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ABSTRACT

Parallel manipulators due to their higher load carrying capacity, high precision and stiffness
are increasingly becoming popular in industry and research. Integration of automatic control
system has enabled parallel manipulators to perform tasks which were hitherto not possible.
This opens endless vistas for research work in the field of parallel manipulators. Areas such
as machining, welding, trajectory tracking are being explored. This dissertation is a
continuation of this legacy. In this present work, an electrically actuated manipulator leg
based on ball screw feed drive has been modelled. A 3-DOF parallel planar manipulator with
ball screw feed drive legs is modelled. An inversion controller using overwhelming control
for trajectory tracking purposes is developed. Thereafter, another inversion controller based
on proportional control is developed. Simulation of the bond graph models have been carried
out on SYMBOLS Shakti software. Workspace analysis plays a cardinal role in the trajectory
planning, design and operation of a manipulator. Workspace analysis corresponding to the
trajectory tracking manipulator is carried out. Constant orientation workspace based upon
constraints on actuated and unactuated joints is determined. The required workspace is
obtained with the help of MATLAB.

Keywords: Planar parallel manipulator, trajectory tracking, target reaching, workspace

analysis, bond graph
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Chapter 1 Introduction

This chapter deals with the introduction of the various topics and concepts based upon which
dissertation is carried out. The chapter begins with the background and motivation and
introduction of robotic manipulators. Thereafter, basic concepts of ball screw feed drive, control
system for trajectory tracking and target reaching and workspace analysis are discussed.
Modelling of physical systems using bond graph technique is also discussed. This chapter

concludes with the contribution and organization of the thesis.

1.1 Background and Motivation

Control systems are increasingly being used in day to day life for industrial as well as for
personal usages. Parallel manipulators are increasing becoming popular for their higher load
carrying capacity, stiffness etc. As a result, now-a-days parallel manipulators have come
equipped with control systems capable of solving complex algorithms/calculations and handling
various tasks which were hitherto not possible with required efficiency and accuracy. This opens
endless vistas for exploration and research in the fields of machining, welding, heavy industrial
and space applications, trajectory tracking or a mere pick and place application. Not only
trajectory tracking of parallel manipulator is important but also target reaching for workspace

analysis is a challenging task for this type of manipulator.

1.2 Robotic Manipulators

A robotic manipulator is an electro-mechanical device consisting of rigid links connected by
joints capable of manipulating physical objects in its workspace. Manipulators can be classified
according to several criteria such as on the basis of drive technology as electric, hydraulic and
pneumatic manipulators, on the basis of work-envelope geometry as Cartesian, cylindrical,
spherical, SCARA and articulated manipulators, on the basis of motion control methods as point
to point and continuous path motion. Another important classification is on the basis of

kinematic structure as serial manipulators, parallel manipulators and hybrid manipulators.

Serial manipulators also known as open loop manipulators are the ones whose kinematic
structure takes the shape of an open loop with one link fixed to the ground and the last link
connected to the end effectors. Parallel manipulators are the ones whose kinematic structure

takes the shape of a closed loop. All the links are simultaneously joined to the base as well as to



the end effectors. Hybrid manipulators are the ones having properties of both open loop and

closed loop chains.
1.3 Linear Actuators

A linear actuator is a device which generates linear motion. They find wide applications in
industry especially where linear motion is required. Linear actuators can be basically categorized
as Mechanical actuators, hydraulic actuators, pneumatic actuators and electro-mechanical
actuators. Hydraulic and pneumatic actuators employ pressurized fluid and air respectively to
generate motion whereas electro-mechanical actuators are actuated by electric current.
Mechanical actuators usually operate by converting rotational velocity into linear velocity. This

is done through simple mechanisms such as screw, wheel and axle, cam etc.

The mechanical linear actuators working on screw mechanism are ball screw, lead screw,
screw jack and roller screw. Ball screw is a rolling contact mechanical linear actuator in which
steel balls housed in a nut roll over to generate motion. Due to rolling friction ball screw has low
wear leading to low cost maintenance, reduced lubrication and high mechanical efficiency. They
are also capable of converting linear motion in rotary motion. Lead screws are similar to ball
screws except that sliding friction replaces rolling friction and the nut is in direct contact with the
screw eliminating the necessity of balls. Although, the mechanical efficiency of lead screws is
not good nonetheless they are easy to manufacture and can carry high loads with fair amount of

precision.
1.4 Control System

A Control system is essentially a combination of elements arranged in such a manner so as to
create the desired output. Control systems may be broadly categorized as Open loop and Closed
loop control systems. An open loop control system is the one in which the output solely depends
on the input whereas in a closed loop system the output is fed back so as to facilitate required
control action for generating the desired output. Closed loop control systems are also known as
Feedback control systems. Proportional control and overwhelming control are two of the major

control actions employed in control systems.

In Proportional control, the actuating signal is proportional to the error signal which is the

difference between the reference and the feedback signal. Increasing the gain of proportional



control reduces the settling time and steady state error but at the same time increases the
maximum overshoot. In an overwhelming control, the controller mass M" is rigidly attached to
the plant mass in physical domain and the plant dynamics are completely overwhelmed by the
controller dynamics by the application of a high gain, uy >> 1 at the same maintaining the

similarity of motion with the plant by the application of a low gain, y;, = 1.
1.5 Trajectory Tracking

Trajectory tracking can be described as replication of a reference trajectory by the end effectors
of the manipulator. Trajectory tracking finds wide applications in the world of manipulators
ranging from machining, finishing and welding to a simple pick and place application.
Replication of the input along given coordinates with negligible errors form the basic

characteristic of a trajectory tracking system.
1.6 Target Reaching

Target reaching is the event of the end effectors of the manipulator arriving or reaching at a
given target. The target is usually fed in terms of its coordinates and the manipulator is required
to reach the given target irrespective of the path traversed to reach it. The basic characteristic of a

target reaching system is reaching at the given target with negligible errors.
1.7 Workspace Analysis

Workspace may be described as the locus of all points which are reachable by the end effectors
of the manipulator. Workspace may also be categorized as Maximal workspace, Constant
orientation workspace and Dexterous workspace. Maximal workspace or Total workspace is the
locus of all points reachable by at least one orientation. Constant orientation workspace is the
locus of all points reachable by a given fixed orientation whereas Dexterous workspace is the

locus of all points reachable by any orientation of the end effectors of the manipulator.
1.8 Bond Graph Modelling

A bond graph may be described as the pictorial representation of the energy interaction between
the subsystems of a system. The beauty of bond graph modelling is that it can be used to model
systems having subsystems in different energy domains be it mechanical, electrical, thermal or
hydraulic subsystem. This is achieved by segregating the power variables of every energy

domain in two types, Effort and Flow. A bond graph consists of single, double and multi port



elements connected by bonds which carry power from one element to another through 0 and 1-
junctions. I, C, R, SE and SF are the five single port elements. Inertances, compliances and
dissipaters are represented by I, C and R elements respectively whereas SE and SF elements
represent source of effort and source of flow respectively. TF and GY are two double port
elements representing Transformer and Gyrator elements. Whereas TF element denotes the
magnification of power variables, GY element denotes change in the nature of power variable
together with magnification. Junctions 0 and 1 decide the nature of interaction between various
elements i.e. common flow and common effort. Bond graph modelling technique finds wide

acceptance in modeling dynamic systems especially multi body and mechatronic systems.

1.9 Contribution of the Thesis
The contributions of this thesis are as follows:

¢+ Literature review pertaining to parallel manipulator is carried out.

% Bond graph model of ball screw feed drive is developed.

% Bond graph model of a parallel planar manipulator using ball screw feed drives as its leg
is developed.

% An inversion controller using overwhelming control for trajectory tracking purposes is
developed.

% Another inversion controller based on Proportional control for target reaching purposes is
developed.

“+ Workspace analysis associated with the trajectory tracking manipulator is carried out.

1.10 Organization of the Thesis
This thesis is organized in five chapters which are summarized as:

Chapter 1: It deals with the introduction of the various topics and concepts based upon which
dissertation is carried out. The chapter begins with the introduction of Parallel manipulators.
Thereafter, basic concepts of ball screw feed drive, controllers, trajectory tracking, target
reaching and workspace analysis are discussed. Modelling of physical systems using bond graph
technique is also discussed. The chapter concludes with contribution and organization of the

thesis.



Chapter 2: This chapter summarizes the topic wise literature review carried out for the
dissertation work. The review is done in the areas of Parallel manipulator, ball screw and
workspace analysis. The literature gap and objectives of the thesis are presented at end of the

chapter.

Chapter 3: This chapter deals with a parallel planar manipulator employed for trajectory
tracking purposes. Modelling of the manipulator is followed by the results obtained through

simulation.

Chapter 4: This chapter deals with the modelling and simulation of a parallel planar
manipulator employed for target reaching purposes. Workspace analysis corresponding to the

trajectory tracking manipulator is also carried out.

Chapter 5: It provides the conclusions drawn from the dissertation of the thesis and suggests

scope for future research work.



Chapter 2 Literature Review

This chapter deals with the literature review done as part of thesis dissertation. The literature
survey is done in the areas of parallel manipulators, workspace analysis and bond graph
modeling technique. The literature gap identified and objectives of the thesis are presented at the
end of the chapter.

2.1 Literature Survey
2.1.1 Literature Survey on Parallel Manipulators

A parallel manipulator may be described as a closed kinematic chain in which the end effector is
connected to the base through numerous independent kinematic chains. They have high rigidity
and precision as opposed to serial manipulators which have larger workspace. Another problem
with serial manipulator is that their end effectors tend to bend under high loads. This coupled
with vibrations under high speed lead to poor accuracy. The applications of parallel manipulators
include material handling, machine tools and welding. Other applications include surgery,
painting, inspection, deep sea maintenance etc. Their main advantages are high load carrying
capacity, low inertia and high accuracy. Their disadvantages are small workspace, small range of

motion of joints and actuators and singularities [1].

Stewart platform, one of the most famous parallel manipulator is a 6-DOF manipulator
consisting of a platform supported by six prismatic legs that are connected to the ground and to
the platform through universal and spherical unactuated joints. Stewart manipulator which is also
used as a flight simulator demonstrates duality against serial manipulators. Contrary to serial
manipulators the forward kinematics of parallel manipulators are difficult to determine whereas
the inverse kinematics can be found out in an easier manner. It is found that the workspace and
maneuvering capability of the platform is low. It can be used as a force sensor as well [2].
Dynamic characteristics of a manipulator are cardinal for control system design. A full model of
Stewart platform is difficult to deal with. Hence, a reduced model neglecting the linear motor
dynamics was developed and found to work efficiently [3].

The topology of a manipulator may be broadly described as its kinematic composition
together with required constraints. It provides an insight as to which links are connected to whom

and with what types of joints. Topology is dimensionally independent. Although planar



manipulators can be described but owing to lack of dimensional information, spatial
manipulators are difficult to describe in topology. This was overcome by introducing some

essential constraints after the analysis of architecture representing the manipulator [4].

Natural frequency and stiffness play key role in defining the capabilities of manipulators. In
case of machine tools they allow higher cutting speeds and feeds with desired surface finish and
tool life. It was observed that the natural frequency and stiffness of a 3-DOF parallel manipulator
increased with addition of a redundant leg actuator to the manipulator. Nonetheless no
appreciable increase in frequency and stiffness were found after the addition of second leg

actuator [5].

In reference [6], an overwhelming control based inversion controller is developed for a 3-
DOF parallel planar manipulator. The manipulator consists of a platform supported by electro-
hydraulic actuated legs which are connected to the fixed base and to the platform with
unactuated revolute joints. The leg is modelled considering the dynamics of a cylinder and servo-
valve. The controller owing to overwhelming control is able to compensate for the unidentified
parameters as well hence making the system robust. The entire modelling is done with bond
graph. The input to the controller is provided from a planar vehicle simulator as a test case. The
controller generated the required forces for the actuator legs to replicate the input motion. Heave
and pitch motions of the vehicle simulator and as traced by the platform were compared and
were found to be similar within given error limits. Similarly, Trajectory control of space robots
based on overwhelming control was also developed. The space manipulator under consideration
is a 3-DOF floating serial manipulator mounted on a satellite. Simulation carried out validated

the robustness of the model [7].

Apart from trajectory control trajectory planning has also been explored and carried out so as

to minimize the motion time, power consumed, for obstacle avoidance etc [8-9].
2.1.2 Literature Survey on Workspace Analysis

Workspace may be broadly defined as the volume that can be reached or covered by the end
effectors of a manipulator. The volume consisting of all the points that could be reached with at
least one orientation is known as reachable workspace. The volume within which every single
point can be reached with a constant orientation of the end effectors is called constant

orientation workspace. Dexterous workspace is the volume that can be reached with any given
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orientation of the end effector. It follows that the union of all the constant orientation workspaces
gives the reachable workspace whereas the intersection of all the constant orientation workspaces

gives the dexterous workspace of a manipulator [10].

Workspace analysis is not a generalized technique. Methodology for determination of the
workspace depends on the structure of the manipulator and its kinematics. Several literatures
have been written on workspace analysis demonstrating different methodologies to achieve the
same. A parallel planar manipulator with 3-DOF has been considered for workspace analysis in
[11]. The manipulator consists of a moving platform which is connected to the fixed base with
three prismatic legs. The legs are connected to the platform and to the base with unactuated
revolute joints. The joints being revolute allow the platform to move only in a single plane. An
inertial coordinate frame is attached to the ground whereas another non inertial frame is attached
to the platform. It was observed that the sole effect of the motion of a leg on the centre of gravity
of the end effector was to move it in a circle around a fixed centre. If minimum and maximum
lengths of the leg are considered then the area swept will be an annular region about the fixed
centre. Similarly, two more annular regions will be swept corresponding to the other two legs.
The common region of these three annular regions will give the workspace without any limits on
the revolute joints. The imposition of revolute joints will create sectors on each annular region
corresponding to actuator legs. The required workspace is given by the intersection of the three
sectored annular regions. Algorithms for the determination of the different kinds of workspaces
for the same manipulator have been presented in [12].

Workspace analysis for another 3-DOF parallel planar manipulator has been done in [13].
The manipulator under consideration consists of a moving platform which is connected to the
ground through three independent chains. Each chain consists of a prismatic actuator leg fixed to
the ground. Another link is connected to the actuator leg and to the platform with unactuated
revolute joints. An inertial frame is attached to the ground whereas another non inertial frame is
attached to the platform. It was observed that the sole effect of the motion of a leg on the centre
of gravity of the end effector was to move it in region bounded by two parallel lines on two sides
and joined by two circular arcs on the remaining two sides. Similarly, two more regions are
swept corresponding to the other two legs. The required workspace is obtained by the

intersection of the three regions corresponding to the three actuator legs.



Workspace of a 6-DOF parallel manipulator has been determined in [14]. The manipulator
consists of a moving platform connected to the fixed base with six independent chains. Each
chain consists of a prismatic actuator leg connected to the platform and to the base with
unactuated revolute joints. An inertial frame is attached to the ground whereas another non
inertial frame is attached to the platform. It was observed that the sole effect of the motion of a
leg on the centre of gravity of the end effector was to move it on the surface of a sphere. If
minimum and maximum lengths of the leg are considered then the area swept will be an annular
region between two spheres about the fixed centre. The common region of these six annular
regions will give the workspace without any limits on the revolute joints. The required
workspace is the common region obtained by the intersection of the six regions. The workspace
in 3-dimensional space can also be visualized in a two dimensional space by taking a section of
the workspace in a plane.

Parallel manipulators as known have limited workspace. This is overcome by the
introduction of series-parallel hybrid manipulators in which two or more parallel structures are
put in cascade. The workspace of hybrid and similar manipulators has been determined in [15-
17].

2.1.3 Literature Survey on Bond Graph Modelling

Modelling of a system consists of identifying the system limits with respect to physical
dimensions, frequency range etc., segregation of the larger system into smaller subsystems and
describing the physical relations between the subsystems as per the energy interactions taking
place between them. A basic but challenging task is the identification of the state variables [18].
As such Bond graph modelling is increasingly gaining popularity among the researchers for

modelling purposes.

Bond graph modelling technique was developed by Prof. Henry Paynter. A bond graph is a
pictorial representation using power bonds to represent the energy interactions between the
subsystems of a larger system. The beauty of bond graph is that the systems having subsystems
in different energy domains can also be modelled. As the dynamic equations are expressed in
state representations, bond graph approach comes handy in solving control design problems [19].

Bond graphs have been extensively used for modelling different kinds of systems. An

underwater single degree of freedom robotic manipulator was modelled in reference [20]. The
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arm of the manipulator was assumed to be a Raleigh beam. As the environment underwater is
different from the one on ground, hydrostatic, hydrodynamic and buoyant forces were also taken
into consideration. The dynamic behavior of the manipulator was analyzed and deflection of the

arm was obtained.

Bond graph modelling technique has been applied to model a four wheeled vehicle to
optimize the yaw rate of an under-steering vehicle for safety purpose. A non linear dynamic
model with electrically controlled steering and brakes was developed. Controls were also
provided at each suspension corner. These sub systems were modelled separately and then
assembled to present the entire system for simulation. Yaw response of uncontrolled and

controlled vehicle was obtained and compared [21].

One of the areas where bond graphs are widely used is Mechatronics. The role of Bond graph
modelling in mechatronic systems have been presented in [22] in which approach for both linear
and non linear systems was discussed. Piezoelectric sensors, operational amplifiers, rotational
actuators and thermo-fluid systems were modelled and simulated by integrating with
SIMULINK. A simple drive illustrating torsional resonance was modelled in [23] leading to the
modelling of three coupled electric drives of different configurations. A two link rigid arm with

drive flexibility was successfully modelled.

Another area where Bond graph has found acceptance is multi body dynamics. A multi body
dynamic system has been modelled in [24] and a multi body system with kinematic loops has
been presented in [25]. Bond graphs have also been used for identification [26] and fault
detection [27]. Hardware-in-loop dynamics simulator has also been modelled in this environment
[28].

2.2 Literature Gap
Based on the literature survey carried out following gaps have been identified:

s Very few trajectories tracking model of the 3-DOF parallel planar manipulator with
electrically actuated manipulator leg has been developed

% Target reaching model of the same manipulator has not been reported in the literature

% Very few workspace analysis technique of the parallel manipulator has been reported in

literature

10



2.3 Objectives of the Present Work

Based on the literature gaps identified in the previous section the objectives of this thesis

dissertation are:

% To model a ball screw feed drive as electrically actuated manipulator leg
% To develop a trajectory tracking model of a 3-DOF parallel planar manipulator
% To develop a target reaching model of a 3-DOF parallel planar manipulator

% To develop workspace analysis of the planar parallel manipulator

11



Chapter 3 Trajectory Tracking For Parallel Manipulator

This chapter deals with the construction and working of the 3 degree of freedom (DOF) parallel
planar manipulator employed for trajectory tracking purposes. Ball screw feed drive which is
used as leg of parallel manipulator to impart motion to it is also discussed. Bond graph models of
the ball screw feed drive together with the manipulator and the inversion controller is also

presented in this chapter.
3.1 Parallel Planar Manipulator
3.1.1 Introduction

Trajectory tracking essentially refers to replication of an input reference trajectory by the end
effectors of the manipulator. Trajectory tracking finds wide applications in the world of
manipulators be it machining, finishing, welding or a simple pick and place application.
Replication of the input along given coordinates with negligible errors form the basic
characteristic of a trajectory tracking system.

The schematic diagram of the parallel planar manipulator having 3-DOF is presented in Fig.
3.1. The manipulator consists of a moving platform AB supported by three prismatic legs 1, 2
and 3. The three prismatic legs are actuated by ball screw feed drive. These are connected to the
platform with three moving un-actuated revolute joints whereas to the fixed base CDE with three
fixed un-actuated revolute joints. The centre of gravity of the manipulator is assumed to lie at
point G which is the midpoint of the platform. 6 is the angle that the platform makes with the

horizontal axis.

i

Fig. 3.1 Schema of the parallel planar manipulator

12



3.1.2 Ball Screw Feed Drive

Ball screw feed drives find wide acceptance and applications in industry due to their positional
accuracy and mechanical efficiency. These are used as prismatic joints in the manipulator legs by
virtue of their ability to convert rotational motion into linear motion. The schematic diagram of a
typical ball screw used as a prismatic leg is presented in Fig. 3.2. It consists of a motor connected
through a coupling to a threaded shaft which is supported by bearings fixed to base. As torque is
applied to the motor, the rotation of the shaft produces linear motion as a result of threads and
screw action on the link and supported by nut. The mechanical equivalent of the assembly is
depicted in Fig. 3.3. In this, the various components are represented as masses, springs and
dampers [30]. For simplicity the characteristics of the shaft are segregated into linear and
rotational branches. The parameters in the model shown like mass of the link m;, mass of the ball
screw shaft mg rotary inertia of shaft Js and motor J,, and various rigidity and damping factors

denote their physical values.

—> Coupling —>|Bearing|—>| Shaft |4— |Bearing|

Fig. 3.2 Schematic diagram of ball screw feed drive prismatic leg

Cor
0 [
T ' = %2
—>| /m /\/\/\ ]S -E l(li
L S =
Csa l_zn : me
I_; 1
X1 /\/\/\ X2
Ksa

Fig. 3.3 Mechanical equivalent of ball screw feed drive prismatic leg

The axial and rotational stiffness of shaft are given by

2

ke = ——d2E (3.1)

4lefr
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kse = o d*lp(2nf)? (3.2)

1 |G

s=ads (3.3)

where kg, and kg, being the axial and radial stiffness, E Young’s modulus, G shear modulus and
p density of the shaft. Symbols l.¢, | and d represent the effective length, total length and
equivalent diameter of the shaft. f; is the eigenfrequency of the shaft [2]. The rigidity values of
coupling, bearing and shaft are combined to obtain the overall axial k, and rotational k; rigidity

values of the system which are given as

1 1._

ko= G-+ E) ! (3.4)
1 1._

e = G-+ ) ! (3.5)

where kg, and kg, are the axial and rotational stiffness of the shaft respectively and whereas k;

is the axial stiffness of the bearing and k.. is the rotational stiffness of the coupling.
3.1.3 Overwhelming Control

The greatest challenge while developing an inverse controller of a plant is to estimate various
characteristic such as un-modelled inertia, friction, backlash, etc. which continuously change
with time. The strategy to deal with this challenge is to develop such robust controllers which are
least sensitive to the concerned parameters. Overwhelming control is one such method to deal
with the parameter uncertainties. In an overwhelming control, the controller mass M is rigidly
attached to the plant mass in physical domain and it drags the plant mass together with itself. The
plant dynamics are completely overwhelmed by the controller dynamics by the application of a
high gain, uy >> 1 at the same maintaining the similarity of motion with the plant by the
application of a low gain, u;, = 1. Consequently, the dynamics of plant mass become a small
perturbation on controller dynamics. In an overwhelming control, the controller parameters are

focused upon to generate the desired plant performance.
3.2 Bond Graph Modelling

Based on the construction and working of the parallel planar manipulator with ball screw feed
drive discussed in the previous section, bond graph models of the parallel manipulator with ball
screw feed drive and trajectory tracking system are developed.
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3.2.1 Parallel Planar Manipulator

Fig. 3.4 presents the bond graph model of the parallel planar manipulator with 3 DOF. In this
model, the linear velocities of centre of gravity, i.e. point G in x-y plane (xg, yg) and rotational

velocity about z axis (6¢) are used to define the velocities of points A and B which are

X5 = Xg + S10gsinfg (3.6)
Ya = Yo — Si6g cos bg (3.7)
Xg = Xg — S,0q sin g (3.8)
V5 = Y + S,0g cos O (3.9)

where S; and S, are lengths of AG and GB respectively. The junction pairs (1,,,1,,) and
(144, 14;) represent the velocities of points A and B, respectively whereas I-elements connected
to the velocities of centre of gravity, point G represent the mass (Mp) and moment of Inertia (Jp)
of the platform. A source of effort connected to 1 junction models the weight of the platform.

The flow detectors added to velocities of point G are used to modulate the modulated
transformer elements in order to satisfy the kinematics of the moving platform. The leg lengths

represented by 11361 : 11362 and 1l-aC3 are modelled as per plane impedance model with relevant
modulated transformers. The generalized form of leg lengths can be expressed as
Be= (2= x)* + (y2— »)? (3.10)

Differentiating this with respect to time gives

e = (B22) (i, — 50 + (22) 57— ) (311)

lac ac

where (xq,y;) and (x,,y,) are the coordinates of the two ends of the leg. The input to the

platform model is the effort to the actuator legs and output is the motion of the platform.
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Fig. 3.4 Bond graph model of planar platform

3.2.2 Ball Screw Feed Drive

Figure 3.5 shows the forward model of ball screw feed drive which is developed as per the

mechanical equivalent of the typical drive as discussed in Section 3.1.2. Junctions 1, and 1,,

represent the angular velocities of motor and shaft respectively. | and R-elements connected to
these two junctions represent corresponding values of moment of inertia (J,,,, /Jp) and damping
coefficients (R,,). The C-element with stiffness parameter k. and R-element with damping
parameter C. which are in mechanical parallel with each other represent the stiffness and
damping of the rotational component of the system. Similarly, the C-element with stiffness
parameter k, and R-element with damping parameter C, represent the stiffness and damping of
the translational component of the system. The angular velocity of the shaft is transformed into
linear velocity by transformer element and added with the translational velocity which is
represented by 1, -junction. The C and R-elements with stiffness and damping parameters k,
and C, are used to model the nut so as to generate the motion of the link represented by 1.,
junction to which an I-element with parameter m; is connected. The input to the system is the
applied torque to the motor whereas the output of the system is the motion of the moving
platform.
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:C,

The inverse model of the ball screw feed drive is shown in Fig. 3.6. In the inverse model all
the physical parameters, relations and connections between the different elements are same as in
the forward model. The power directions of the bonds have been reversed and the model is
redrawn. The input to the inverse model is the effort at the link whereas output of the system is

angular velocity of the motor.
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Fig. 3.6 Inverse model of the ball screw feed drive

3.2.3 Parallel Manipulator with Ball Screw

Figure 3.7 shows the word bond graph of the parallel planar manipulator with ball screw for
trajectory tracking purpose. It consists of two sub models named controller and plant. The

reference velocities in x and y are input to the controller by two source of flows. The controller
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generates the required efforts which is then fed into the three legs of the plant so as to

successfully track the given reference trajectories.

‘}.(vel
Sf7 Controller — -
St ¥yel % 4?
Sf:o SfO

Fig. 3.7 Word bond graph of parallel manipulator

The bond graph of the plant is depicted in Fig. 3.8. Plant model also known as forward model
is essentially the platform model as developed in Section 3.2.1 together with legs actuated by
ball screw feed drive which gets input from the inversion controller after the plant dynamics are
overwhelmed by the high gain, uy by the overwhelming controller. Low gain, y;, of value equal
to one ensures that the plant exactly executes the motion input to the controller. The forward
model of ball screw feed drive modelled in the previous section is represented as BS. Pad
stiffness and damping elements are added after BS sub model to avoid differential causality. The
input to this model is the effort received from the inverse model and the output is the motion of

the platform together with the flow supplied to inverse model or controller.
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Fig. 3.8 Forward model of the manipulator
Figure 3.9 shows the inverse model of the manipulator. Inverse model in controller domain is

essentially the mirror image of the forward model together with modifications carried out to
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make it computationally suitable. Junctions 1., and 1, which represent the linear velocities of
point A have been dissociated into two pairs. The inverse model of ball screw feed drive as
modelled in Section 3.2.2 is shown as a sub model INV-BS. Stiff pads having C and R-elements
in mechanical parallel to each other have been added before velocities of centre of gravity

(14 1y and 1, ) and INV-BS sub model to avoid differential causality. C-elements added after

INV-BS sub model return effort to the forward model. The reference trajectory desired to be

tracked is fed through three source of flows attached to the three 1-junctions (1, 1. and 1, )
representing velocities of the centre of gravity through stiff pads. The input to the inverse model
is flow from three sources of flows and flow received in feedback from the forward model and
output is the force supplied to the forward model.
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Fig. 3.9 Inverse model of the manipulator
3.3 Parameter Values and Simulation Results

This section deals with the various results obtained from the simulations carried out on the full
model of Parallel manipulator. Results for trajectory tracking were obtained by running bond
graph model simulations on software named SYMBOLS SHAKTI.
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Some of the parameters related with the systems are taken from reference [30] and others
have been chosen accordingly. The different parameters selected for simulations are provided in
Table 3.1. The initial configuration of the manipulator is specified in Table 3.2. In the initial
position, links 1, 2 and 3 are of length 1.118 m each and make angles of 1.10715, 2.0344 and

1.0715 rad respectively with the horizontal axis.

Table 3.1 Parameter VValues

Sub systems Parameter values
Platform Mp =11kg Jp =0.1kg m? K, =108 N/m R; =50 Ns/m
Ball screw h=0.0zm Iy =64e3kgm? J =65e*kgm? I=2m
feed drive
ke =141e3Nm/mrad ~ d =0.038m C. =0.01Ns/m Cg =0.01Ns/m
kp = 250e® N/m k, =500 N/m  fm =0.0LNs/m Ry =0.01Ns/m
k, =50 Ns/m ka =50 Ns/m m, =1kg m; =11kg
Inverse system M =11kg J)=01kgm® K, =10°N/m R, =50Ns/m

The bond graph simulation for trajectory tracking model is run for t = 6.28 s. The reference

trajectory or command is a double semi circle denoted by Fig. 3.10(a). The two source of flows

along x and y axes so as to generate the first semi circle fort =0 to g are as follows
X = —rwsin (wt) (3.12)
y = rwcos (wt) (3.13)

Table 3.2 Initial condition of the manipulator

Points X y
A 0.5m Im
G 15m Im
B 25m Im
C Om Om
D Im Om
E 2m Om

2
whereas for t = % to f the source of flows along x and y axes are as
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X = —rwsin (w(t — g)) (3.14)
y = rwcos (w(t — g)) (3.15)

where o and r are angular frequency and radius of the semi circle having values of 1 rad/s and
0.1 m respectively.

The command or reference trajectory is shown in Fig. 3.10(a) whereas the response or the
motion of centre of gravity of the platform is shown in Fig. 3.10(b). It can be seen from Fig. 3.11
that the manipulator successfully tracks the given command. The centre of gravity of the
platform starts from its initial position of (1.5, 1) m and completes the first semi circle att =7 s

at (1.3, 1) m and the second at t = 2w reaching (1.1, 1) m.

1.3 1.3
E 1.2 =121
c o
2 2
.§ )%‘
= 1,14 114 e
>, =

10 T T T T T T T 10 T T T ;: T T T

1.1 1.2 1.3 1.4 1.5 1.1 1.2 1.3 1.4 1.5
X position (m) X position (m)
(a) (b)

Fig. 3.10 Plot of y position with x position of (a) command and (b) response

Figure 3.12 depicts the change in lengths and angles from x axis of the three actuators. The
initial lengths of the legs are taken to be 1.118 m each and leg angles with x direction are
1.10715, 2.0344 and 1.0715 rad. At the final position when the manipulator reaches the target the
leg lengths are 1.00531, 1.34559 and 1.00531 and leg angles are 1.47116, 2.30184 and 1.47116
rad. The change in leg lengths and leg angles is within 0.3 m and 0.4 rad respectively for the
complete motion of the manipulator. The leg lengths and the leg angles of all the three legs
change as per the movement of the platform.
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Fig. 3.11 Simulator performance in replicating (a) x position (b) y position with time and (c) y
position with x position

It may be noted that the nature of change of leg lengths and leg angles is replicated for the

second semi circle after t = g s. Also, as there is no rotation of the platform, motions of legs 1

and 3 are identical. The cusp appearing in the plot of leg lengths is due to sudden change in the
gradient of the trajectory at the completion of the first semi circle.
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Figure 3.13 shows the absolute error in tracking x and y positions of the reference trajectory.

The absolute errors in tracking x and y positions are within + 9.1x10° m and * 1.3x10™* m

respectively. Figure 3.14 shows the percentage error in tracking x and y positions of the

reference trajectory. The percentage errors in X and y positions range within + 0.007 and *

0.0135 respectively. The maximum error is observed at t = % s where there is steep change in

gradient.
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Chapter 4 Target Reaching and Workspace Analysis

This chapter deals with the construction and working of a 3 degree of freedom planar parallel
manipulator employed for point to point motion or reaching at a given target. Ball screw feed
drive which is used to impart motion to the manipulator is discussed. Ball screw feed drive
together with the manipulator and the inversion controller is modelled. Workspace analysis

associated with the manipulator is done at the end of the chapter.
4.1 Introduction
4.1.1 Parallel Planar Manipulator

The manipulator under consideration is a 3-DOF parallel planar manipulator. The manipulator
consists of a moving platform supported by three prismatic joints actuated by ball screw feed
drive which is connected to the fixed base and moving platform with unactuated revolute joints.

The same has been described in Section 3.1.1.
4.1.2 Ball Screw Feed Drive

Ball screw feed drives have been used as prismatic joints in the manipulator legs by virtue of
their ability to convert rotational motion into linear motion. It consists of a motor connected
through a coupling to a threaded shaft which is supported by bearings fixed to base. As torque is
applied to the motor, the rotation of the shaft produces linear motion as a result of screw and
thread action in the link mounted on it and supported by a nut. The same has been discussed in
Section 3.1.2 in detail.

4.1.3 Target Reaching

Target reaching is the event of the end effector of the manipulator arriving or reaching at a given
target. The target is usually fed in terms of its coordinates and the manipulator is required to
reach the given target irrespective of the path traversed to reach it. The basic characteristic of a

target reaching system is reaching at the given target with negligible errors.
4.1.4 Workspace Analysis

For determining the workspace of the 3-DOF planar parallel manipulator, the methodology given
in reference [11] is followed. An inertial Cartesian frame Oxy is attached to point C of the

manipulator with its x-axis parallel to the horizontal. Another non-inertial Cartesian frame Oy
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is attached to the centre of gravity of the manipulator with x-axis parallel to the platform and
subtending angle ¢ with the horizontal. The coordinates of fixed revolute joints expressed in
inertial frame Oxy are (xg,, ¥q,) and the coordinates of moving revolute joints expressed in non
inertial frame Oy are (x,, yp,). The coordinates of centre of gravity in inertial frame are (x, y,
#). For a given position and orientation of the platform, leg lengths, L; (i=1, 2, 3) of the

manipulator can be expressed as

L= (x—x)*+ (v —y)? (4.1)
where Xe; = Xg; — Xp; cos ¢ + Vb, sin ¢ (4.2)
yCi = yai - xbi Sind) - ybi Cos d) (43)

From these equations, it is evident that for a given orientation of the platform and without
constraints on the unactuated joints, the workspace is obtained as the intersection of three pairs

of concentric circles. The centres of the circles are (x,, y,) and minimum and maximum radii of

each pair are L™™ and L™*, respectively. The constraints on the fixed unactuated joints can be

expressed as

min
omin < 4,

< Oy < 650, i=1,2,3 (4.4)
where 6, is the angle subtended by the leg with horizontal. The imposition of the limits of each

unactuated joint creates sectors on its corresponding annular region bounded by concentric
circles. Finally, the required workspace is obtained as the intersection of the three zones of

sectored annular regions.
4.2 Bond Graph Modelling

Based on the construction and working of the parallel planar manipulator with ball screw feed
drive discussed in the previous sections, bond graph models of the parallel manipulator, ball

screw feed drive and target reaching system are developed.
4.2.1 Parallel Planar Manipulator

In the bond graph model of parallel planar manipulator, the linear velocities of centre of gravity,

i.e. point G are represented as (14, 1;,) and rotational velocity about z axis is represented as

1p,. The junction pairs (14,,1y,) and (1., 1;;) represent the velocities of points A and B
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respectively whereas I-elements connected to the velocities of centre of gravity, point G
represent the mass(Mp) and moment of inertia (Jp) of the platform. A source of effort connected
to 1, junction models the weight of the platform. Modulated transformer elements are used in
order to satisfy the kinematics of the moving platform. The same has been described in Section
3.2.1.

4.2.2 Ball Screw Feed Drive

In the bond graph model of ball screw feed drive Junctions 1, and 1, represent the angular

velocities of motor and shaft, respectively. | and R-elements connected to these two junctions
represent corresponding values of moment of inertia (J,,,, /Jp) and damping coefficients (Ry;). The
various C and R-elements which are in mechanical parallel to each other represent the stiffness

and damping of corresponding components.

In the inverse model all the physical parameters, relations and connections between the
different elements are same as in the forward model. The power directions of the bonds have

been reversed and the model is redrawn. This is discussed in detail in Section 3.2.2.
4.2.3 Target Reaching

Figure 4.1 shows the word bond graph of the target reaching model. It consists of two sub
models named controller and plant. The forces acting at the centre of gravity of the platform
along x and y axes in order to make the manipulator reach the set target are input through two
sources of effort. The controller or inverse model generates the required efforts which are then

fed into the three legs of the plant so as to successfully reach the given target.

The bond graph of the plant is depicted in Fig. 4.2. Plant model also known as forward model
is essentially the platform model as developed in Section 3.2.1 together with legs actuated by
ball screw feed drive which gets input from the inversion controller. The forward model of ball
screw feed drive modelled in the previous section is represented as ball screw (BS). Pad stiffness
and damping elements are added after BS sub-model to avoid differential causality. The input to
this model is the effort received from the inverse model and the output is the motion of the
platform together with the flow supplied to inverse model or controller.
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Fig. 4.2 Forward model of the manipulator

Figure 4.3 shows the inverse model of the target reaching system. Inverse model in controller
domain is essentially the mirror image of the forward model together with modifications carried
out to make it computationally suitable. Junctions 1,, and 1, which represent the linear
velocities of point A have been dissociated into two pairs. The inverse model of ball screw feed

drive as modelled in Section 3.2.2 is shown as a sub model INV-BS. Stiff pads having C and R-
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elements in mechanical parallel to each other have been added before INV-BS sub model to
avoid differential causality. C-elements added after INV-BS sub model return effort to the
forward model. The forces acting at the centre of gravity of the platform along x and y axes are
input through two sources of effort. The input to the inverse model is forces applied along x and
y direction and flow received in feedback from the forward model and output is the force

supplied to the forward model.
The forces along x and y-axes which are input to the controller can be expressed as
E, = Gyl cos® (4.5)
E, = Gylsin6 (4.6)

where Gy and G, are the corresponding gains and 6 is the angle subtended by the line joining the
target and the current positions with the x-axis. | is the input force. The current location is
obtained by adding flow detectors to the centre of gravity in the forward model. The current x
and y locations are subtracted into corresponding x and y target locations which are then fed by
respective source of flows and the differences are obtained by adding flow detectors. The tangent
of the angle 6 is finally obtained by dividing the y difference in target and current positions to

the x difference in target and current positions.
4.3 Parameter Values and Simulation Results

This section deals with the various results obtained from the simulations carried out on the full
model of the target reaching manipulator. Results for target reaching were obtained by running
bond graph model simulations on software named SYMBOLS SHAKTI whereas the results for
workspace analysis were obtained on MATLAB.

4.3.1 Target Reaching

Some of the parameters related with the systems are taken from reference [30] and others have
been chosen accordingly. The different parameters selected for simulations are provided in Table
4.1. The initial configuration of the manipulator is specified in Table 4.2. In the initial position,
links 1, 2 and 3 are of length 1.118 m each and make angles of 1.10715, 2.0344 and 1.0715 rad ,
respectively with the horizontal axis.
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Fig. 4.3 Inverse model of the manipulator

The bond graph simulation for target reaching model is run for t = 8.92856 s. An initial
disturbance along the direction of 1.6 rad from x axis is applied for t = 0.3 s following which the
manipulator is allowed to move as per the algorithm. The target of (2.5, 3) is continuously fed
through two source of flows. An input force of 10 N acts at the centre of gravity (G) with gain
values of 64 and 60 in x and y directions, respectively. The manipulator continuously tracks the
target at each time step and satisfactorily reaches the target (Fig. 4.4 (a), (b) and (c)). The initial
and final locations are encircled and the arrow head denotes the direction of motion. The
absolute errors in reaching the x and y coordinates of the target are 2.5 x 10™> m and 1.6 X
10~* m, respectively. The corresponding percentage errors are found to be 0.001 and 0.005. As
evident from the figure, the centre of gravity of the manipulator starts from its initial position
(1.5, 1) m and moves leftwards till the time the initial disturbance is in effect after which it starts
turning towards the right and stabilizes so as to achieve an almost straight line path to finally

reach its target located at (2.5, 3) m.
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Figure 4.5 depicts the change in lengths and angles from the x-axis of the three actuators.
The initial lengths of the legs are taken to be 1.118 m each and leg angles with x direction are
1.1071, 2.0344 and 1.0715 rad. At the final position when the manipulator reaches the target the
leg lengths are 2.90715, 2.41136 and 3.91436 m and leg angles are 0.89502, 1.22451 and
1.26418 rad. The change in leg lengths and leg angles is within 3 m and 0.85 rad, respectively for
the complete motion of the manipulator. The leg lengths and the leg angles of all the three legs

change as per the movement as well as rotation of the platform.
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4.3.2 Workspace Analysis

The workspace associated with the double semi circle trajectory tracked by the bond graph

model discussed in Section 3.3 is determined and analyzed. The kinematic parameters together

with joint limits were obtained from the trajectory tracking simulation and are listed in Table 4.1.

Table 4.1 Kinematic parameters and joint limits of the manipulator

i 1 2 3
Xa, (M) 0 1 2
Ya, (M) 0 0 0
Xp, (M) -1 -1 -1
Y, (M) 0 0 0
LM (m) 1.00531 1.118 1.00531
L& (m) 1.177 1.38071 1.177
61" (rad) 1.10715 2.02377 1.10715
egi‘ax(rad) 1.47163 2.30184 1.47163
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The orientation of the platform is kept constant at zero radian and the simulation to determine
the associated workspace is run on MATLAB. Shaded region in figure 4.6(a) denotes the
workspace region without unactuated joint limits whereas 4.6(b) denotes the workspace with
unactuated joints. The region ABCDEFGA in figure 4.6(c) which is the common region obtained
by inter-section of various coloured arcs representing the joint limits represents the required
workspace. The blue arc inside the workspace region is the trajectory starting at point F (1.5, 1)
and terminating at point A (1.1, 1) is seen to aptly fit inside the workspace region hence
validating the correctness of the result obtained. The area of the workspace region is determined

by integrating its boundary between appropriate limits and is found to be 0.0553 m?.
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Fig. 4.6 Workspace associated with manipulator (a) without unactuated joint limits (b) with
unactuated joint limits and (c) together with trajectory

33



Chapter 5 Conclusions

5.1 Conclusions

Based on the literature review and research work carried out as part of the dissertation work,

following conclusions are drawn from this thesis:

R/
L X4

Parallel manipulators have higher load carrying capacity and stiffness but lesser
workspace as compared to serial manipulators.

Bond graph model of ball screw feed drive used as prismatic joint is developed.

A parallel planar manipulator with ball screw feed drives employed as its legs is
modelled.

An inversion controller using overwhelming control for trajectory tracking purposes is
developed and the manipulator is found to successfully track the given trajectory with
negligible errors. The system also exhibits robustness against any parameter changing
with time.

Another inversion controller based on Proportional control is developed for target
reaching purposes and the manipulator is found to successfully reach the given target
with negligible errors.

Workspace analysis associated with the trajectory tracking manipulator is carried out.
Shape and minimum area of the workspace associated with trajectory tracked by the
manipulator which should be kept clear of any foreign object so as to avoid any collision

with the manipulator is obtained.

5.2 Scope for Future Work

Revolute joints connecting the prismatic joints to the platform and the base may be
modelled.

Inversion controller for target reaching manipulator so as to keep the orientation of the
platform constant may be developed.

Workspace analysis was carried out assuming the orientation of the platform to be
constant with time. Same may be carried out in case of variable platform orientation.
Modelling of the 3-DOF parallel planar manipulator may be extended to 6-DOF parallel

manipulators with workspace analysis.
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