22— 12 (2.23)

2
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subtract equation (2.16) from (2.20)

W, — W,

(X2 = X)X + (Y, = 3)Y + (2, - Z3)Z = %
X=a12+b1
Y =az+ b,

ay = =[(Z2 = Z1) (Y3 = Y1) = (Z3 = Z1) (Y2 = Y1)]

Ul -

as = é[(zz —Z1)X5 — (Z5 — Z1)X,]
by = S (W, = W) (% = Vi) — (W5 = W) (%, = 1)]

b = (W = W0)X; = (Ws = Wi)X,]
d=(Y; - Y1)X3 - (Y3 - Y1)X)

Now substitute equation (2.24) and equation (2.25)

(@ +a+1)Z%+2(ar+az(by—y1) = Z)Z+ b} + (by - Y1)+ ZE+12 =0

(2.24)

(2.25)

(2.26)

At last, Zy can be found from this quadratic equation and thus the smallest negative
equation root must be selected. Afterwards, X, and Y, can be calculated from equation

(2.24) and (2.25) [24]

2.3.3 Velocity Kinematics

The forward and inverse position equations are used to relate joint positions and end-
effector positions and orientations. Whereas the velocity kinematics relate both the linear
velocity and angular velocity of the robot end-effector or any other point on the manipu-

lator to the joint velocity.
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Mathematically, the forward kinematic equations define a function between the space of
cartesian positions and orientations and the space of joint positions. The velocity rela-
tionships are then determined by the Jacobian of this function. The Jacobian is a matrix
valued function that can be conceived as the vector version of a scalar function’s ordinary
derivatives. In the analysis and control of robot motion, one of the most indispensable
quantity is the Jacobian or Jacobian matrix. It appears in almost every area of robotic
manipulation. For instance, singular configurations determination, path planning and
execution of smooth trajectories, in the execution of coordinated anthropomorphic motion,
dynamic equation derivation of the robot motion, and in the transformation of forces and
torques from the end-effector to the manipulator joints [27].

The Jacobian of delta robot can be analyzed by selecting the significant loop-closer equation
of the below figure.

Figure 2.15: Description of the joint angles [28]

Let 6 be the vector encompass the actuated joint variables while P be the position vector
of the moving platform. Then

N 011 N Px
0= 611' = 012 ,P= py (227)
913 2
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By differentiating the appropriate loop closure equation and rearranging the result as
illustrated below, the Jacobian matrix can be obtained [29]

9:11 px = Vx
Jo| Oz | =Jp| Py=Vy (2.28)
013 p:=V;

where V,, V, and V, are the X, Y and Z components of the velocity of the point P on the
moving platform in the xyz frame. In order to arrive at the above form of the equation,
look at the loop OA;B;C;P. The corresponding closure equation in the x;y;z; frame is

—_ = — — =
OP + PC; = OA; + A;B; + B;C; (2.29)

The loop closure equation can be written in matrix form as follows

px cos 0; — py sin0; R r cos 0q; sin 63; cos(0y; + 61;)
pxsin®; +pycos®; | =] 0 |—| O [+r1f 0 +7e cos 03;
Pz 0 0 sin 01,’ sin 93,' sin(92i + 911')
(2.30)

The differentiation of this equation leads to the desired Jacobian equation [29]. Late

é é . . .
a; = A;B; and b; = B;Cj, then equation (2.29) can be written in the form of

- -
P+E=f+aq+b (2.31)

—_
Taking the time derivative of this equation and furthermore, considering the fact that f
is a vector characterizing the fixed platform

1

{
S

ﬁ-i—é’: 1+
:
p

1

In this formulation, the velocity of each point on the moving platform is quite the same.
Therefore )

O N g

p=V=aj+b (2.32)
Using the well-known identities , the linear velocity on the right part of equation (2.32)
can readily be converted into the angular velocity.

ﬂ
— = =
+wb1><bl

U=, Xa (2.33)
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Thus, the presence of wy, introduce dependance upon the variables 0y and 63;. However,

it can be eradicated by taking a scalar product of expression (2.33) with the unit vector E
by | =g, x @) +ip, X E
Hence the triple product with two identical vectors is zero, what is left is merely
b5 =b g xa (2.34)
In the component form, the left hand side of this equation can be written as
i;l -7 = [sin 03; cos(0y; + 61;)] [Vx cos 0; — Vy sin (Di]+

cos 0s; [Vx sin @; — V,, cos (Z)i]+ (2.35)
[Sin 931‘ Sil’l(@zl- + Qll)Vz] = JixVx +]iyVy + Ji:V,

Where,
Jix = sin 03; cos(6y; + 01;) sin 0; + cos 65; sin 0;
Jiy = sin 03; cos(0y; + 0y;) sin 0; + cos 03; cos 0;
Jiz = sin 93i sin(02,~ + 611’) (2.36)

The movement of the joint a is in the x;z;-plane. Thus, it only has a component of velocity
in y axis.

0
g, = | —6y (2.37)
0
ik
w_a; xﬁl) =| 0 -6y 0 |=-—asb0yi+ay;64k

Equation 2.34 can be simplified now as follows

—~

b - (w—j xzi) — _asin Oy sin 05,64, (2.38)

Every value of i can be evaluated by equating eq (2.37) and (2.38)
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JixVie + JiyVy + J12Vz = —asin 04 sin 03,01
Jox Vi + JoyVy + J2. Ve = —asin 053 sin 032012

JixVie + JayVy + J52V, = —asin 0,3 sin 033013

Which readily implies
Jp‘7 = Job (2.39)
Where,
]lx ]1y ]12
Jp =1 Jox ]2y Joz (2.40)
JSx ]3y ]32
sin 6,1 sin 03, 0 0
Jo=ax 0 sin 022 sin 032 0 (241)
0 0 sin 023 sin 033
J=17;"Jo (2.42)
V=J6 (2.43)

2.4 Singularities

The manipulator’s singularities are revealed by finding across conditions that yield singular
Jacobian matrices. The tow part Jacobian aids in the classification of these singularities
[29].

2.4.1 Inverse kinematics singularities

Inverse kinematics singularities are linked to the inverse Jacobian and occur when

det (Jo) = 0.

This happens at the boundary of the workspace
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1. When the limb ¢; is in the plane of the parallelogram formed by limb b; for any of
the for any of the i 8,; = 0 or 7 for any of the i

2. When any of the limbs b; is parallel (or anti-parallel) to y-axis. As «; is in the
xz-plane, it means that in this configuration, ; L b;. 65; = 0 or 7 any of the i.

2.4.2 Direct kinematics singularities

The direct kinematics singularities are related to the singularities of the direct Jacobian
given in equation (2.32). Recalling that the determinant of a Jacobian vanishes when any
row or any column is identically zero.

1. When the third J, column of is zero. Physically, the posture of the robot corre-
sponds to when all the limbs bi are in the plane of the moving platform and in fact
lie entirely along y;-axes.

05; =0 or Vi

2. When the third column of J, is zero. Physically, the posture of the robot again
corresponds to when all the limbs bi are in the plane of the moving platform. How-
ever, they can have both x; and y; components non-zero, where 8,; + 61; = 7. This
situation is depicted by a virtual horizontal plane as the actual relative lengths of
a;i and b;i prevent reaching that singular configuration.

921' + 91,‘ =0 or nVi
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iz) {®)

Figure 2.16: Depicting condition (a) Fully stretched robot posture (b) Fully contracted
configuration of the robot

2.5 Dynamic Analysis

Dynamics has been applied in many fields such as spacecraft dynamics, machine design
and robotics. Dynamic modelling is very important for the design, analysis, simulation
and control of robots. Robot dynamic deals with the mathematical formulation of the
equations of robot arm motion. These equations describe the dynamic behavior of the
manipulator. Profoundly, it concerned with the relationship between the forces acting on
a robot mechanism and the accelerations they produce. The robot mechanism is modelled
as a rigid-body system, in which case robot dynamics is the application of rigid-body
dynamics to robots. The two main problems in robot dynamics are:

« Forward dynamics problem: given the forces, work out the accelerations.

+ Inverse dynamics problem: given the accelerations, work out the forces.

Forward dynamics is also known as "direct dynamics," or sometimes simply as "dynamics.”
It is mainly used for simulation. Inverse dynamics has various uses, including on-line
control of robot motions and forces, trajectory design and optimization, design of robot
mechanisms, and as a component in some forward-dynamics algorithms.
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Hence the inverse dynamics problem is to find the actuator torques and/or forces required
to generate a desired trajectory of the manipulator, it is essentially required to meet the
objective of these thesis. The inverse dynamics modeling of the 3DOF of delta robot is
performed based upon the principle of virtual work.

According to [28], Without losing generality of model, the dynamic problem can be
simplified by the following hypotheses. The connecting rods of lower links can be built
with light materials such as the aluminum alloy, so

« The lower links rotational inertial are neglected

« The mass of each lower links, is divided evenly and concentrated at the two end
points of the parallelogram.

« The friction forces in joints are neglected.

« No external forces suffered.

= [r; o 13]7 and 8q = [86; 66, 565]T are the vectors of torque and the corresponding
virtual angular displacement vector. Moreover, §p = [§6x 66, 50.]" represent the virtual
angular displacement vector of the moving platform. The dynamic equations are going to
be derived by applying virtual wok principle.

7! 80 + ME,60 + Fl,6p — M3 80 — Fydp = 0 (2.44)
Where,

1
Mga = (EM[, + M,,) - g1y - I[cos(8;) + cos(6) + cos(63)]T

Is the upper link gravity torques vector M, and M, are mass of the upper link and each
connecting rode of the lower link respectively. Here g denotes the gravity acceleration

and I represent the 3x3 identity matrix.

Fop = [00 = (Myep +3Mp) ] (2.45)

Denote the mobile platform gravity force vector, and M;., is mass of the mobile platform.

Ma = Iaé = Ia [élézé?,]T (246)
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Where
1 2 2
o= | 3Malf + MyL | 1

Represents the upper links inertia torques vector and denotes the upper link inertia matrix

with respect to the fixed frame O{x, y, z} and,

Fp=Myp = (Myep +3Mp).LIXYZ]T

(2.47)

Denote the mobile platform inertia forces vector. equation (2.34) can be rewritten to

P=7J'0

Sp=7"'60
Substituting equation 2.43 into equation 2.33 results,
(¢ + MT, + FS, 7™ = MI — Fi )50 =0
For any virtual displacement &6,

v=Ma+J " Fp = Mga—J " Fop

Hence the general dynamics equation for any manipulator can be stated as

T=M(0)0+V(6,0)0 +G(0)

Substituting equation2.26 and 2.28 into equation 2.36 yields

t=10+] "MyP - Mg —J " Fop

Time derivative of equation 2.39 yields

P=J0+J6

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

Then the general dynamic equation can be derived by substituting eq.2.45 into eq.2.44

T=M(60)0+C(6,0)0 + G(6)

(2.54)

The below equation represents the dynamic model of parallel manipulator in joint space.

Here, 6 € R? is the controlled variable and



Dynamic Analysis

M(0) =I,+ ] "M,J ! (2.55)

Denote a symmetric positive definite inertial matrix, that M(6) € R¥3.

C(6,0) =T TM,J? (2.56)

Where C(6,6) € R® is the centrifugal and Coriolis forces matrix, and

G(0) = —Mgq - ]_TFGp (2.57)

Represent the vector of gravity forces and G(6) € R®.

2.5.1 Non-Rigid Body Effects

It is important to realize that the derived dynamics equations do not encompass all the
effects acting on a manipulator. They include only those forces which arise from rigid
body mechanics. The most important source of forces that are not included is friction. All
mechanisms are affected by frictional forces. Now days manipulators, in which significant
gearing is typical, the forces due to frictional can be actually be quite large, perhaps
equaling 25% of the torque required to move the manipulator in typical situations. In
order to make dynamic equation reflect the reality of the physical device, it is important
to include at least the approximation of these forces of friction. A very simple model
for friction is viscous friction, in which the torque due to friction is proportional to the
velocity of joint motion [28].

Tfriction = V0 (2.58)
where v is a viscous-friction constant. Another possible simple model for friction, Coulomb
friction, is sometimes used. Coulomb friction is constant except for a sign dependence on
the joint velocity and is given by

Tfriction = ngn(é) (259)

where c is a Coulomb-friction constant. The value of ¢ is often taken at one value when

6 = 0 the static coefficient. But at a lower value, the dynamic coefficient, when 6 # 0.

Whether a joint of a particular manipulator exhibits viscous or Coulomb friction is a
complicated issue of lubrication and other effects. A reasonable model is to include both,
because both effects are likely:
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Thriction = VO + csgn(é) (2.60)

It turns out that, in many manipulator joints, 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 to change according to joint position. So a fairly complex
friction model would have the form

Tfriction = f(e, 0) (2.61)

These friction models are then added to the other dynamic terms derived from the rigid-
body model, yielding the more complete model

T=M(0)0+C(6,0)0 + G(0) + F(6,0) (2.62)

2.5.2 Actuator Dynamics

The active leg of the parallel manipulator is basically composed of DC motor, precision
revolute bearing and coupling elements. The model of dc motor is given below

Drnver a . E,, L S

\ ‘]m
A \
Controller

Figure 2.17: DC motor model [23]

The symbols represent the following variables. 8, is the motor position in rad, z,, is the
produced torque by the motor in Nm, 7; is the load torque, V; is the armature voltage (V),
L, is the armature inductance in H, R, is the armature resistance in Q, E,, is the reverse
EMF(V), 1, is the armature current (A), K}, is the reverse EMF constant and K, is the
torque constant [28].
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i
L4y Ri. =V, ~E, (2.63)
dt

do,,

E,, = K,—=

m b dt

Tm = Knig

d?0,,

Tm — T1 :jmw

On the assumption of a rigid transmission and with no backlash the relationship between
the input forces (velocities) and the output forces (velocities) are purely proportional. This
gives,

O = K0, (2.64)

Where, constant K is a parameter which describes the gear reduction ratio. 77 is the load
torque at the robot axis and 7, is the torque produced by the actuator at the shaft axis.
considering the above equation, we can write the motor torque as follows

Ty = L (2.65)

In order to simulate the motion of a manipulator, the dynamic mode of the given manipu-
lator should be utilized. simulation requires solving the dynamic equation for acceleration
as follows

§=M1(0)[r-C(6,6)0 — G(O) — F(6,6) (2.66)

We can then apply any of several known numerical integration techniques to integrate
the acceleration to compute future positions and velocities. Given initial conditions on
the motion of the manipulator, usually in the form

0(0) = 6, (2.67)

6(0) =0
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3.1 Passivity Based Control

In recent decades, many results have been reported about dealing with control problems
from the perspective of energy transformation, for which passivity-based control have
been widely adopted [12]. Passivity based control is a methodology which consists in
controlling a system with the aim at making the closed loop system passive and it effec-
tively exploit the structure of the considered systems and physical knowledge and thus
provide physical interpretations to the control actions. To better understand the passivity
concept and passivity-based control (PBC), we need to leave behind the notion of state of
a system and think of the latter as a device which interacts with its environment by trans-
forming inputs into outputs. From an energetic viewpoint we can define a passive system
as a system which cannot store more energy than is supplied by some source with the
difference between stored energy and supplied energy being the dissipated energy [13, 30].

A fundamental property of passive systems is that, regarding a feedback interconnection
of other physical passive systems, passivity is invariant under negative feedback inter-
connection. In other words, the feedback interconnection of two passive systems yields a

passive system. Conversely, passive systems can be decomposed into passive subsystems.
Thus, in this philosophy the controller can be designed as a passive system [12-17, 30].

“

Figure 3.1: Feedback interconnection of plant and controller
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Figure 3.2: Interconnections of passive systems [14]

The controller which is going to be designed here with will be based on the passivity
theorem, input output stability approach.

The map u — y is passive if there exists a state function H(x), bounded from below, and a
non-negative function d(t) > 0 such that

/t ul (s)y(s)ds = H(x(t)) — H(x(0)) +d(t) (3.1)

0

The term on the left side is the energy supplied to the system, the first and the second
term on the right side represent the stored energy and dissipated energy respectively [14].

The passivity property described in equation (3.1) is sufficient to solve regulation tasks in
mechanical systems, where the PBC only needs to modify the potential energy and the
dissipation function. However, to study tracking problems or treat electrical or electro-
mechanical systems, we need a stronger property. In this case a desired behavior should be
imposed, not only on generalized coordinate (q), but on derivative of generalized coordi-
nate (§) as well, which in its turn translates into the need for modifying the kinetic energy.
The PBC approach may be viewed as an extension of the well-known energy-shaping plus
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damping injection technique [14, 30]. Mainly the designing process has two main steps.
The first step is energy shaping, where a controller is designed such that the closed-loop
system matches a desired energy function that similar to the natural energy function
of the open-loop system. In this stage, passivity property of the robot system can be
preserved in the closed loop system. The second step is damping injection, where velocity
feedback is employed to introduce damping in the closed-loop system, to ensure stability.
With the assumption that the robot dynamic is known, the well-known passivity-based
controller proposed by Slotine and Li (1987) can be applied [16].

Passivity based controller is used for achieving stability of nonlinear systems by making
the system passive, because passive systems are by nature asymptotically stable systems.
Since it strongly exploits the system properties, it does not produce unnecessarily large
control effort and has inherent robustness against plant uncertainty and disturbance. Thus,
a PBC is one of most widely-used controllers for robot manipulators [16]. Refer Appendix
A of [14] for detail proof of the asymptotic stability of passive system.

3.2 Passivity Property of the Robot Dynamic
System

A robot nominal dynamic model in the world coordinate system is given as follows [16]:

T=M(q)§+C(q.9)4+G(q) (32)

Where ¢, ¢, § are n-dimensional vectors representing joint displacements, velocity and
acceleration respectively M(q) € R™" is the inertia matrix, C(q, ¢)g € R" is the Coriolis
and centrifugal forces, G(q) € R" is the vector of gravity forces and 7 € R" is the vector
of torque input. The dynamic described by Eq (3.2) has the following property (see [10, 16,
17, 28, 29]).

Property 1: The inertia matrix is symmetric and positive definite for all q

M(q) = M(q)" >0 (33)

Also, for some positive constants a and b, with b > a, it is satisfied

as<|IM(@ll<b Vq (3.4)
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Property 2: The inertia matrix and the Coriolis matrix satisfy

qﬂéMm)—cmnﬂq=o va.q (3:5)

Property 3: the Coriolis and centripetal force vector satisfies

IC(q. 9)4ll < cllgl* VYg.q (3.6)

For some positive constant c.

Property 4: The gravity is obtained as the gradient of the robot potential energy U(q).

G(q) = aU(q)/oq)" (3.7)

Also, for some positive constant d, it is satisfied

IG(@ll<d Vq (3.8)

Note that a direct differential of the total energy of the robot

H(g.d) = 54 M(@)d +U (9 (9)

Along (3.2) and after using property 2 and 4, yields

H(q.q) =¢"t (3.10)

This expression indicate that the increase of energy in the system is equal to the delivered
work. The input-output map from generalized torques to generalized velocities, 7 — .
Thus, the system is passive. This passivity property will be useful in the proposed con-
troller design.
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3.3 Controller Goal and Derivation of The
Control Law

The controller goal is to track the desired smooth trajectory g4, where g5 € R" and define
the tracking errors as

§=9-94 4=~ qa
The problem is to find a model-based controller 7 such that the following objectives be
achieved

tlim Cji =0
thm qLi =0

The first step is to reshape the robot system’s natural energy such that the tracking con-
trol objective is achieved and followed by damping in order to achieve stable trajectory
tracking.

Tracking control objective q(t) — g4(t)

Shifting energy minimum at (g, 4) = (0,0) to (4, §) = (0,0), §=q — qq

Energy storage function with coordinate (e, €) is given as follows

V=i M@+ 5Ky G.11)

V= M@+ SdN (G + TRy (3.12)

=q" (Mg - Mga) + %éTMé +G"Kpq (3.13)

= qT(T—cq—g—qu+ %M§+qu) (3.14)

V= qT(H %(M—zc:)q—Mq‘d - Cqq —g+1<,,q) (3.15)
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M — 2C = 0, hence it is square symmetric and the above equation can be reduced to:
=¢' (1 = Mda — Cda — g+ Kpq) (3.16)
Let’s define the control law as:
T=Mdq+Cqq+g—KpG+v (3.17)
Insert equation (3.17) into equation (3.16)
V=g (3.18)

let’s set control input as v = —Kzg, then V = —K,||§||? < 0, Globally stable.
Thus, the control law becomes

7 = M(q)da +C (¢, §)da +9(q) — Kp§ — Kaq (3.19)
Looking into the control equation in (3.19), V = —K,||§||? tell us § — 0 as V — 0 But it

does not guarantee § — 0. In order to solve this problem lets restrict them to lie on a
sliding surface s = ¢ + A§ = 0 and energy storage function with coordinate s given as:
1
V= 5sTMs (3.20)
. .1 .
V =S8TMS+ EsTMs
T = 2 1.
= ST M+ MAG + M
. . 1.
= ST(T —Cg—g—Mgg+MAG + 5Ms)
T . . . . 1.
= 8T\ 7~ Miia + MAé ~ Ca + CAG— g+~ (M - 20)$ (3.21)
Introduce virtual "reference trajectory”, ¢, = ¢4 — Ag

V =5"(r = Mg, - Cg, - g) (3.22)

Same as before, the control law can be defined as,

T=M§, +Cq, +g+v (3.23)
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Eq (3.23) — eq (3.22)

V=50 (3.24)

As like the previous, new control input can be set asv = —K;S, then V = —Ky||S||> < 0,
Thus globally stable and guarantee (g, q) — (0, 0)

As a result, the final control law is

T =M(q)Gr +C(q,9)gr +9(q) — KaS (3.25)

Were, ¢, = §q — AG,S = 4 — AGand A > 0,K; > 0 are diagonal matrices

3.4 Robustness of the Passivity Based Control
(PBC)

Rigid-body dynamics with disturbance

t+d=M(q)§+C(q.4)q+g(q) (3.26)

Passivity-based control input from equation (3.25)

T =M(q)gr +C(q,9)qr +9(q) — KaS
4r=qa—AG.S=q-Ag
Then, closed-loop system is,

d=M(q)S +C(q,9)S + K4S (3.27)

For input-output pair (s, d)

STd = STM(q)S +STC(q,¢)S + STK,S (3.28)
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= %{%STM(q)S} - %STM(q)S +57C(q,¢)S + STK4S

d (1
= —{=ST"M(q)S} + STK,S
{3 M)+

%{%STM (q)S} is the stored energy and STKyS refers the dissipated energy which is
greater than zero. Therefor, input-output pair (S, d) system is passive and always stable
for any disturbance d. Hence, STd < % {%STM (9)S }
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4.1 Modeling Multi-body Systems

A 3D model of mechanical Robot can be developed using different modeling environment
but after analyzing the cons and pros of different tools, CAD(solidworks) has been selected
to model the 3-DOF Delta Robot. SolidWorks models can be exported and simulated in
the Simulink environment in order to analyze forces and torques in mechanical joints,
plot accelerations and displacements of each part of the system and to perform various
experiments and to obtain required outputs: position (angles), forces and torques without
any necessity of motion equations derivation and Simscape physical modeling of the
mechanical system.

The CAD export procedure generates one XML multibody description file, XML is a
suitable file format to export a model from any CAD system or modeling environment
to Simscape Multibody, and a set of geometry files. The XML file contains the structure
of the assembly and the parameters that define each part. The geometry files define the
3-D geometry of each part. Once the export procedure is complete, the XML multibody
description file can be imported into Simscape Multibody software. Simscape Multibody
uses the file to automatically generate a new Simscape Multibody model. In order to
do so, Simscape Multibody plugin must be installed first based on the Matlab/Simscape
Multibody version used. This project has been done on Matlab R2019b.

The Simscape Multibody Link plug-in provides the primary interface for exporting CAD
assemblies into Simscape Multibody software. The plug-in is compatible with three CAD
applications: Autodesk Inventor, Creo Parametric, and SolidWorks. There are few steps
that should be done to enable the Simscape Multibody plug-in. The very first step is to get
the installation files which match with Matlab release number and system architecture
from Simscape Multibody Link download page. Then the saved installation file must be
run as administrator. Each time when the CAD assembly model is exported, the Simscape
Multibody link plug-in attempt to connect to Matlab. Therefore, the third step will be to
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register Matlab as an Automation Server. Finally the model assembly can be exported
once the Simscape Multibody Link Plugin enabled on the CAD(SolidWorks application).

4.2 DELTA Robot CAD Modelling

The Simscape Multibody import XML Schema enables to import models into Matlab/Sim-
scape from any CAD system or modeling environment that exports an XML file that
follows this schema. Solidworks modeling process includes designing each and every
part of the robot separately at first with appropriate selection of mass property, material
type and dimension. And then assembled into subassembly and finally into one general
assembly. Throughout the assembly processes special emphasis should be given for every
mates or constraints adopted between each following parts. Hence later on they become
joins of the Simscape Multibody model and determine degree of freedom of each part.
The forgoing picture shows the A3-D, 3-DOF Delta Robot assembly designed with the
help of 3D-CAD SolidWorks 2019 programming.
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Figure 4.1: Solidworks 3-D model assembly of 3-DOF Delta Robot
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The values of 3-DOF Delta Robot CAD model has been taken from a specific commercial
Delta Robot, ABB FlexPicker IRB 360- 1/1600. For the purpose of speed and flexibility, light
material has been chosen for this paper. The following table shows the design parameters
and dedicated symbols used for each part of the robot.

No | Parts of the 3-DOF Delta Robot Symbols used for | Dimension
the parts (mm)

I | Upper Leg rf 300

I | Lower leg Te 800

III | Base equilateral triangle side f 840

IV | Platform equilateral triangle side e 190

Table 4.1: Delta Robot design parameters
[new.abb.com/products/robotics/industrial-robots/irb-360]

4.3 Delta Robot Simscape Multibody Model

Simscape Multibody provides a multibody simulation environment for 3D mechanical
systems, such as robots, vehicle suspensions, construction equipment, and aircraft landing
gear. Simscape Multibody and Simulink software helps to create control systems and
assess system-level performance by allowing users to construct Multibody systems using
blocks that represent constraints, bodies, force elements, joints and sensors. Beside Sim-
scape Multibody Link utility incorporates the library to import a complete CAD assembly,
including all masses, inertias, joints, constraints, and 3D geometry.

The smimport function should be used to import a CAD model into Simscape Multibody.
The method parses an XML multibody description file and builds a model for it automati-
cally. The body geometries are provided in geometry files that accompany the multibody
description file format for visualization reasons. The function creates a new Simscape
Multibody block diagram as well as a data file to go with it. The block diagram uses
Simscape Multibody blocks to reproduce the original CAD assembly model. The data file
contains the numerical values for the model’s block parameters.
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Basically, there are two steps to be caried out to create Simscape Multibody model from a
CAD assembly. The first translation step is to use the Simscape Multibody Link exporter
to create an intermediate Physical Modeling XML file from a CAD assembly. Using Sim-
scape Multibody software, we can then import that XML file to automatically generate a
Simscape Multibody model. The second stage is to import the Physical Modeling XML
in order to build the Simscape Multibody model, which will then be used in conjunction
with geometry graphics files of the body to simulate and visualize the original mechanical
system.

In a Simscape Multibody model, the XML representations of parts and constraints become
bodies and joints, and the resulting Simscape model visualizes the bodies using the
exported body geometry graphics files. Fig.4.2 shows Simscape Multibody model of the
Delta robot and its 3D visual using Matlab Mechanics Explore.
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Figure 4.2: Illustrate the 3-DOF Delta Robot Simscape Multibody model exported from
3D-CAD/ solidworks environment
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Figure 4.3: Matlab Mechanics Explorer of the Delta Robot model

After importing the model, unexpected rigid connections between bodies must be checked.
unsupported CAD constraints are replaced by rigid connection automatically in Simscape
Multibody software. It may be replaced with weld joint, direct frame connection line or
rigid transform blocks. Stand on a warning message in the MATLAB command window
artificial rigid connections between the bodies that arise due to unsupported constraints
must be replaced with suitable joint or constraint from the Simscape Multibody library.
Furthermore, physical signals are used instead of simulation signals in Simscape block
diagrams. As a result, when connecting Simscape diagrams to Simulink sources and
scopes, physical signal (PS) convertor blocks are required.

54



Secti
Delta Robot Simscape Multibody Model ection

4.3
Rigid body subsystem and joint blocks alone are insufficient to represent the Delta Robot
model in the generated Simscape model, the exported model automatically includes
additional blocks that are relevant in the simulation development. The World Frame, Rigid
Transform, Mechanism Configuration, and Solver Configuration blocks are among them.
The following table illustrate their relevance in multibody system modeling.
Blocks Intent
Solver Configuration Offers essential simulation parameters required to simulate
the model
World Frame In a model, this is the ultimate reference frame. All subse-
quent frames are specified in relation to this one
Rigid Transform Applies a fixed spatial relationship between frames. This
block defines the offset distance and angle between two
frames
Mechanism Configura- | In a model, this block identifies the gravity vector.
tion

Table 4.2: Simscape Multibody basic blocks

Simscape Multibody library allows as to apply Forces and Torques to a rigid body or to
a joint and to sense motion between two arbitrary rigid body frames. Motion between
two arbitrary rigid body frames can be sensed using Transform Sensor block. This block
provides the broadest motion sensing capability in Simscape. It lets to sense position,
velocity and acceleration, both rotational and translational, between any two frames in
a model. On top of this, Simscape Multibody provides a selection of actuation inputs in
each Joint block.
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4.4 Trajectory Generation

The end effector of the three degrees of freedom Delta robot simulated to follow a circular
path trajectory based on the implementation of passivity based control strategy. The
tracking speed utilized is defined by the angular velocity formula: w = 2z f, where f is
the tracking frequency of the end effector. The implemented frequency is 0.5 Hz and the
radius of the desired trajectory to be tracked by the robot is 160mm centered at (15, 15, Z;)
based on the Cartesian Coordinate system where Z; is the traveled distance in Z-direction.
Stress that the trajectory defined in this report never impedes any singular point

D 4 2] ]

Frequency

MATLAE Funcion XY Graph

Figure 4.4: Circular path trajectory generator

XY Plot
300
200
T - T

100 < A
B ( M
M
£ 0 \ |
>- \‘ ’/-I.l

100 . o

"-\_\_\_'_,_:—"
200
300

300 -200 100 0 100 200 300
X Axis

Figure 4.5: Output of the desired trajectory
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4.5 Kinematics Simulink Model of Delta Robot

The detail derivation of inverse and direct kinematics of Delta robot has been discussed on
chapter two section 2.2.1 and 2.2.2. Even though only the inverse kinematics is required
to work the simulation of this paper, forward kinematics also studied and used to proof
the kinematics algorism as follows.
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Figure 4.6: Kinematics of 3-DOF Delta Robot
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4.6 Passivity Based Control Design

Mainly the designing process has two main steps. The first step is energy shaping, which
involves designing a controller so that the closed-loop system matches a desired energy
function that is comparable to the open-loop system’s natural energy function. Passivity
property of the robot system can be retained in the closed loop system at this step. The
second step is damping injection, where velocity feedback is employed to introduce damp-
ing in the closed-loop system, to ensure stability.

The controller goal is to track the desired smooth trajectory g4, where g5 € R" and define
the tracking errors as

§=9-qs §=q-da

The problem is to find a model-based controller 7 such that the following objectives can
be achieved

lim qi =0
t—o0
thm C}i =0

To meet the desired control goal, the designed control law is governed by the following
equation
T =M(q)gr + C(q.9)gr +9(q) — KaS

Were,
4r =qa — Aq

S=q4-A§
and A > 0, Ky > 0 are diagonal matrices

Refer chapter three section 3.3 and 3.4 for the derivation of the final control law and proof
of the robustness of the designed controller. The forgoing picture shows Simulink model
of the designed controller.
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Figure 4.7: Passivity based controller Simulink model

4.7 Simulation and Result

There are major sequences of tasks to be followed in order to complete simulation of
passivity based control of Delta Robot for circular trajectory tracking. The first step is to
build the Solidworks model of the delta robot and generate XML file for the model and
export it into Simscape Multibody. And finally, the generated Simscape Multibody model
of Delta Robot has been combined with the Simulink model of the control strategy and
the rest system.

The block of a Revolute joint in Simscape Multibody primitive has State Targets, Internal
Mechanics, limits, Actuation and Sensing fields. Among them Actuation section incor-
porate torque and motion. Both fields give us the options; none, provided by input and
automatically computed. This makes a total of six possible configurations for each joint
primitive. From the possible six configuration, Inverse Dynamics and Forward Dynamics
are mainly used for Robot’s kinematics and dynamics analysis.

Motion is determined by input and torque is computed automatically in Inverse Dynamics
actuation of revolute joints. This mode is useful if we know how a joint should move
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and want to know how much torque or force is required. In case of forward Dynamics,
actuation of a revolute joint with a force or torque is specified for the joint primitive and
the engine computes the resulting motion. This mode is used in the rest of the analysis
in this paper. MATLAB/ Simulink has been utilized for inverse and forward kinematics,
dynamics, Passivity Based controller modeling, design and simulation. Beside the 3-DOF
Parallel delta Robot is made to track a circular trajectory constructed in section 4.4 with
Simulink’s ODE-45 solver, which is the recommended solver for mechanical systems.
Figure 4.7 shows the final setup of the Simulink simulation after exporting the CAD
(solidworks) model to Simscape Multibody and integrate it with the rest Simulink block
and designed control system.
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Figure 4.8: Simulink model of Passivity-Based Control of Delta Robot for circular path
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In this paper the desired trajectory is converted into joint angle using inverse kinematic
calculation as described in section two and is applied as input to the controller (PBC).
Then the computed control torque is applied to the Robot, Forward Dynamics mode, so
that the motion is automatically sensed from each of the revolute joint primitive. The
actual joint angle is then compared with the desired and fed to the designed controller
so as to adjust the required control torque accordingly. Simulink multibody has eased
a complex computation of the required torque to track or accomplish a given task or
motion to be achieved which mainly involves large mathematical analysis and singularity
in computation. Whereas in this scenario not only the specific value of torque or motion
is required to meet control goal but also the dynamic constants such as: Inertial matrix
M(6), the Centrifugal and Coriolis forces matrix C(6, 6) and Gravity G(8) as well. Which
in return require computation of Jacobean matrix. Detail derivation of the 3 Dof Delta
Robot dynamic constants has been discussed in chapter two and also refer Appendix C
for Matlab script.

MATLAB displays control results such as joint angle error, required control torque and
reference tracking. Whereas the Mechanics Explorer displays the Robot’s motion in 3D
space during simulation. The entire simulation system is illustrated in Figure 4.8 and
the simulation is split into two sections. The first portion is a simulation in which no
external torque disturbances are present and in the second section, the effect of external
disturbances are included throughout the simulation course.

4.7.1 Result Without External Disturbance

The 3-dof Delta Robot inverse kinematics problem is computed given the Cartesian position
of the desired path trajectory in order to find the required actuated revolute joint angels
01, 0, and 05. The values of the joint angles of 6, , 0; and 05 are vital in determining
the exact position of the end effector. The following portrait shows the required angle
generated for the three active joints in order to track the desired circular path trajectory,
which is a circle on X-Y plane centered at (15,15, Z;) with 160mm radius.
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The calculated torque (see chapter two) imposed on each active joint of the three DoF
Delta Robot and then actual position of the end effector is sensed. Which in return fed back
to the Passivity Based Controller (PBC) against the desired position to get the controlled
torque. If the strategy is effective, this controlled torque should enforce the system to
be in stable state and the end effector must track the desired circular trajectory within
acceptable time. The below figure shows the required control torques needed to achieve
the desired circular trajectory for each of the three active revolute joints.
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Figure 4.10: Required PBC Control Torques for the three active revolute joints

The following set of plots shows the end effector trajectory tracking along with its
respective error between its desired and actual position. Beside end effector trajectory
error on X-axis and Y-axis are provided to readily determine the severity of the its accuracy.
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The forgoing portrait shows angle error of the three active joints of the Delta Robot in
response to the controlled torque.
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Figure 4.12: Joint angle errors

The joint angle error, end effector trajectory and end effector trajectory error on X and
Y-axis figures illustrate that the designed controller, Passivity Based controller has made
the error to converge in less than 3 second with joint angle root mean square error of
0.0017rad and end effector trajectory rms error of 1.1mm on X-axis and 1.33mm on Y-axis .

4.7.2 Result With the Effect of External Disturbance

The above simulation result is dedicated for undisturbed system. Even though the robust-
ness of the designed controller, PBC, has been proofed in chapter three section 3.4, late
elaborate it by adding external disturbance on the model. In the same way as before, the
3-dof Delta Robot inverse kinematics problem is carried out first having the Cartesian
position of the desired path trajectory in order to find the required actuated revolute joint
angels 0; , 6, and 05. The values of the joint angles of 8, , 6, and 05 are vital in determining

the exact position of the end effector after introducing external torque disturbance to the
system.
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A time-varying external torque disturbance with sin wave amplitude of [0.3 ,05,0.3]7 is
imposed at the three revolute joints that are also configured to have an internal mechanics
of damping coeflicient of one, which is the torque necessary to maintain a constant joint
primitive angular velocity between the base and follower frames, to test the robustness of
the Passivity Based Control (PBC) in this research. Because of the designed controller,
PBC, is model-based, the robustness of the designed Passivity Based Controller could not
be tested by varying various designing factors of the robot unevenly, such as mass, upper
and lower leg length of the three symmetrical legs.

For the whole course of simulation all internal mechanics and external torque disturbances
are taken into account. As in the previous portion, the simulation results are given for
trajectory tracking of a circular path, which is a circle on the X-Y plane centered at (15,15,
Z,) with a radius of 160mm.

As in the previous section the computed torque, based on the philosophy of PBC, imposed
on each active joint of the three DOF Delta Robot and then actual position of the end
effector is sensed. Which in return fed back to the Passivity Based Controller against the
desired position to get the controlled torque. If the strategy is effective, this controlled
torque should enforce the system to be in stable state and the end effector must track the
desired circular trajectory irrespective of disturbance within acceptable time. The below
figure shows the required control torques needed to achieve the desired circular trajectory
for each of the three active revolute joints after introducing external disturbance to the
system.
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Figure 4.13: Passivity based control torque for the three active joints

The forgoing set of picture shows the end effector trajectory tracking with the effect of
internal mechanics and external torque disturbance. To make a stress the plot portrait
the end effector trajectory along with its respective error between its desired and actual
position. In addition, end effector trajectory error on X-axis and Y-axis are provided to
readily determine the severity of the its accuracy.
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Figure 4.14: End effector trajectory tracking

68



Simulation and Result

P P Desired trajectory| |
159 \ Actual trajectory
* = I
/ \
A Y /
\\ \

\ f:

Trajectory devation on X-axis(mm)

X % /
\, V4 /
- \ /) ]
N
%% s % 15
Time (second)
Figure 4.15: End effector trajectory error on X-axis

Desirad Trajectory
Actual trajectory

150/ o, -
- - ~ * -

: 100 /// \\. /
N A 4 ’ /
/ 4

Trajectory devation on Y-axis{mm)
2 e
T
7

Time(second)

Figure 4.16: End effector trajectory error on Z-axis

The above portraits shows that even after introducing external disturbance to the system,
the controller is also able to produce the required amount of control torque to maintain
the stability of the system and track the desired trajectory within time. PBC has made the
error to converge with joint angle rms error of 0.00173rad and end effector trajectory rms
error of 2.88 mm on X and Y-axis.
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4.8 Discussion

Beside the mathematical proof, the simulation output figures illustrate that the Passivity
based control scheme, controlled torque, is able to preserve the passivity of the robot
closed-loop system and maintain the stability of the system and track the desired circu-
lar trajectory in a finite time, less than three seconds with and without external disturbance.

Passivity based controller is used for achieving stability of nonlinear systems by making
the system passive, because passive systems are by nature asymptotically stable systems.
Since it strongly exploits the system properties, it does not produce unnecessarily large
control effort and has inherent robustness against plant uncertainty and disturbance. How-
ever, the problem of PBC is its model dependence. In order to apply the designed passivity
based control strategy, the exact value of the dynamic parameters such as: Inertial matrix
M(0), the Centrifugal and Coriolis forces matrix C(6, §) and Gravity G(6) as well must
be known explicitly . Thus, it requires computation of matrixes, Jacobean matrix. So, we
can say that somehow it fades one of the benefits can be gained from Simulink Multibody
and makes the work a bit challenging.

One of the cons of designing robot model on CAD (Solidworks) environment and export
it into Simulink Multibody is to ease a complex computation carried out to obtain the
required output and input that can be position, angles, forces or torque which mainly
involves large mathematical analysis and singularity in its computation. Solidworks mod-
els can be exported and simulated in the Simulink environment to evaluate forces and
torques in mechanical joints, plot accelerations and displacements of each component of
the system, run various tests, and acquire needed output without any necessity of motion
equations derivation and Simscape physical modeling of the mechanical system.

Simulink Multibody tool introduced an easy way to actuate Robot joints by joint actuator
block. Sensing computed torques, angles, angular speeds, and accelerations are possible
by joint sensor. Beside Bod sensor is used to get the Cartesian Coordinates of the moving
platform. Thus, it facilitates the overall simulation process.

Delta robots are applied in various application like Packing industry, High-precision
assembly operations, Food processing, Medical/Pharmaceutical operations, Soldering,
Adhesive dispensing, 3D printing machine and in so many other aspects. Therefore, based
on the application and preference of either position precision or workspace, the upper
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and the lower leg length of the Delta Robot can be customized. Although there is no set
rule, the work space widens as the leg length increases but small error on the actuator
may cause bigger position accuracy gap on the end effector. On the contrary, when the leg
length lowers, so does the work space but precision increase. Specifically for this thesis
the 3-DOF Delta Robot parameters has been taken from a specific commercial Delta Robot,
ABB FlexPicker IRB 360- 1/1600.

The robot (3-DOF Delta robot) real but not approximated parameters have been intro-
duced via CAD dynamic modeling which is one of the advantages of CAD(Solidworks)
modeling environment. On the hand, the simulation speed is low. The simulation speed
of mathematical dynamic model is more rapid than CAD dynamic model.
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5.1 Conclusion

The 3-DOF Delta Robot real parameters is taken from a specific commercial Delta Robot,
ABB FlexPicker IRB 360- 1/1600 and designed using 3D-CAD SolidWorks 2019 modeling
environment. XML file is generated for the designed CAD model and then exported into
Simscape Multibody. And finally, the generated Simulink model of Delta Robot has been
combined with the Simulink model of the control architecture (Passivity based Control
scheme) and the rest system. Through this process the Simulink-PS Converter block play
a good role in converting Simulink signal into physical signal and vice versa.

In this thesis, the kinematics, dynamics and non-singularity analysis of the 3-DOF Delta
robot has been done for 3-DOF Delta Robot, a Passivity Based controller has been developed
and the desired circular trajectory, which is a circle on X-Y plane centered at (15, 15,Z,) with
160mm radius has been tracked. The simulation result shows that the steady state tracking
is reached in about 3 seconds for a circular trajectory and X & Y rms error of 2.88mm
even though the simulation speed of CAD dynamic model is slower than mathematical
dynamic model. The robustness of the designed controller is also demonstrated through
mathematical computation and via simulation as well.

5.2 Recommendation

For both set point regulation and trajectory tracking control problem, the amount of
torque or force required to accomplish the desired trajectory or destination point must be
computed. Which in turn require sophisticated and involved mathematical commutation.
Besides, singularity may also a bigger concern throughout the computation. Therefore, in
order to ease such complex mathematical computation, it is recommended to use software
packages which have modeling capability. In this thesis work, the model of the Delta
robot has been modeled using CAD (Solidworks) modeling environment and Simscape



Multibody ease the complex mathematical computation. Hence, the required torque is
automatically computed.

5.3 Future Work

The use of robotics and automation in healthcare and related fields is growing by the
day. Specially after the outbreak of the novel coronavirus disease 2019 (COVID-19), the
evolving role of robotics has enormously increased to minimize person-to-person contact
and to ensure cleaning, sterilization and support in hospitals and similar facilities such as
quarantine. According to the paper released by International journal of environmental
research and public health in May 2020, the International Federation of Robots (IFR)
predicts an ever-increasing trend in the demand of medical robots within the coming
years with an estimation of 9.1 billion USD market by 2022. Most of the service robots
in hospitals are variants of mobile robots with a high payload capacity but with limited
degrees of freedom. However, surgical robots with multi DOF are flexible, precise, and
reliable systems offering similar performance to that of a well-trained human surgeon
with a minimum error margin typically within millimeters [31, 32]. Therefore, stand
on this big market demand, my future work plan is to extend the degree of freedom of
Delta robot and test the simulation result on the real robot. Apart from this, the designed
controller of the thesis is model based but to make its application wide, I recommend to
integrate the passivity based control philosophy with others adaptive and robust control
scheme so as to make it non model based.
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Inverse Kinematics

function [thetal, theta2, theta3] =
Deltarobotinversekinematics (x0, z0,y0)

%$Calculates the inverse kinematics of 3-DOF Delta Robot

thetal = Delta_calcAnglezy (x0,z0,vy0);
x01=x0+cosd (120) + z0xsind(120);
x02=x0+xcosd (120) - z0%sind(120);
z01=z0xcosd (120) -x0*sind (120);
z02=z0xcosd (120) +x0+sind (120) ;

theta2= Delta_calcAnglezy(x01, z01, y0); % rotate by

+120 deg
theta3= Delta_calcAnglezy (x02, z02, y0); % rotate by
-120 deg

function [theta]l=Delta_calcAnglezy (x0,z0,y0)

e = 199.01; % end effector

f = 841.77; %$base

re = 800; $lower leg length

rf = 300; Supper leg length

zl = -0.5  0.57735 « f; % f/2 » tg 30(from geometry

of the Delta)
z0 =z0 - 0.5 % 0.57735 % e; % shifting the center to
the edge

o\

y = a + bxz

a (x0xx0 + z0%xz0 + yOxy0 +rfxrf - rexre -
z1lxz1)/(2%y0);

b (z1-20) /y0;

d = —(at+tbxzl) * (a+bxzl) +rfx (bxb*rf+rf);



if (d > 0) % existing point

else

% choosing outer point
(z1 - a*b - sgrt(d))/(bxb + 1);

els

end

(

e

a + bxz7j;
zj>z1)
theta = 180xatan(-yj/ (z1 -

theta 180*atan(-yJj/ (z1l -

theta=5; % exit if the point does

end

z3))/pi + 180;

z3))/pi ;

not exist
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Direct Kinematics

function [x0,z0,y0,d]= Delta_calcForward( thetal,theta2, theta3l)
%$calculates the Direct kinematics of 3-DOF Delta Robot

t = (f-e)*tand(30)/2;
dtr = pi/180;

thetal=thetal x dtr;
theta2=theta2 * dtr;
theta3=thetal3 * dtr;

z1l = —(t + rf*cos(thetal));

yl = —-rfxsin(thetal);

z2 = (t + rfxcos(theta2))+sind(30);
x2 = z2xtand (60);

y2 = —-rfxsin(theta2);

z3 = (t + rfxcos(theta3l3))*sind(30);
x3 = —-z3xtand (60);

y3 = —-rf*sin(theta3l);

dnm = (z2-2z1)*x3-(z3-2z1)*x2;

wl = zlxzl + ylxyl;

W2 = X2*xX2 + z2%x22 + y2xy2;

w3 = x3x*x3 + z3xz3 + y3xy3;

$ x = (al*y + bl)/dnm

al = (y2-yl)x(z3-z1)—-(y3-y1l)*x(z2-z1);

bl = —((w2-wl)*(z3-21)— (w3-wl)* (z2-21))/2.0;
%$ z = (a2xy + b2)/dnm;

az = —(y2-yl) «x3+(y3-yl) »x2;

b2 = ((w2-wl)*x3 — (w3-wl)=*x2)/2.0;

$ axy*2 + bxy + ¢ =0
a = alxal + a2*a2 + dnmxdnm;



o
|

(b2-z1+dnm) * (b2—-z1xdnm)

rexre);

% Th
d =
if (

else

end

e discriminant
bxb - 4xaxc;

= 2% (alxbl + a2 (b2-zlxdnm) - ylxdnmxdnm);

+ blxbl + dnmxdnmx (ylxyl

d < 0) % non-existing point

x0=0;

z0=0;

yO*OI

y0 = -0.5% (b+sqgrt (d))/a;
x0 = (al*y0 + bl)/dnm;
z0 = (a2+y0 + b2)/dnm;
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Syntax for Jacobian Matrix
and Dynamic Constants

o° oo

Jacobian matrix Generation
took sample @ time =[0.0881887617649640]

e = 199.01; % end effector

f = 841.77; $base

re = 800; % lower leg length
rf = 300; % upper leg length
ma = 0.0811; $mass of upper leg
mb = 0.1170; $mass of lower leg
g = 9.81; $gravity

mp = 0.0452; $mass of moving platform
px = 173.215491332598;

py = —-0.974493902620554;

pz = 1.20094005347463;

gll = 0.876272316341518;

gl2 = 0.449713147816531;

gl3 = 0.910373602925376;

cxl = px + £ - ¢g;

cyl = py;

czl = pz;

cx2 = py + £ - e;

cy2 = -px;

cz2 = pz;

cx3 = -px + £ - e;

cy3 = -py;

cz3 = pz;

g3l = acos(cyl/re);

q32 = acos(cy2/re);
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a33
g2l
q22

az23

theta =

= acos (cy3/re);

= acos((cxlxcxl + cylxcyl + czlxczl - rfxrf -
re*xre) / (2xrexrfxsin(g31)));

= acos ((cx2*cx2 + cy2*cy2 + cz2xcz2 — rfxrf -
rexre) / (2« rexrf*sin(g32)));

= acos ((cx3*cx3 + cy3*cy3 + cz3+xcz3 — rfxrf -

rexre) / (2xrexrfxsin (g33)));

[gll ,q912, 913 ; 921 ,922 , 923 ; 931 ,q932
all angles value

Jjlx =

j2x
j3x

jly =

j2y
j3y

Jjlz
j2z
j3z
jpos =

jtheta

(]

sin(g31l) xcos (g2l + gll);
cos (g32);
-1%xsin(g33) *cos (g23 + gl3);

cos (g31);
-sin(g32) xcos (g22 + gl2);
- cos (g33);

sin(g31l) * sin(g2l + gll);
sin(g32) * sin(g22 + gl2);
sin(g33) * sin(g23 + gl3);

4

g331;

1x , jly , jlz ; 32x , J2y ,3J2z ; 33x , 33y , J3z

rf.» [sin(g2l)*sin(g31), O , O ; O ,

sin(g22) *sin(g32) ,0 ; 0 , 0 ,sin(g23)*sin(g33)

[

J = jthetal\jpos % Jacobian
%$c = jthetaljtheta should be identity matrix

%$calculation of gravitational force

I =11

4

6, 6 ;0, 1, 0; 0, O, 11;

y =(0.5xma+mb) xg =*a;

Mga = y=*[cos(gll); cos(gl2); cos(gl3)];
fgp = [0 ; 0 ; -1x(mp + 3% mb)=xg];
Jjinvr=inv (J); $inverse of Jacobian

1i

o
o

1;
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Jit= jinvr.' ; % transpose of inverse of
G = -Mga - Jit x fgp

GF = G.%x[1,0,0;1,0,0;1,0,0]

%$Calculation of inertia matrix

Ia = (1/3 * maxaxa + mbxaxa)=*I ;
Mp = [mp, 0,0;0,mp,0;0,0,mp];
Msub = Jit*«Mp/J; $Jit+«Mp*jinvr;

M = Ia + Msub

%$e = eig(M)% to check all the eigen value of M is positive (M
should be symmetric positive definite)

% Calculation of the centrifugal and Coriolis forces
% Calculation of derivative of Jacobean inverse

%$Pdotdot= [xdotdot,ydotdot,z dotdot]
$qgdotdot= [gldotdot, g2dotdot, g3dotdot]
$gdot= [gldot, g2dot, g3dot]

pdotdot = [-1173.46391323112 ; -0.686716185423232 ;
-31.35862566005727;

gdot = [-1173.46391323112 ; -0.147364080555540
;—0.375225178665328];

gdotdot = [-2.72575151997963 ; -0.00516352026225666 ;

-2.62748745589489] ;

jdotinv = (pdotdot — (J\gdotdot)) /gdot;
C = Jit « Mp x jdotinv



D

Syntax for Circular
Trajectory Generation

function [x,y] = fcn(t)

x = 15+160xcos (t);
Y = 15+160xsin(t);
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