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RESUMEN

El principal interés de la presente tesis consiste en el estudio e implementacion
de postprocesadores para adaptar las trayectorias generadas por sistemas de
Fabricacién Asistida por Computador (generalmente conocidos como
plataformas CAM, Computer Aided Manufacturing) hacia una célula robotizada
de ocho articulaciones, la cual estd destinada al prototipado de piezas 3D
disefiadas desde plataformas CAD (Computer Aided Design). Dicha célula la
conforma un robot manipulador industrial de seis articulaciones rotativas, el cual
estd montado sobre un rail y sincronizado con una mesa giratoria. Para alcanzar
el objetivo principal expuesto inicialmente, sucesivas tareas son llevadas a cabo.
Cada una de éstas conlleva una metodologia, objetivo y resultados parciales que
se conjugan y complementan, a saber:

- Se describe la arquitectura de la célula a niveles de posicion y velocidad
articulares para las resoluciones directa e inversa en ambos casos. El
condicionamiento numérico de la matriz Jacobiana se describe como
indice kinetostatico para evaluar la cercania a configuraciones singulares.
Estas son analizadas desde un punto de vista geométrico.

- Previo a cualquier mecanizado, las articulaciones externas adicionales
requieren de una calibracion realizada in situ, generalmente en el lugar
de trabajo. Se ha desarrollado un novedoso método de Calibracion sin
contacto en base a restricciones planares para estimar los parametros de
configuracion de las articulaciones externas, por medio de un sensor
laser de desplazamiento.

- Un primer control, a nivel de desplazamiento por medio de un motor de
inferencia borrosa, es integrado en el postprocesador del sistema CAM.

- Varios Esquemas de Resolucion de Redundancias a nivel de velocidad
articular son comparados para la configuracion de un postprocesador.
Estos esquemas tratan no solo con las articulaciones adicionales
(redundancia intrinseca) sino también con la redundancia debida a la
simetria de la herramienta de corte (redundancia funcional).

- El uso de estos esquemas es optimizado mediante el ajuste de dos
vectores de criterio de comportamiento (performance criterion vectors)
relacionados con la evitacién de singularidades y el mantenimiento de
una postura de referencia preferente. Dos novedosos motores de
inferencia borrosa ajustan activamente el peso (o relevancia) de cada
articulacion en estas tareas.

El sistema completo resultante es validado en el prototipado real de un modelo
orogréfico y de una Falla Valenciana.
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ABSTRACT

The main interest of this thesis consists of the study and implementation of
postprocessors to adapt the toolpath generated by a Computer Aided
Manufacturing (CAM) system to a complex robotic workcell of eight joints,
devoted to the rapid prototyping of 3D CAD-defined products. It consists of a 6R
industrial manipulator mounted on a linear track and synchronized with a rotary
table. To accomplish this main objective, previous work is required. Each task
carried out entails a methodology, objective and partial results that complement
each other, namely:

It is described the architecture of the workcell in depth, at both
displacement and joint-rate levels, for both direct and inverse
resolutions. The conditioning of the Jacobian matrix is described as
kinetostatic performance index to evaluate the vicinity to singular
postures. These ones are analysed from a geometric point of view.

Prior to any machining, the additional external joints require a calibration
done in situ, usually in an industrial environment. A novel Non-contact
Planar Constraint Calibration method is developed to estimate the
external joints configuration parameters by means of a laser
displacement sensor.

A first control is originally done by means of a fuzzy inference engine at
the displacement level, which is integrated within the postprocessor of
the CAM software.

Several Redundancy Resolution Schemes (RRS) at the joint-rate level
are compared for the configuration of the postprocessor, dealing not only
with the additional joints (intrinsic redundancy) but also with the
redundancy due to the symmetry on the milling tool (functional
redundancy).

The use of these schemes is optimized by adjusting two performance
criterion vectors related to both singularity avoidance and maintenance
of a preferred reference posture, as secondary tasks to be done during the
path tracking. Two innovative fuzzy inference engines actively adjust the
weight of each joint in these tasks.

The resulting whole system is validated in a real prototyping of an orographic
model and a Valencian Falla.
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RESUM

El principal interés de la present tesi consistix en I’estudi i implementacié de
postprocesadors per a adaptar les trajectories generades per sistemes de
Fabricacié Assistida per Computador (normalment conegudes com a plataformes
CAM, Computer Aided Manufacturing) cap a una cel-lula robotitzada de huit
articulacions, la qual esta destinada al prototipat rapid de peces 3D dissenyades
des de plataformes CAD (Computer Aided Design). Aquesta cél-lula la conforma
un robot manipulador industrial de sis articulacions rotatives, el qual esta muntat
sobre un rail i sincronitzat amb una taula giratoria. Per a aconseguir I'objectiu
principal exposat inicialment, successives tasques son dutes a terme. Cadascuna
d'estes comporta una metodologia, objectiu i resultats parcials que es conjuguen i
complementen, a saber:

- Es descriu en profunditat I’arquitectura de la cél-lula, a nivells de posicio
i velocitat articulars, per a les resolucions directa i inversa en ambdds
casos. El condicionament numéric de la matriu Jacobiana es descriu com
index Kinetostatic per a avaluar la proximitat a configuracions singulars.
Estes son analitzades des d’un punt de vista geomeétric.

- Previ a qualsevol mecanitzat, les articulacions externes addicionals
requerixen d’una calibraci6 realitzada in situ, generalment en el lloc de
treball. S’ha desenrotllat un nou métode de Calibracié sense contacte
amb restriccions planars per a estimar els parametres de configuracié de
les articulacions externes, per mitja d’un sensor laser de desplagcament.

- Un primer control, desenrotllat originariament a nivell de desplacament
per mitja d’un motor d’inferéncia borrosa (fuzzy), és integrat en el
postprocesador del sistema CAM.

- Diversos Esquemes de Resolucié de Redundancies a nivell de velocitat
articular sén comparats per a la configuraci6 d’un postprocesador.
Aquests esquemes tracten no sols amb les articulacions addicionals
(redundancia intrinseca) siné també amb la redundancia deguda a la
simetria de la ferramenta de tall (redundancia funcional).

- L’0s d’aquests esquemes és optimitzat per mitja de I’ajust de dos vectors
de criteri de comportament (performance criterion vectors) relacionats
amb I’evitacidé de singularitats i el manteniment d’una postura de
referéncia preferent. Dos nous motors d’inferéncia borrosa ajusten
activament el pes (o relevancia) de cada articulacio en aquestes tasques.

El sistema complet resultant és validat en el prototipat real d’un model orografic i
d’una Falla Valenciana.
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ABBREVIATIONS AND
ACRONYMS

At each chapter, the notation used is introduced in its respective context.
Nevertheless, common acronyms and abbreviations along the present document
are listed below for shake of clarity.

AP, Accuracy of pose

{B}, Base coordinate system

CA, Circular Angle

CAD, Computer Aided Design

CAM, Computer Aided Manufacturing

CIM, Computer Integrated Manufacturing

CL-data, Cutter Location data

CNC, Computer Numerical Control or Computer Numerically Controlled
CP, Continuous Path

DH, Denavit-Hartenberg

DK, Direct Kinematics

DKP, Direct Kinematic Problem

DLS-inverse, Damped Least-Squares inverse

DOF, Degree of Freedom

EE, or {E}, End-Effector

FL, Fuzzy Logics

FLC, Fuzzy Logic Controller

GAs, Genetic Algorithms

GPM, Gradient Projection Method

h, Optimized performance criterion vector or Performance vector
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CHAPTER 1. INTRODUCTION

1.1 INTRODUCTION

Initiated the 21st century, it is practically unbelievable the revolution
experienced by the manufacturing technologies especially on last 10-15 years.
The evolution of the computers, the machinery and the new communication
technologies are revolutionizing the World in general, and especially the
industry.

In the field of milling concerning this thesis, the revolution has already
come with terms such as High Speed Machining (HSM) or Rapid Prototyping
(RP), which many factories start discovering right now. Nowadays, the HSM
may have some different interpretations, but it does not necessarily mean to
machine with a high spindle speed. For example, some HSM applications are
carried out with moderate spindle speeds (3.000-6.000 rpm) but with tools of
great diameter (25-30 mm) with more global depth per cut or step-over (see
Chapter 4). Clearly, the triangle material-cutter-machine conditions the cutting
parameters, the milling strategies, the volume of material removed per unit of
time, etc. Thus, the speeds and feeds in the process will generally depend on the
material to machine. Rapid Prototyping in industrial design and in mechanical
design engineering is of increasing importance in order to get physical replicas of
CAD (Computer Aided Design) defined models and to support the product
development process, specially when the emphasis of the design is on the surface
of the product more than the replication of an inner structure. Therefore, the RP
referred here is done with soft materials, such as foams.

At the same time, robotic arms are becoming more demanded in
manufacturing processes involving large volumes, due to their high flexibility
and large working areas. These properties are commonly increased with the use
of additional joints carrying the arm or the workpiece, making up what is know
as industrial robotic workcell. This holds in particular when the resulting
prototypes are relatively large (normally, more than 0.5 metres).

In this context, conventional Computer Numerical Control (CNC)
machining techniques can be adapted from being devoted to high precision metal
cutting to fast milling of soft material, thus making them suited for rapid
prototyping. In fact, with the implantation of more sophisticated
CAD/CAM/ROB integrated manufacturing systems, the time invested in
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successive verifications, adjustments and translations in the machining process
up to the materialization of the product is to be reduced.

Leading commercial CAM (Computer Aided Manufacturing) softwares
plan off-line the cutting toolpaths in a Cartesian coordinate system. Therefore,
the tracking of the cutter is independent from the machine tool which will
manufacture the workpiece (also due to reasons of precision and universality).
These platforms are ready for the control and postprocessing of up to a maximum
of 5-axis CNC machines. These five parameters are, namely: three pose
coordinates of the tool center point (TCP) and two orientations of the milling tool
(considering it symmetrical along its revolute axis). It supposes no indecision in
tool positioning and orientation in conventional CNC machines but, in every
case, the toolpath has to be postprocessed (i.e., adapted) to the production system
that is going to be used.

This previous overview highlights that there is still tremendous scope for
improvement in the basic machine modelling and postprocessing fields.
Traditional CNCs are ill-suited to the demands of many of today's complex
robotic workcells. At the Design and Manufacturing Institute, in the Universidad
Politécnica de Valencia (IDF-UPV), a sculpturing robot system has been
configured in order to test and to apply milling methods for rapid prototyping. An
industrial arm with six revolute joints is mounted on a linear track, and it works
over a synchronized rotary table platform on which the initial blank of material is
fixed. This provides a wider effective workspace, which is needed for handling
large objects with complex shapes.

The main difficulty of postprocessing a toolpath generated by a CAM
platform for a complex robotic cell focuses on the treatment to give to the
redundant joints in order to avoid singularities and limits of range. With the
inherent redundancy stated previously, the aim is to reach the successive poses of
the toolpath in the Cartesian space. This postprocessing stage raises two
differentiated tasks referring to both cutter pose and manipulator posture:

o Translation of the cutter poses generated by the CAM platform in
agreement with the requirements of the robot language.

¢ Kinematic analysis of the cell for a certain requirement of the cutter pose,
in order to include the treatment of the robot posture with the additional joints.

The second task arises from the fact that, with the inherent capacity to
avoid non-desired postures, the set of possible configurations is now infinite.
Several robot manufacturers solve the problem only by means of graphic
interfaces as an intermediate step between the CAM platform and the robot
execution. In these interfaces, an expert technician fixes the additional joints and
checks the movements of the arm along the tracking, in order to know if a limit
of range or a singular configuration is reached at any point. Experience and
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knowledge of the technician in charge of the manufacturing process allow
profiting from the employment of the additional joints in these cases. However, it
is a tedious job.

This thesis focuses on the application of industrial robotic workcells to
the rapid prototyping of 3D CAD-defined products. It revises diverse methods to
deal with the postprocessing stage from the CAM software to the redundant
workcell. It also presents an effective implementation of a CAM-ROB integrated
postprocessor for a fully automatic off-line generation of the robot instructions
based on both the posture and joint velocity analysis, attending to different
criteria.

1.2 STATE OF ART AND CURRENT TENDENCIES

The following lines mark the current trends in the context of this thesis,
on the basis of a reflection on the latter bibliographical references. Together with
others, they will be recounted in the thematic area of each Chapter.

On the employment of robotic worcells for robotic rapid prototyping
applications, Joe Campbell, director of strategic alliances of KUKA Robotics
Corp. (Clinton Township, MI), already affirmed a few years ago [1] that “we're
seeing this transition now where robots should plough being used for to lot of
machining processes, in softer materials and prototyping. This is an area that was
previously dominated by machine tools”. This trend has been supported in other
similar analyses, among which Fei et al. [2] (May 2010) can be highlighted in
view of its proximity to the core matter of this thesis. Nevertheless, the scope of
this thesis goes beyond the merely treated by the above-mentioned authors, since
it deals with other topics such as calibration and the underlying redundancies in
complex workcells. Due to the multidisciplinary character of the study, the
author has chosen to realize the state of the art and bibliography in relation to
each Chapter.

The reader will understand that certain topics of the mechanics, robotics
and classic mechatronics have been widely recorded and checked from the 50s.
Some of these concepts will be raised at Chapters 2 and 3. Obviously, the sources
to which the thesis will refer in those associate chapters can come from the above
mentioned years though the innovation lies in its application to the framework of
this thesis. For example, this is the case of the condition number of the Jacobian
matrix, proposed by Jorge Angeles in the early 90s, but which still maintains its
presence in the contemporary research. In this sense, a brief stay has been done in
the McGill’s Centre for Intelligent Machines (Montreal, Canada;
www.cim.mcgill.ca), where Jorge Angeles directs his scientific research. Also in
line with this, subsequent reviews of classic mechatronics applied to robot
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milling can be found. It is the case of the recent publication of Xiao et al. [3]
(January 2011) meantime the publication of this thesis.

Directly from the previous topics, the optimization in the use of
mechanical complex systems has promoted numerous studies. This way, Pin et
al. [4] (2009) also uses the condition number for the control of a robot of seven
rotary joints. The profuse review documented by Chiaverini et al. [5] reflects the
fact that classical Jacobian formulations are still in the limelight. Some
researches even stem towards the empirical evaluation of different performance
indexes [6]. Also referred to optimization, and later used in this thesis, the use of
the fuzzy logics is a burning topic, as the recent review realized by [7] shows.

The recent studies on the optimal use of redundant robots in applications
closer to milling ones are of major interest. The works of Huo et al. [8] about
welding robots, Mitsi et al. [9] or Vosniakos and Matsas [10], Nemec and Lajpah
[11][10], and Olabi et al. [12] are the most outstanding.

As for future trends, attending to new demands that differ from the initial
scope of this thesis (though it can be a point of departure) the recent publications
of Neto et al. [13], Liu et al. [14] (about interfaces for the programming of
industrial robots), and Sugita et al. [15] (about the applicability of CN generated
robot toolpaths in surgery) are worth mentioning.

1.3 OBJETIVES

In 2006, the study of the CAM to robotics postprocessing with the IDF’s
industrial workcell was established as the main goal for this thesis. At the
beginning, as usual in research, the final objective seemed to be clear (i.e. be able
to mill with the redundant robots recently updated by KUKA with the two
additional joints). Later on, with the development of the study, further partial
objectives appeared as a continuous of steps.

The main objectives of this thesis are described as follows:

e (Going into the knowledge of the architecture of the automated industrial
redundant workcells in depth, specifically about the:

- Establishment of a full kinematic model of the robotic workcell for
both direct and inverse, posture and velocity analysis (Chapter 2)

- Study of different criteria (namely, indices) to establish the better
performance of the robot posture (Chapter 2)

- Revision of the singularities concerning the work with this type of
wokcells (Chapter 2).

- Calibration of the external joints added to the main robotic arm to
form the industrial workcell (Chapter 3)



Chapter 1. Introduction 33

o Describing a complete postprocessing methodology from CAM systems
to NC controllers, improving (and unifying in some cases) previous works. Those
controllers manage machine tools or robots (Chapter 4).

e Giving a complete guide on the types of redundancy in industrial robots
devoted to milling tasks and the Redundancy Resolution Schemes (RRS)
associated (Chapter 5).

¢ Implementation and comparison of the most suitable RRS (Chapter 6).

¢ Raising solutions to two different applications: the milling of both an
orographic model and a valencian ninot, thus having a test and evaluation of the
implementation done (Chapter 7).

1.4 METHODOLOGY

As stated in the previous Section, the followed methodology arises from
the partial proposed aims. In turn, these ones have appeared in correspondence
with partial needs:

- The kinematic modelling of the workcell arises as direct subtask, for
the need to simulate the robot and to be able to establish an off-line path
planning in a PC. In short, a good model is what allows the required
abstraction in the in the theoretical workframe of this thesis.

- Without losing of sight the real aim of milling, the task of calibration
is carried out close to the real robot. Because of the production and
assembly, the true geometric parameters of an industrial robotic workcell
are different from the corresponding ones used by the robot kinematic
model. It results in errors in the tool poses. Model-based robot
calibration methods are studied to minimize those pose errors through
identifying the true geometric parameters of the workcell based on the
measurements of strategically planned toolpaths and the mathematical
solutions of non-linear least squares optimization.

Those previous works were the basis to keep working with the workeell,
and also to deep on the pros and cons of working with an industrial controller.
Nevertheless, the final aim toward obtaining a feasible implementation was
always kept in mind. At this point, the research was done in two parallel ways:
on one hand, the existing CAM postprocessors and their capabilities to be
reprogrammed were analyzed. In this sense, NX (licensed at the IDF) proved to
be one of the most user-friendly programmable commercial platforms. To get
expertise, technical advice was needed in some cases, as it is recognised in the
acknowledgements Section at the beginning of the thesis. On the other hand, the
mathematical models of the workcell found its uses in the Redundancy
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Resolution Schemes that were to be integrated with the path tracking generated
by the CAM

After all this previous work, the evaluation of the implemented models
was carried out by means of a theoretical problem in 5-axis milling, i.e. the
machining of an spherical surface, prior to the practice with real cases.

From the author’s point of view, one of the strong points of the present
document is the complete troubleshooting through the multidisciplinary
approach done. Obviously, the structure of the thesis is conceived by chapters
approaching each of the above mentioned matters, as it is described in the
following Section,. This structure coincides with the temporary sequence of the
studies.

1.5 STRUCTURE
The current thesis is planned in eight chapters, including this one.

Chapter 2, Workcell Kinematics Characterization, can be considered as a
requirement prior to the development of the study. In summary, it consists of
going into the redundant workcell architecture and the related problematic facts
in depth. Therefore, this chapter also includes a state of art related to this.

In this sense, the state of art associated to each of the objectives tackled
in successive chapters is made, mainly, in the first pages of each one. This also
allows channelling their development.

At Chapter 3, Workcell calibration, a Non-Linear Least Squares (NLSQ)
identification model has been derived from the consistency conditions of three
orthogonal a pattern planes that are swept by a laser displacement sensor
mounted on the manipulator. This non-contact calibration scheme can be
implemented autonomously. It is expected to be suitable for on-site calibration in
an industrial environment of the external joints introduced in Chapter 2.

Chapter 4, CAM to Workcell postprocessing, lays the necessary
foundations for the knowledge of integrated production systems. In this chapter,
the fundamentals of CAM systems and CNC are described, to finally raise the
concept of postprocessing. This chapter ends with particular specifications
related to the system NX-CAM and the KUKA workcell used in the IDF.

On the scope of the thesis, due to the fact that the workcell is redundant,
Chapter 5 compiles and classifies different types of redundancy and describes the
different methods for redundancy resolution (namely, Redundancy Resolution
Schemes, RRS) that can be considered for postprocessing labours.

From the previous chapters, several implementations for the particular
IDF’s redundant workcell are done in Chapter 6. The first implementation
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consists of a postprocessor based on the analysis with logic fuzzy of the inverse
kinematics (IK) of the robotic arm posture. This allows getting on in
postprocessor programming labours. Nevertheless, with the limitations found for
complex millings (large workpieces or milling with variable tool orientation), the
acquired practice is then invested in the implementation of the RRS based on the
control at joint rate level.

Chapter 7 applies the postprocessor implemented to two practical cases:
the machining of an orographic surface of big dimensions, and the one of a
valencian ninot with variable tool orientation.

Finally, the most relevant conclusions are outlined in Chapter 8. A series
of feasible future works departing from the current investigation is also proposed.
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“And thems the breaks / For
we designer fakes / We need
to concentrate / On more
than meets the eye” —

20 years (Placebo)

Chapter 2. Workcell Kinematic Characterization 37






Chapter 2. Workcell Kinematic Characterization 39

CHAPTER 2. WORKCELL KINEMATIC CHARACTERIZATION

2.1. CONCEPTS ON MANIPULATOR KINEMATICS

A manipulator is a device that helps human beings to perform
manipulating tasks. A robotic manipulator is to be distinguished from the
previous for its ability to lead itself through computer control. Once
programmed, it can implement the same task repeatedly. In general, robotic
manipulators can be studied using the concept of kinematic chain. A kinematic
chain is a set of rigid bodies, also called links, coupled by kinematic pairs.

A kinematic pairs is the coupling of two rigid bodies so as to constrain
their relative motion. There are two basic types of kinematic pairs, namely, upper
and lower kinematic pairs. An upper kinematic pair is obtained through either
line contact or point contact, and thus, appears in cam-and-follower, gear trains,
and roller bearings, for example. A lower kinematic pair occurs when contact
takes place along a surface common to the two bodies. From the six common
lower kinematic pairs (planar, spherical, cylindrical, revolute, prismatic, and
helicoidal) [10][11], prismatic and revolute are the most employed in industrial
manipulators (both allowing only one degree of freedom, DOF), Figure 2.1.

'; R{A6)
RIASH f-&\l/ R{A5}
RIAE I P{name} g
1 7 - =

PRISMATIC PAIR (DOF=1) ’ 1 )

/

R{A1}.f/- !

4 R{AZ}

‘4.

Figure 2.1 Left, Prismatic (P) and Revolute (R) joints at an industrial workcell.
Right, detail of the construction of a revolute joint .
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2.1.1. Joint variables (generalized coordinates)

This thesis focuses on serial manipulators, i.e., simple open kinematic
chains. In such manipulators, there are exactly two bodies with a degree of
connectivityl of one, called end-bodies, and all the other bodies with a degree of
connectivity of two. One end-body is arbitrary regarded as fixed and is named the
Base {B}, while the other end-body is regarded as movable and is called the
moving body, or the end-effector (EE) of the manipulator, Figure 2.2.

A total of 6N coordinates are required to specify the position and
orientation of all the N links of a manipulator relative to a coordinate frame
(namely, the posture of the manipulator). Since the links are coupled together,

the 6N coordinates can be expressed as functions of a minimum set, g € R".

~

q=(q1,q2,q3,...,qn)TeJ"; n = dim(3J) 2.1

The ¢ joint variables of the manipulator, that are all independent, are
known as generalized coordinates, and the motions associated with them are
consistent with the constraints. The value n is the degree of freedom (DOF) for
that system, and is the sum of DOF of each joint. We will refer 3 to as the joint
space, whose dimension is n; and general n-axis manipulator to as any serial
robot having such a dimension.

{B}

O >

Figure 2.2. Generalized coordinates in a planar manipulator

' The degree of connectivity of a body is defined as the number of bodies directly connected to the said body
through kinematic pairs.



Chapter 2. Workcell Kinematic Characterization 41

2.1.2. Operational coordinates

The operational coordinates of a robot are the m components of the
vector x € R™ that specifies the position and the orientation (namely, pose) of the
EE of the robot in the physical space (namely, operational space, Q) with regard
to an operational frame of reference (Base, {B}), generally Cartesian:

X = (xl,xz,x3,...,xm)T (2.2)

In case of the general movement of the terminal organ in the 3D space,
depending on the type of coordinates of orientation that are in use, m might be
major than six. Nevertheless, since it is preferable that above mentioned
coordinates are independent, m generally will be equal to six. In such a case,
three coordinates define the position of a point of the body (TCP or foo! center
point), whereas other three define the orientation angles around that point
regarding one notation conventionalism, usually Roll-Pitch-Yaw (RPY) or
whatever of the different Euler notations”.

x=(p,,p,,p.,0,.,0,,0.)e; dim(Q)=m=6 (2.3)

Nevertheless, in the mathematical background of the kinematic analysis
of manipulators, it is also useful the ~omogeneous notation, in which the position
and orientation of a coordinate system (usually the EE) refered to another

(usually B), Figure 2.3, is expressed by means of a 4x4 matrix, °T}., namely:

iX jX kx pX
iik
BTE= .y -].Y y py (24)
i, J, k, p,
0 0 0 1

where the last column indicates the position of origin of {E}, O, , with respect to

{B}, and the first three columns are the coordinates of the unitary vectors
defining {E} projected onto {B} (see Figure 2.3).

Specifically, when assuming a parallel-jaw gripper as the terminal organ

of the robot, {I, _j, 12} will be referred to as {ﬁ, g, 5} , regarding the expected

% Due to the existing confussion found in Euler Angle notations, we will adopt the the KUKA KRC2 controller
convenion. Thus RPY values are defined as three consecutive rotations in Z, Y and X axes, respectively, over
the resulting moved axis after each rotation. [46] [http://en.wikipedia.org/wiki/Euler angles]
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motions in those respective directions normal, sliding (or open-close) and
approach, Figure 2.3.

Figure 2.3. Left, coordinate system {E} referred to {B} by means of BTE. Right,
conventionalism in the specific case of the terminal organ of the robot.

It is notable that in certain particular cases, the movement of the EE
might not happen in the 3D space. In fact, for example, a flat movement of the
terminal organ might be sufficient for some tasks. In such a case, the number of
operational coordinates can diminish to 2 or to 3, depending on if the orientation
is relevant or not for the task. This facts leads to what is named functional
redundancy that will be further tackled in Chapter 5.

2.2. LEVEL OF KINEMATIC ANALYSIS

To adequately control the position and orientation the robot during a task,
kinematic models are required to establish the mathematics description of the
mechanical systems. This kinematic analysis can be raised from three perpectives

[1]:

e The relations between joint positions and Cartesian positions of the EE,
known as displacement analysis;

e The relations between the time-rates of change of the joint positions,
(joint rates), and the rate of the EE. This is known as velocity analysis;

o The relations between the second time-derivatives of the joint positions,
referred to as the joint accelerations, with the time-rate of change of the
twist of the EE, known as acceleration analysis.



Chapter 2. Workcell Kinematic Characterization 43

In the context of this thesis, only the displacement and velocity analysis
will be considered as means of control an industrial manipulator at
postprocessing milling tasks. There are two main reasons for that decision: the
first one comes from the typical closed architecture of industrial manipulators
(also from the practical point of view), only allowing the control by position
parameters and velocity parameters within a range. The second reason is the type
of work aimed to do, i.e., prototyping in soft materials at the velocities perfectly
assumed by this category of robots (normally working at the 10% of the
maximum possible velocity at pick and place tasks).

2.2.1. Direct and Inverse Kinematic Problem at the displacement level.

Figure 2.4 represents the mapping between joint space and operational
space at the displacement level. The Direct Kinematic Problem (DKP) is the
mapping from Joint Space (3) to Operational Space (Q), i.e., determining the
pose of the EE (position and orientation) for a given manipulator in a given
posture. On the contrary, the Inverse Kinematic Problem (IKP) is the mapping
from Q to J, determining the posture of a given manipulator for a given pose of
its EE.

Al, A2, A3, Ad, A5, A6

XY ZABC

Figure 2.4. Mapping between Joint Space (3) and Operational Space (£2) done by
the robot controller.

The DKP can be written as a nonlinear algebraic system,
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x=DKP(q)= f(q) (2.5

where ¢ is a point in I and x the corresponding point in Q. The function

DKP(-) allows the computation of the operational space variables x from the
knowledge of the joint space variables ¢ . For the straightforward® problem

stated in (2.5), the Denavit-Hartenberg (DH) model [1][34] is employed in this
thesis due to its simplicity and popularity in the robotics community® (see Section
24.2.).

Alternatively, the IKP is also written as a nonlinear algebraic system of
the form

q=IKP(x)=f"(x) (2.6)

At the displacement level, the DKP is straightforward and admits a single
solution, i.e., a point in J represents a unique pose of the EE in Q. In general,
the IKP is much more complex and challenging since it requires the solution of a
highly non-linear algebraic system, for which no analytical closed-form solution
exist for a general 6R manipulator. Several or even infinite number of solutions
may exist (in the case of a redundant manipulator, see Chapter 5). Thus, some
suppositions must be done to discriminate a valid solution. In these cases, also
the mechanical joint limits of real robots may reduce the number of reachable
solutions.

Several methods have been described to analytically solve the IK by
means of numerical or graphical methods, and they are revised in [1]. Instead,
many manipulators in industry have three last succeeding revolute joints with
their axes intersecting at a point (W), as shown in Figure 2.5. Pieper [8] showed
that a 6R manipulator, termed as decoupled manipulator or wrist-partitioned,
always has closed-form solutions.

Tsai and Morgan [13] found that, although the number of real-significant
solutions changes from case to case, the total number of significant solutions
(real and complex) for all the 6R manipulators is 16, but it is reduced to 8
significant solutions for the decoupled cases (Figure 2.6).

3 . . . . ..

Note that the DKP solution may be computed for any manipulator, irrespective of the number of joints or
kinematic structure. All these calculations can be easily programmed, being common the use of the Robotics
Toolbox for Matlab [36] or Hemero [37], as shown in Figure 2.22.

4 Two differing methodologies have been established for assigning coordinate frames, resulting in a standard-
DH notation [1][34] and a modified-DH (MDH) notation [35]. However, in many studies this differentiation is
not noted leading to some confusion.
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Figure 2.5. General architecture of a 6R decoupled manipulator [1], and the
equivalent representation (with the mechanical sense of rotation) for the KUKA
KR15/2 manipulator.

R
y

R
-}

R
y

Figure 2.6. Left, eight significant solutions for a decoupled 6R manipulator; Right,
view of a KUKA KR 15/2 adopting several of these postures.
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2.2.2. Kinematic analysis at joint-rate level.

Differential kinematics of robot manipulators was first introduced by
Whitney [9]. He proposed to use differential relationships to solve the joint space
motion from a given Cartesian space motion of the EE, namely, the resolved-
motion rate control.

i) DKP at joint-rate level.

The relationship between the EE velocity and the joint velocity is
represented by a linear algebraic equation, namely

t=Jq 2.7)

Equation (2.7) states the DKP at joint-rate level, or forward
kinematics problem. The coefficient of the linear equation is the Jacobian
matrix (J ), which is a non-linear function of joint angles. This matrix

maps the joint rates, grouped into the n-dimensional vector ¢ =[g,,...,4,] ,
into the EE velocity, represented as the m-dimensional twist array ¢, or
twist vector [1], namely

0]

v

with @ and v denoting the angular and linear velocities of the EE
reference frame relative to the fixed base frame {B}, respectively.

o=\, | v=|v (2.9)

ii) IKP at joint-rate level

Equation (2.7) implies that if the joint velocities ¢ are known,
then the twist of the EE can be obtained. Most often, the inverse problem is
required, i.e. given the desired twist of the EE the aim is to obtain the joint
velocities, with J known.

In the case of non-redundant robots, J is a square matrix; hence,
the solution can be found as
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g=J"t (2.10)

From a practical point of view, this approach is evaluated
numerically for a given posture of the robot since the symbolic handle of
J is cumbersome due to the trigonometric entries of this matrix [11].

Actually, J~' does not need to be calculated explicitly if the LU-
decomposition method [2] is used to solve the system of equations [1].

As the value of J changes with the movement of the robot, at
certain postures it may not have inverse (being the det(J)=0). Those

postures, namely singular configurations, will be treated later in this
Chapter.

Another difficulty in solving the inverse problem arises in the case
of robots having a value of m <n, in the sense of (2.1) and (2.3). From a
practical point of view, those manipulators (described later as redundants,
see Chapter 5) have a not-square matrix J (with more columns than rows).
Thus, the system of equations is underdetermined having infinite possible
solutions.

The solution ¢ that better fits all the equations of the system (2.10)
with a minimum least squares criterion can be achieved with the use of the
right Moore-Penrose pseudo-inverse® (J')

J' :JT(JJT)f1 2.11)

g =J (2.12)

Equation (2.12) minimizes the Euclidean norm of the residual,
||J g — t||2 that brings J-g “as close as possible” to ¢. In short, (2.12) results
in a minimum-norm solution. It has been broadly used at the velocity level
to minimize”q

,» which can be viewed as a minimization of energy

consumption [12].

Given an mxn matrix B, the Moore-Penrose generalized matrix inverse is a unique nxm matrix pseudoinverse
B'. The Moore-Penrose inverse satisfies

BB'B=B; B'BB=B'; (BB")=BB'; (B'B)'=B'B

It is also true that z = B'-c is the shortest length least squares solution to the problem Bz = ¢
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Nevertheless, a homogeneous component can be added to (2.12) in
order to optimize a secondary task with an additional criterion (at the cost
of giving up the minimum-norm solution). Thus, this general non-
minimum-norm solution can be written as:

Minimum-norm solution Homogeneous solution
—

g= T v U=TT)h 2.13)

In this case, some other criteria can be applied, which usually
consider a second task to be performed by the robot. These methods fall
into what is named Redundancy Resolution Schemes, and they will be
analysed at Chapter 5.

iii) The Jacobian matrix

It is noticeable that there are two different conceptions for the
Jacobian matrix (J ), namely, the geometric and the analytical Jacobian.
Mainly, they differ on the method for expressing the rotation velocity of
the operation point [11][14][16].

The analytical Jacobian (J,) can be obtained by differentiation of
the m functions {f;, ..., f,,} of the DKP of position, eq. (2.5), that is,

A
oq, g,
'1 N af 6xn
J (=] + .. =a—eR (2.14)
R
| &q,  0g, |

However, it is computationally cumbersome to try to evaluate the
analytic Jacobian matrix.

In 1972, Whitney [15] proposed the geometric Jacobian (J,)

matrix to simplify the computation®. For the sake of brevity, brief but well-
known indications to obtain J, are extracted from [1]: in summary, the J,

matrix of a general n-axis manipulator has the form

® For sake of brevity, we will refer J, as J indistinctly
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Jg :[jl j2 "'jn] (215)

For revolute (R) and prismatic (P) joints, the 6-dimensional i
columnof J,,j; (i =1, ... ,n), is given as

. 2 . |0
R:j = ;o Pij= (2.16)
R €

where e; is the unit vector parallel to the axis of the i” revolute joint, and r;
is the vector from any point on that axis to the considered operational point
(in the EE), as shown in Figure 2.7.

Figure 2.7. Vector assignment to calculate the Jacobian matrix in a standard 6R
industrial manipulator (only r; and r, shown for clarity).

o  Consideration to wrist-partitioned manipulator Jacobian

In the decoupled manipulators introduced at the end of the section
2.2.1. , the positioning and orienting problems can be considered
separately. In fact for many tasks, if W is the EE reference point, arbitrary
displacements can be assumed as the translation of point W combined with
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the orientation of the EE reference frame, whose origin is W. Indeed, the
wrist is also named spherical because, when W is fixed, then all points on
the wrist move on spheres centred at W.

As the determinant of the Jacobian of a six-axis robot is invariant
under a change of the EE reference point [1][14]. In some cases can be
useful the consideration of W as this point. By following the method
previously described, we note that the location of W in the base reference
frame is independent of last three joint angles. In the most common case of
a 6R decoupled manipulator we have:

Vi =q,€ X1 +q,e, X1, + g,e, X1, (2.17)

r; being the position vector of W with regard to any point on the first three
axes, and e¢; the direction vector of the axes, both expressed in coordinates
of the base frame, Figure 2.8.

sf;Jointél
* Joint 3

Figure 2.8. Vector assignment to calculate the Jacobian matrix in a wrist-
partitioned 6R industrial manipulator, taking into account the decoupling.

The angular velocity vector, @, of the EE reference frame whose
origin is on C can be written as the vector sum of the contributions of the
angular velocities of the individual joints:
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W=+, +..+ 0, =qe +q,e,+..+qe (2.18)

Finally, Jacobian takes the form

e e e e, e e J J,
J:|: 1 2 3 4 5 6j|:|: 11 12:| (219)
e

| X7 €, X e X 0,5 I 054

From (2.7), the problem stated to these robots can be resumed as

|: @ :| — |:Jll JIZ :||:on5:| (2 20)
Vi Iy 055 ]| 4o .

where ¢ has been separated into ¢, and ¢, to denote the three-

pos ori

dimensional vectors of arm and wrist joint rates, respectively.

Thus, the velocity inversion of this type of manipulators can be
done by means of:

. _ g,
qpos _']21 Vi

) o ) 2.21)
qori = J12 (0) - Jll ‘qpos)

2.2.3. Singular configurations.

The singular configurations of a manipulator are those postures in which
the geometric Jacobian matrix becomes rank-deficient. By the fact, when J is
rank-deficient the mobility of the kinematic chain is reduced, i.e., at least one of
the possible motions of the EE in Q disappears.

In the case of non-redundant manipulators (with square Jacobian), the
determinant of J is zero. It is remarkable that J has not inverse at those postures,
and infinite solutions to the IKP may exist. Similarly, when computing the active
joint velocities with the pseudoinverse of J in a redundant serial-link
manipulator, the singularity arises when J loses its full rank.

From a computational point of view this implies that the system cannot
be solved for ¢, and the control of the robot becomes problematic. In the

neighbourhood of a singularity, a small variation in the Cartesian movement of
the EE may cause large velocities in the joints. Actually, J raises its condition
number, which causes great imprecision when solving (2.10). This aspect will be
tackled later in this Chapter (see Section 2.3.2.)
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Singularities can be classified in two categories (Figure 2.9):

Boundary singularities: when the manipulator is outstretched or
retracted. They are easily avoided on condition that the robot is not
working near the limits of its reachable workspace.

Internal singularities: they occur inside the reachable workspace.
Generally they are consequence of the alignment of two or more motion
axes. These singularities constitute a serious problem in many off-line
planned operations, as many milling tasks which are in the scope of this
thesis.

Figure 2.9. Up, boundary singularity achieved by fully extension of the robot;
down, internal singularity consequence of the alignment of g; and g; motion axes.

The possibility that a manipulator adopts an internal singular configuration
during the execution of a task was raised in one of the first works about
kinematic modelling of manipulators [15]. Later on, many authors have
dealt with the characterization of the singular configurations of
manipulators [18][17], and others have also considered the prevention of
these configurations and the better conditioning number of the Jacobian
matrix as criteria for the design of manipulators [1][19][20][21][22]. Due
to its relevance, several implications of the singularity configurations will
be revised in Section 2.3.

i) Consideration to wrist-partitioned manipulator singularities

For the sake of this thesis, special attention is given to decoupled
manipulators, whose singularities have already been a major research area.

In practice, all industrial models get blocked near a singular
configuration to avoid a possible damage of the internal mechanisms.
Despite this fact, operating manuals give either an insignificant treatment
of this subject, or none at all [30]. Most users of 6R robots are only
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acquainted with the operating manuals of their specific robot, but not of the
specific literature, which generally requires an advanced level of
mathematical and geometric knowledge.

Hayes et al. [18] made a revision of the concept for such
manipulators, but also giving a geometric interpretation of how the
singularities arise, given the structure of the associated Jacobian. From
(2.19), it is clear that

det(J) = —det(J,,)-det(.J,,) (2.22)

Moreover, many of these manipulators follow a common structure
with the first axis constantly pointing along the Z-axis of the base frame
{B}, and both axes 2 and 3 parallel to each other and to the XY-plane of
{B}, see Figure 2.8. Thus, (2.19) can be expressed as

0 er er e4x e5x eéx
0 e, e, €, €, €,
elz 0 0 e4z eSz er
J= (2.23)
_elzl/iy eZy}/'Zz eZyr32 0 0 0
elz’/ix _elxr2z _623(]%2 0 0 O
L O err2y _eZyFZx err3y _eZyr3x 0 0 0 i
and (2.31) is reduced to calculate
det(J) = A-B-C
A= (FZZeZyr})x =6, te I n, — ’”3zezyrzx)
(2.24)

B = (l/iyeZX - eZyrix)

C= (e4xeSZeﬁy ~ €466, + €465, —€4,66,5. + €,.€6.6s5, — e4zes,vesy)

By analysing the conditions that voids each factor, we get the well
known following singularities:

i.a) Elbow singularity

Without loss of generality, the robot can be considered at the posture in
which e, is parallel to the YZ plane of {B}. In this case,
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e,=[0 1 0] (2.25)
Thus, equation A4 vanishes when

By =1l =01 /n =n I —
[ral-e0s(g) _ |1 sin(g,) (226)
13| cos(q;)  |r3|'sin(g,)

In general it is satisfied whenever r,and 7, are aligned, but considering
the joint limits and interference, elbow singularity is therefore restricted to
satisfy g, =+gq, .

For the scope of this thesis, we note that the elbow singularity surface
represents the limits of the workspace (previously termed as boundary
singularities). Clearly, elbow singular configurations can be easily
anticipated and avoided by keeping the EE at a safe distance from its
limits.

i.b) Shoulder singularity

Vanishing of the factor B means
rlyeZ)c - eZyI/'lx = 0 (227)

If e, or e, , vanishes (and being aware of the fact that, in those cases,
e,, =1 or e, =1, respectively) then B will vanish only if 7 =0or
1, =0, respectively.

It means that point W lies in the YZ-plane, or ZX-plane respectively, of
the Base frame {B}. Because of the construction of common 6R

manipulators, W is consequently supposed to be on the Z-axis in this
plane. If neither e,, nor e, vanishes, then (2.27) must accomplish

n,=0and 7, =0. Again, it forces W to be on the Z-axis of the Base
frame (see Figure 2.10).
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i.c) Wrist singularity

Looking at C in eq. (2.24), we note that the vanishing of this depends on
the relative orientation of the last three axes (4, 5 and 6). Without loss of
generality, we can consider axis 4 to be fixed relative to the others and the
base frame, for example.

e,=[1 0 o] (2.28)
Thus, the condition to satisfy, C=0, is reduced to
€5.€5, —€5.65, = 0 (2.29)

Because of the construction of the wrist, axes 4 and 5 as well as axes 5
and 6 are always perpendicular. Again, without loss of generality, we can
suppose axis 5 satisfying one of these two cases (namely, (a) and (b)),
both perpendicular to axis 4, and the consequences for (2.29) in each case

e =[0 1 0] =0¢, —€,1=0->¢, =0 30
ey =[0 0 1] =le, —e,0=0->¢,=0

As stated before, because of the construction of the wrist, we note that
factor C vanishes in every case by taking e, =e, .

As a conclusion, the condition for wrist singular configurations is only
satisfied when axes 4 and 6 are parallel (see Figure 2.10).

For the scope of this thesis, we note that this condition can be satisfied in
the entire reachable workspace (i.e., is an internal singularity), being the
one most problematic in milling tasks consisting of a path tracking
generated by a CAM system.
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Figure 2.10. From left to right, elbow, shoulder and wrist singularities.

2.3. KINETOSTATIC PERFORMANCE INDICES. POSTURE-
DEPENDENT INDICES.

The fundamental purpose of the kinematic chain of a robotic manipulator
consists of driving the EE in the workspace with an efficient controlled
movement that allows carrying out a task. As stated in the previous section, there
exist certain configurations of these architectures that originate a poor
performance of the robot. Tasks carried out near these configurations can mean,
for example, an excessive operation of the actuators, the inability to realize
locally some movements, or a low precision in the positioning of the terminal
tool. Paul and Stevenson [23] named such configurations as degenerated.

It seems to be desirable to have a characterization of the kinematic
performance of a manipulator, which can help to typify the configurations that, in
contrast with the degenerated ones, originate an optimal running of the robot.
Angeles [1] defines the kinetostatic performance index of a robotic mechanical
system (kinetostatic index for brevity), as “a scalar quantity that measures how
well the system behaves with regard to force and motion transmission, the latter
being understood in the differential sense, i.e., at the velocity level”.

It is enormous the relevance of these indices in the field of robotic
design, but also as a criterion for robot control. For the sake of this thesis, in the
following section we revise some posture-dependent indices that will be
considered as a performance criterion for the calculation of the ideal
emplacement of a manipulator on a redundant workcell, in order to perform a
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task. We focus the discussion below to only two indices, namely, manipulability
and kinetostatic conditioning index.

2.3.1. Manipulability

Although several authors [24][25][26] made first approaches in the topic
of the kinematic performance, the concept of manipulability was introduced by
T. Yoshikawa [27]. Previously, Paul and Stevenson [23] had used the absolute
value of the determinant of the Jacobian to measure the kinematic performance of
spherical wrists. They termed as degenerated any configuration that approach a
value of zero passing a threshold, namely

y/:|det(J); v <0.5 (2.31)

although no clear justification is presented for using 0.5 in this relationship.

In the vicinity of this condition, they observed that the terminal organ is
very poorly sensitive to the joint motions. In contrast, they noticed that a
manipulator using only configurations with high values of y worked in an

efficient way. Figure 2.11 highlights the idea of two degeneracy cones
corresponding to a spherical wrist (only the cone affecting the operational
configurations within the mechanical limits is depicted). They also noticed that
the maximum range of possible work of the spherical wrist is got with its three
axes mutually orthogonal.

Degeneration cone

Figure 2.11 Unusable orientation workspace (or degeneracy cone) due to singularity
in a spherical wrist [23]. This cone, exaggerated in scale, is generated by the axis of
the last joint at the limit of eq. (2.31).
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Yoshikawa [27] defined the manipulability as the square root of the
determinant of the product of the manipulator Jacobian by its transpose.

p=1/det(JJ") (2.32)

It can be noted that, for a square Jacobian, (2.32) is identical to the
absolute value of the determinant of the Jacobian and hence it coincides with
Paul and Stevenson's performance index.

It is possible to get a geometric interpretation of the concept of
manipulability (Figure 2.12). From the fact that (2.7) maps ¢ into ¢, we can

factor J into an orthogonal matrix (R) and a positive-semidefinite’ matrix (U), by
invoking the polar-decomposition theorem, namely

J=RU (2.33)
Thus, we can interpret a concatenation of two mappings of the form

: =Uq
t=Jq¢— (2.34)
t=Ry

e The U matrix maps the unit m-dimensional ball into an m-axis ellipsoid
(whose semiaxis lengths bear the ratios of the eigenvalues of U, which
are the same that those of J).

e The matrix R maps this ellipsoid into another one with identical
semiaxes, but rotated or reflected, depending upon whether R is proper
or improper orthogonal® (Figure 2.12).

For evaluation purposes, the Jacobian of a serial manipulator can be
studied as mapping the unit ball in the space of joint rates, that is

ldll= (4" + 45 +..4:)"* <1 (2.35)

into a rotated or reflected ellipsoid in the space of Cartesian velocities, known as
manipulability ellipsoid.

7 A positive semidefinite matrix is a Hermitian matrix all of whose eigenvalues are non-negative.
(http://mathworld.wolfram.com/PositiveSemidefiniteMatrix.html)

# Improper rotations can be represented by orthogonal matrices with determinants of —1.
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In this context, the value of the manipulability ( z) is the product of the

eigenvalues (o) of J (or U) and is proportional to the volume of the ellipsoid in
the space of Cartesian velocities.

yr =\/det(JJT) =\/det(UUT) =0,0,"...C

(2.36)

m

Figure 2.12. Highlights of the two mappings U and R, between spaces of dim=3. The
axis of the sphere are oriented along the three eigenvectors of U.

Hence, it also can be observed as a measure of the efficiency of the
transformation of the articulate speeds into the terminal organ velocities in the
different directions of the operational space. If J is singular, then at least one
semiaxis vanishes and the ellipsoid degenerates into a disk (without volume).
Manipulators at singular configurations thus have a manipulability of zero.

Finally, if the kinematic chain of a manipulator contains a part that
essentially contributes to the positioning of the EE, and another segment that
deals basically with its orientation, then the manipulability calculated by means
of (2.32) theoretically would allow to evaluate globally the efficiency with which
the translation displacements take place so much as those of rotation of the EE.
Nevertheless, due to the lack of homogeneity of J, this index turns out to be
inappropriate to evaluate in an effective way both types of displacement.
Considering this, in a later work [28] Yoshikawa proposed two complementary
indices: one to quantify the translational manipulability and other one to evaluate
the rotational manipulability. Both are calculated applying (2.32), but for the case
of the translational manipulability it uses the sub-matrix of J,; of eq. (2.19),
proceeding in an analogous way for the rotational manipulability. These indices
of translational and rotational manipulabilities only apply in case of decoupled
robots.
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2.3.2. Condition number of J

The manipulability previously introduced points to evaluate the
kinematic invertibility of J at (2.10). However, Angeles [1][22] observed that in
some circumstances the determinant of a matrix is meaningless in assessing the
invertibility of that matrix. Chiaverini [32] remarks that the manipulability
measure may remain constant even in the presence of significant variations of
either the condition number or the smallest singular value of J As a
consequence, a kinetostatic index should not be founded on the determinant of J

(or on the determinant of the product JJ").

In the numerical analysis, the condition number associated with a
problem is a measure of its adequacy to digital computation, that is, how
numerically well-conditioned the problem is’. In particular, the condition number
of J, k(J), can be considered as the rate at which the solution of (2.7), ¢, will

change with respect to a small change in ¢, but also gives an upper bound for the
roundoff-error amplification in the solution, by (2.37). Then, it is noteworthy that
the notion of matrix conditioning also can be used to estimate the kinematic
sensitivity [3] in resolution of (2.7).

|| 94, error of the joint rates
(2.37)

ot, error of the rates in the EE

il ol

Thus, if the condition number is large, even a small error in ¢ may cause
a large error in ¢, and the problem is said to be ill-conditioned. On the other

hand, if the condition number is small then the error in ¢ will not be much
bigger than the error in ¢ and the problem is said to be well-conditioned.

As a conclusion, it is desirable for the robot to work at any postures
minimizing k(J), as it determines the robustness against manufacturing,
assembly, or joint-encoder errors [19].

i) Inhomogeneity of J, and Characteristic length

As introduced in the previous section, in many cases the definition
of the condition number also has to deal with the lack of homogeneity of J.
That is the case of manipulators for both positioning and orientation tasks,

° Note that this is before any effect of round-off error is taken into account, i.e. conditioning is a property of the
matrix J, not the algorithm or accuracy of the computer used to solve (2.7).
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in which for every column of J, eq. (2.16)-(R), the first three entries are
dimensionless while the last three have units of length.

In order to avoid this dimensional inhomogeneity, given the
descriptive geometric parameters of a robot (the DH model introduced in
Section 2.2.1. ) we can evaluate the characteristic length (L) of the robot
[19][29] by which we divide the Jacobian entries that have units of length
(2.38). In this way we get a homogeneous Jacobian (H), whose associated
condition number becomes meaningful.

e.

1

H=[hh,..h] h=|1 (2.38)
zeiX}’;.

The characteristic length is defined as “the normalizing length that
renders the condition number of the Jacobian matrix a minimum” [1]. For a
given manipulator by its DH parameters, L and hence its minimum
condition number can be obtained by an optimization method described in
[19] as direct problem.

ii) Formula for the condition number of J

The condition number of a dimensionally homogeneous Jacobian

(H) is
k(H) = | H ||| (2.39)

where ||-|| represents any matrix norm. Due to its lower
computational cost'® compared with other widely used norms, Angeles [1]
suggests adopting a weighted'' Frobenius norm, namely

|H], = \/%tr(HTH) = \/%tr(HHT) (2.40)

' The computation of k requires only the inversion of a positive-definite 6x6 matrix. On the contrary, the
computation of k,, with the matrix 2-norm, requires an iterative procedure to calculate the eigenvalues of HH".

[22]

" In the weighting factor considered, m refers to the dimension of the operational space, which is 3 for
positioning tasks and 6 for positioning and orientating tasks (as the applications to be discussed in this Thesis)
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This norm is invariant under isometric transformations (reflections
or rotations) of the m-dimensional operational space. It means that a frame-
invariant condition number will be obtained.

As stated previously, for non-redundant manipulators H is square,
and hence the condition number is

ke (H = | H| A5 = %\/tr(HHT)-tr[(HHT)’l] (2.41)

However, for redundant manipulators H is rectangular.
Nevertheless, the calculus can be tackled with its right pseudo-inverse
(H") as defined in (2.11). Thus, (2.39) applies with H' instead H™". It is
easy to prove that applying (2.40) we get

|, =#" aETy ), = W (2.42)

Then, it is concluded that (2.41) is an expression valid for any 6xn
matrix, with n>6.

In spite of the norm used, the value of the condition number will be
comprised from one to infinity (1 <k < o). It attains the value of unity for
matrices with non-zero identical eigenvalues (which we saw that map the
unit ball into another ball, Figure 2.12). Such matrices are called isotropic.
As a consequence, Angeles [1] terms as isotropic manipulator all those
whose Jacobian matrix is isotropic at certain postures (thus, induce the
smallest possible roundoff-errors). On the other side, singular matrices
have a singular value that vanishes, and then their condition number is
infinite.

iii) Consideration to wrist-partitioned manipulator singularities

From (2.21), we observe that the accuracy of the computed joint
rates depends only on blocks J,, and J, . As J,,accounts for the
orientation of the EE, it seems to be logical to call the conditioning
associated this submatrix as the orientation conditioning. Analogously,
J,, accounts for the positioning of W (Figure 2.8) and so, the conditioning
associated with this submatrix is termed the position conditioning [22].

Angeles and Rojas [31] (also Angeles in [1]), shown that an

orthogonal wrist such as the described in section 2.2.3. (i.e. first and
second axes of the wrist as well as second and third axes of the wrist being
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always perpendicular) attains an orientation conditioning of unity if the
joint between the last two links is at a right angle. In this case, the wrist is
postured so that its three axes are mutually orthogonal'?, as shown in
Figure 2.13.

e |

A

> e,
S $|/// 5

. fzf

Figure 2.13. Best orientation conditioning in an orthogonal wrist, as used at many
industrial wrist-partitioned manipulators.

It is remarkable that the calculation of the condition number of spherical
wrists is straightforward, as all entries of J,, are dimensionless. In the case of

commonly 6R decoupled manipulators, all the entries of .J,, associated with the

three-revolute positioning axes have units of length and hence calculation of the
condition number is also straightforward. As stated in section 2.3.2. -i), problems
arise when considering general six-axis manipulators for both positioning and
orientation tasks, dealing with the homogeneization of J by means of the
characteristic length, L.

Finally, Angeles [22] shown that wrist-partitioned manipulators having
isotropic arm and wrist subchains do not have an overall isotropic Jacobian
matrix.

24. KINEMATIC CHARACTERIZATION OF AN INDUSTRIAL
WORKCELL.

As this thesis focuses in integrating a CAM system with a robotic
workcell, further transformations will require knowledge of the architecture of

12 As not all the partitioned wrists can attain a condition of unity, but the success of the orthogonal wrist in
industry is an example of mechanical desing instinct leading to an optimal desing (since these wrist were
introduced in the robot market before the condition number and the isotropy became a criteria)
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the workcell in order to solve the mappings previously introduced in Section 2.2.
The following characterization will be distinguished for the robotic workcell
placed at the Intituto de Diserio y Fabricacion (IDF), since it is the employed in
next Chapters to study the postprocessing of milling toolpaths.

Figure 2.14. Left, complete view of the KUKA robotic workcell at the IDF-UPV
(Robot A, left; Robot B, right); Right, top view of the robot B synchronizaed with

the rotary table.

2.4.1. Components of the numerically controlled KUKA workcell

The workcell being studied at the IDF consists of a 6R KUKA KR15/2
manipulator synchronized with a rotary table on which milling operations will be
carried out, in addition to the linear track on which it is mounted (Figure 2.14).

e

KCP (Control Panel)

Central power
supply

Axig
controllers

Both additional joints, with the other
six rotary joints of the main robotic
chain, complete a workcell with eight
degrees of movement.

The exposed configuration
provides a high degree of flexibility in
milling works due to its large working

areas and  multiple  possible
configurations obtained with the
additional joints.

i) KUKA KRC2 controller

It contains all the components
and functions which are required to
operate the robot. It comprises the
computer and power units, which are
both installed in a common control
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cabinet [33] (see Figure 2.15).

ii) KUKA KR15/2 manipulator

It is an industrial decoupled 6R manipulator widely used for pick-
and-place, assembly or welding tasks (see Figure 2.16). This model, of 235
kg weight, is characterized for its repeatability (<+0.1 mm) and velocity
(up to 2 m/s) for low payloads (up to 15 kg). The robot consists of a base
frame, on which the rotating column turns about a vertical axis together
with the link arm, arm and wrist. The wrist is provided with a mounting
flange for the attachment of the EE (e.g. grippers, welding or milling

tools).

Wrist
Arm
Link arm
Rotating column
Base frame

g wN =

Figure 2.16. Parts of the KR15/2 manipulator and main dimensions.

1945

155

1480
1325

The rotational axes and directions of rotation in motion of the robot
are depicted in Figure 2.5, within the ranges specified at Table 2.1. and

Figure 2.16.
Axis | Range of motion | Max. speed
1 +185° 152°/s
2 -145° to +25° 152 °/s
3 -120° to +160° 152 /s
4 +350° 284 °/s
5 +135° 293 °/s
6 +350° 604 °/s

Table 2.1. Range of motion referred to the mechanical zero of the robot axis

concerned. It is limited by means of software switches on all joints.
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iii) Additional linear axis

The KL 250 is a self-contained one-axis linear unit. It is operated
as the External Axis 1 (E1) of the robot and is controlled by the KRC2
control cabinet. For shake of brevity, in this thesis this joint and the value
of its motion are indistinctively designated as d, .The main components

are depicted in Figure 2.17.

Carriage

Drive

Energy supply system
B

HON =

Figure 2.17. Linear unit as an additional axis (External Axis 1 or EI), with which the
robot can be moved translationally (4, ).

The movement range is restricted by programmable software limit
switches and is additionally safeguarded by mechanical stops if these limit
switches are overrun.

iv) Additional rotary table

The CR250 rotary table is formed by a base frame in which an AC
servomotor drives the operating surface. It is operated as the External Axis
2 (E2) of the robot and, like £1, it is also controlled by the KRC2 control
cabinet. For shake of brevity, in this thesis this joint and the value of its
motion are indistinctively designated as 6,, .
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2.4.2. Direct Kinematic model of position

The DH model previously introduced in Section 2.2.1. is represented as a
4x4 matrix T that results from the product:

n

T=11"4 (2.43)

1

T defines the transformation of the n-link associated coordinate frame into the
coordinate frame associated to the base {B} of the robotic arm. 4; designates the
DH transformation matrix relating frame i to frame i—/. The n™ link frame
coincides with the EE’s coordinate frame.

Figure 2.19 illustrates the spatial relative position of two consecutive
links and their associated coordinate frames. The DH model adopts four
parameters (a;, o, d;, 8;) to describe the transformation, including translations and
rotations, from one link (i—17) to the next (7). The first parameter, a;, represents
the length of common normal of the two link axes. The second parameter, a;,
denotes the angle between the two link axes. The remaining two parameters
describe the relative position of two adjacent links, which are provided by their
distance d; and their rotation angle ;.
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Figure 2.19. Spatial relative position of two consecutive links and their associated
coordinate frames according to the DH criterion.

After the DH coordinate frame is constructed for each link, the
transformation from one link to the next is described by the following
homogeneous matrix:

4, =Rot(Z,,6,)Trans(Z,,d,)Trans(X,,,a,)Rot(X,,,,a,) =

cosf —cosg;sinf,  sing,sinf  a,-cosb,

_|sinf,  cosa,cos, —sing,-cosd a;sinb, (2.44)
0 sing, cosq; d,
0 0 0 1

For a revolute axis 6; is the joint variable and d; is constant, while for a
prismatic joint d; is variable, and 6; is constant. In particular, all the parameters
describing the KUKA KR15/2 are summarized as follows:
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Link | % % O a
(rads) | (mm) (rads) | (mm)
1 -t/2 300 0, 675
2 0 650 6, 0
8 /2 155 63 0
4 /2 0 0, -600
5 /2 0 05 0
6 0 0 Os -140

Figure 2.20. and Table 2.2 Frame assignments and parameters for the KUKA
KR15/2 with the standard DH. The posture shown corresponds to a commonly used

HOME?" position (6;={0, -n/2, 0, 0, z/2, 0} in this model, for i=I,..., 6)

In the complete workcell studied, it was done the assignment shown in
Figure 2.21. In this case, the complete workcell can be assumed as rotating
around the workpiece coordinate system placed on the working space (table).
This consideration is going to simplify further calculations from a pure kinematic
perspective. The posture shown corresponds to a commonly used HOME
position (in this model, 6; ={ =, =, -©/2, 0, 0, /2, 0} for i=M, 1, 2,..., 6; and

dLZO)

'3 The HOME position is a well known posture of the robot, previous to any task to be done.
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Link | % 4 O 4
(rads) | (mm) (rads) | (mm)
1 /2 803 Oy -305

2 /2 0 0 d;
3 /2 300 0, -675

4 0 650 0, 0

5 /2 155 63 0
6 /2 0 0, -600

7 /2 0 05 0
8 0 0 Os -140

Figure 2.21. and Table 2.3. Frame assignments and parameters for the complete
milling workcell at the IDF, formed by the KR15/2 manipulator mounted on the
linear track and synchronized with the rotary table.
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Figure 2.22. Workecell simulation in Matlab’s Toolbox HEMERO [37].

2.4.3. Inverse Kinematic Problem (IKP) of position

The IKP is interesting since, in practice, the task specifications and
desired toolpaths in industrial applications are defined in the Cartesian
Operational Space (2, while the robot controller work at the Joint Space J. In
the particular case of this research, CAM systems generate the tracking of the
TCP in the Cartesian space for reasons of universality of this kind of data (prior
to adaptation to any capable machine). This data is also related directly with the
desired finish conditions which are mandatory in any milling task.

As previously stated, the KR15/2 is a decoupled manipulator (Figure
2.5). For the KR15/2 (and other rotary robot arms), various arm configurations
can be defined according to human arm geometry and the link coordinate systems
[38]. Thus, we can assume that this manipulator has eight significant solutions to
the IKP (Figure 2.6). There are four solutions for the first three joints: two for the
right shoulder arm configuration (Figure 2.6, 1-4) and two for the left shoulder
arm configuration (Figure 2.6, 5-8). For each arm configuration, there are two
sets of joint solutions to the last three joints of Figure 2.20: ({6;, 8, 6;, 8, Os,
0s}) and ({6, 6,, 05, O4+m, -0s, O5tm}) [40].

In general, IKP can be solved either by an algebraic, iterative, or
geometric approach [41]. A brief discussion can be outlined about the better
method:

o The algebraic approach suffers from the fact that the solution does not
give a clear indication of how to select the correct solution from the
several possible solutions for a particular arm configuration [38][42][43].

o The iterative solution often requires more computations and it does not
guarantee convergence to the correct solution, especially in the singular
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and degenerate cases. Furthermore, there is no indication of how to
choose the correct solution for a particular arm configuration [38].

e If the manipulator under consideration is simple, that is, it is a decoupled
model, then the geometric approach presents a better approach to get a
closed-form solution [38][39].

The existence of mechanical joint limits reduces the number of reachable
solutions for the given manipulator. Actually, due to the workcell distribution
and mainly the kind of work carried out on the rotary table, the manipulator
studied in this Section has little multiplicity when solving the IKP: according to
the previous definitions, only the right and above arm solutions will be taken into
account when solving the gross positioning (Figure 2.6, 1-2)".

i) Geometric approach for the IKP of position

To practical effects, this Section will introduce a geometric
approach to get a consistent joint angle solution of the KR15/2 manipulator
for a desired pose of the EE. At this point, the full workcell has infinite
solutions due to its redundancy given by the d, and 6,, joints. This fact

can provoke problems since the system has to be able to fix one. This
suggests that an entry argument for the positioning IKP could be the
current location of the manipulator (i.e. d, and 6,, values), choosing the

closest" position in the space of joints (taking into account a free-collision
workspace over the table) [41][44].

Let 0,-65 be the numerical angle values of the articulations A7-46
(see Figure 2.5, right). The IKP consists of finding these values. To
practical effects, the operator uses these values to decide the relocation of
the manipulator with regard to the workpiece, by moving the additional
joints (6, and d}).

The first three joints have a planar structure that allows obtaining
the first three joint values {6, 6,, 6;}. Likewise, the last three joint values
{64, Os, 65} orientate the tool and the problem can be solved after
determining the first three joint values. With the observations made there is

'* In the KR15/2 model, the internal configuration of an status parameter also controls the preferred posture (a
combination of bits which are used to deal with ambiguities in the axis position), see [30].

!> Nevertheless, the notion of "closeness" could be defined in several different ways. In this particular case, it
could be profitable to establish a consideration so that the selection was favoring the movement of the
manipulator instead of moving the biggest 6, and d, joints, when this option exists. It is due to reasons of
precision and economy in the articulate motions.



Chapter 2. Workcell Kinematic Characterization 73

feasible the resolution of the IKP in order to implement an effective
control.

ii) Resolution of the gross positioning

First, it is necessary to obtain the position of the wrist (W, Figure
2.8) when the values that specify the position and orientation of the TCP in
the Cartesian working space {B} (Figure 2.18) are known with the
homogeneous transformation matrix:

[B”rcp]x [Bsrcp]x [Barcp]x [Bprcp]x

B _ [Bnrcp]y [BSTCP]y [BaTCP]y [Bprcp]y
TCP — | v B B B B (245)
Ul [Usierl. [Uareel. [ Prerl.
0 0 0 1

in which the nomenclature is inherited from Section 2.1.2. In case of
mounting a milling tool ({T}) instead a parallel-jaw gripper, the
conventionalism can be applied as depicted in Figure 2.23. In it, the
position vector ®prcp points from the origin of {B} to the origin of {T} (the
TCP). Also the nycp (normal), srcp (sliding) and arcp (approach) vectors of
{T} are depicted in Figure 2.23.

Let 4 rcp be the homogeneous transformation matrix defining the
position and orientation of the TCP ({T} frame) regarding the robot flange
frame ({F} frame), see Figure 2.23. This data are directly obtained from
the characterization of the tool in memory of the controller. With
analogous nomenclature, it is possible to obtain the position and orientation
of the robot flange {F} with regard to the base frame {B} on the table as:

BAs = BATCP ( f)ATCPY1 (2.46)

thus [42]

B

Py ="ps—dz (2.47)

is the position of W regarding {B}. Then, it is necessary to express those
coordinates in the robot base frame {R} (Figure 2.23) in order to be able to
solve the geometric problem. Namely,
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d, || cos(8,) -sin@,) 0 0
[RpW] = [1]3"3 dL ) Sin(HM) COS(HM) 00 ] [BpW]
1 0 0 0 1

In the previous expression, dy, and A, are constant design values of
the workcell whereas d; and 6,, are the known external joint values. [1];,3
is the identity matrix of size 3.

Figure 2.23. Design parameters of the workcell (h,,, d)) and additional external
joint values (8y, d;). Significant position vectors in the workspace are shown.

Given RpW =[W, W, WJ] T, the value of the first joint is calculated
as:

6= -atan2 (W, W,)  (rad) (2.49)
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where the sign of §; is due to the definition of the positive sense of rotation
given by the manufacturer.

Preliminary additional calculations are required to obtain the
angles 6, and 6;. According to Figure 2.24, the following parameters can
be determined:

p=JW? +W,?) =300 (2.50)

h=W,—-675 (2.51)
a=+/(155" + 600°) (2.52)
b =650 (2.53)
Thus,
g=atan2 (h, p) (rad) (2.54)

C = A [hz + p2 (255)

Lsoo 1 p 1

Figure 2.24. The resolution by triangulation in the plane defined by {6;, 6,, 6;}.
Measurements in millimetres.
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Let s be the semiperimeter of the abc triangle, and » the radius
of the inscribed circle:

S:a-}-b-}-c (256)
2
L \/(s —a) (s =b)(s =) 257
s
Now a y v can be identified as:
o = 2- atan (¥/(s-a)) (2.58)
y = 2 atan (¥/(s-c)) (2.59)

Due to the fact that 5 is measured up to the straight line between
the joints A3 and A5 and not up to the side a of the abc triangle, it is
necessary to consider the correction angle ¢:

@ = atan (155/600) (2.60)

Given a y y and ¢, it is possible to obtain:

0, =—(a+¢) (rad) (2.61)
O,=n—y+¢ (rad) (2.62)

where the negative sign of 0, is due to the fact that the robot is employed at
negative ranges (Figure 2.24).

iii) Resolution of the fine positioning

Let {R’w} be a coordinated system coaxial with {R} and linked to
the wrist W (Figure 2.25). It is possible to appreciate that, by means of a
rotation in z' with value p ;= -0, followed by a rotation in y’” with value
p= /2 +6, + 05, it is achieved a coordinate system {R’’’y} whose axis
y’’" is coaxial with the axis of the joint 5 and with z’’” in the direction of
the forearm from the joint 8; to W. The homogeneous matrix that gives the
position and orientation of {R’’w} regarding {R} has the following
structure:
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(2.63)

RAR'"W _ |:[ RRR“'W J [RPW ]:|
[0]1x3 1

where *4,., will be denoted as “4, for simplicity. The vector “pj is

known by means of (2.46), and sub-matrix “R,.,, is given by

cos(p) ~—sin(p,) 0 O[] cos(p,) sin(p,) 0 0

R sin(p,) cos(p) O O 0 1 0 0
Ry = 1 (2.64)

0 0 1 0 || —sin(p,) 0 cos(p,) 0O

0 0 0 1 0 0 0 1

| p,=m/ 2+6,+06,
I

{RMKR,}
AB

N {R}

Figure 2.25. Obtaining the coordinate system {R’*’\} linked to W

For the following calculations, it becomes necessary to obtain the
orientation of the robot flange regarding {R’*’y}, that is:

V4, =("4,)"-"4, (2.65)
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Thus, the position of the robot flange {F} with regard to {R} is
needed (see Figure 2.23). From (2.46), ®4, is obtained as:

d, || cos(8,) —sin(d,) 0 0

oy _|Uhads |[sin@) cos@) 0 0, oo
[0}y || 0 0 10
1 0 0 0 1

According to the way in which the coordinate system {R’’’y} has
been defined, the axis z’’" makes a distal sense (towards the end of the
forearm). The axes of rotation of the last three joints intersect within W
and the axes of rotation of the joints 6, and 85 match with z’”’, whereas the
axis of rotation of 85 matches with y’’’. Therefore, the angles 6, 85 and 6,
can be deduced from "4 and the definition matrix of Euler's rotations

ZYZ:
6, = -atan2(" 4,(2,3)," 4,(1,3)) (2.67)
0, = atan2(\/(WA6 G0 +("4,(3,2))," 4,(3,3) (2.68)
0, =atan2(-" 4,(3,2),"” 4,(3,1)) (2.69)

The negative sign of 6, is due to the criterion of the mechanical
axis of the robot. With these values of the six joints, the inverse kinematics
of the robot KUKA KR15/2 is solved for programming control purposes.

2.4.4. \Workecell Jacobian

While most trajectory planning methods in Cartesian-coordinate level
focus on position on the path followed by the operation point (the TCP), the
essential inverse kinematic of a six-axis robotic manipulator for milling tasks
requires the specification of the orientation of the EE as well.

For some simple industrial labours, the position and the orientation tasks
are separable; hence, the planning of the two tasks can be done independently.
This is the case of usual pick-and-place operations done with common decoupled
industrial manipulators. This kinematic analysis was introduced at the end of
section 2.2.2. iii). More detailed explanation for an isolated KUKA KR15/2
manipulator can be found in [14]. However, this separation is not possible for
most robotic operations, and thus both tasks must be planned concurrently [1].
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Therefore, in the particular case of the workcell studied for milling tasks, (2.17)
and (2.18) would become, respectively,

v=0,e, xr, +v,e +0e xr,+b0,e,xr, +0be, xr, (2.70)

O=0,+0,+0, + 0, + 0, + 05 + O =
. o ) . ) . 2.71)
=0,e, +0e +0,e,+0e, +0,e,+0be +0e,

where it can be appreciated the linear velocity contribution v, of the track. The
6x8 Jacobian matrix (J) would be completed as done in (2.20), with

Jllz[eM 0 ¢ e 63]; lez[ezt €s eé]
(2.72)
J21=[eMXrM €, eXxXn X e3><r3]

6=[6, v, 6 6 6 6, 6, 4, 2.73)

A common misconception in the robotics literature is to confuse J_,
which maps joint rates into the EE location velocities (eq. (2.14)), with J,
defined by Whitney and introduced in (2.15), which maps joint rates into the EE
twist [11]. Thus, the difference between the two Jacobians is essential: J, is an

actual Jacobian matrix, while J,, properly speaking, is not [1].

From (2.5), a toolpath can be expressed as a function of the form

f@)=s, (2.74)
In order to find J, in eq. (2.74), by application of the chain rule we get
. o . .
f=lq5Ja q (2.75)
oq

From the definition of f, we have that f is the time-derivative of the
pose array of the EE, i.e., s,. Moreover, it is well known [11] the relation
between the two Jacobians, namely

J,=MJ, (2.76)

with M defined as
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190
M{o 1} 2.77)

where the sub-matrix Q takes on various forms, depending on the type of rotation
representation adopted. Thus, from (2.76) we get

Jog=MJ,q—>$, =M+ (2.78)

and, therefore, the time-derivative of the toolpath can be expressed as a linear
transformation of the twist ¢ of the EE, being it easier to compute with the
appropriate J,, i.e. mapping joint rates into the EE twist (as described at the first

part of Section 2.2.2. iii).

2.4.5. Tool-holder characterization

For the resolution of the DKP and the IKP it is necessary to establish the
relationship between the robot flange and the TCP of the tool, i.e. the *Azcp
homogeneous transformation matrix defining the position and orientation of the
TCP with regard to the robot flange frame (Figure 2.27). On delivery of the
robot, the mechanical robot flange frame is located as shown in Figure 2.26. Note
that the direction assigned to the Z axis is contrary to the rotation sense depicted
in Figure 2.5, and therefore it is opposed to the natural one of the DH models of
Figure 2.20 and Figure 2.21.

{F}

MECHANICAL

Figure 2.26. Location of the robot flange frame on delivery.
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.‘-Tl yOrL

Figure 2.27. Tool holder designed for milling tasks at the IDF.

To practical effects, the KRC2 controller implements a routine to
measure the tool by touching a fixed reference point at QO with the TCP by four
different orientations [45]. This measurement method, a calibration of the tool
itself, follows the closed-loop chain methods described in Chapter 3. As a result,
the controller memorizes the position and orientation of the TCP regarding the
robot flange frame with 6 values: the position coordinates and the RPY’? values
(ABC), as shown in Table 2.4.

X-43.30mm | A -22.67°
Y 1730 mm | B -19.52°
Z414.24 mm | C -180.04°

Table 2.4. Position and orientation measured for the tool-holder regarding the robot
flange frame.

' In the KRC2 controller, the RPY values are defined as three consecutive rotations in Z, Y and X axes,
respectively.
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For the calculations considered in previous sections, °Azcp is easily
achieved:

[ DPrepls 0.8697 -03856 03081  -43.30
6 6

A, = ["RicpLis [GpTCP]y _| 0363 0926 01204 1730 (2.79)

["Prepl. 03341 00007 09425 414.24

0 0 0 1 0 0 0 1
R, = 10tz(A) - roty(B) - rotx(C)=
. cos(A) -sin(A) O|fcos(B) 0 sin(B)||1 0

with (A) (A) B) B) (2.80)

=|sin(A) cos(A) 0| O 1 0 |10 cos(C) -sin(C)
0 0 1||-sin(B) 0 cos(B)||0 sin(C) cos(C)

As previously introduced, an additional rotation in the X-axis, rotx(7z)
would be required to match both mechanical an DH-modelled {F} frames.
For the scope of this thesis, the full DH model can be directly deduced

from Figure 2.21 and Table 2.3, including the particular geometry of the tool, as
depicted in Figure 2.28. Measures are directly obtained from the CAD model.

Link | % “ 0i di
(rad) (mm (rad, (mm
1 /2 803 Ou -305
2 /2 0 0 d;
3 /2 300 9, -675
4 0 650 o, 0
5 /2 155 0 0
6 /2 0 0, -600
7 /2 0 05 0
8 0.3564 0 Os -443.4
TCP 0 0 0 -119.7

Figure 2.28. and Table 2.5. Robot {EE} frame assignments and parameters for the
complete DH model of the IDF workcell, with the tool holder designed for milling
purposes.
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2.4.6. Characteristic length L of the KUKA KR-15/2

Given the manipulator DH parameters (section 2.4.2. ), finding its
characteristic length L and, hence, its associated minimum condition number is
known as the direct problem [19], as stated in section 2.3.2. -i).

Prior to the formulation of the optimization problem at hand, it is
remarkable that not all DH architecture parameters and not all posture variables
influence the condition number adopted [1][19]. In fact, if a subset of the joint
variables of a manipulator amount to a rigid-body motion of the overall
manipulator, such as in the case of the prismatic joints of a Cartesian
manipulator, then these joint variables do not affect the condition number of the
manipulator [47]. Also, Khan [19] states that “the first joint variable of a serial,
n-revolute homogeneous manipulator does not influence the condition number
(kr or k) of its homogeneous Jacobian; neither do the architecture parameters
d, and a,.”

Therefore, in the case of the first joint variable (6,, , the rotary table), it

is equivalent to a pure translation of the manipulator as if it was a rigid body. The
linear track (d, ) also does a pure translation and, thus, it can be left apart when

evaluating the conditioning of the manipulator managed. It also matches with the
real purpose of the additional external joints, i.e. relocating the manipulator to get

a more convenient (or better conditioned) posture of the {6,,..., 6;} main chain.

As a consequence, the straightforward problem of determining the characteristic
length of the KR 15/2 will be planned as follows [19]. Taking into account
Figure 2.20, let

Mzmax{aM,bM} (2.81)
with

a, Emlax{b[}f , b, Eml_ax{|bl|}z (2.82)

From table 2.2 and with the value of M, it is possible to redefine a non-
dimensional DH table of the KR 15/2 as follows

a, ~_b
44, bi=4/[ (2.83)

a;

for i=1,...,6.
Additionally, let
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M= 1\% (2.84)
with L being the still unknown characteristic length. Hence,
— _a, - _b — s T i
a=%,, K=t > a=af, n=in 289

for i=1,...,6, which is a set of unknown dimensionless parameters as M s still
an unknown. Analogously, from the definition of the homogeneous Jacobian
matrix (H), eq. (2.38), A, can be redefined as

p; =

t~ |-

_ e
=M-p, —>h —L XiVIﬁ,] (2.86)
for i=1,...,6.

Hence, to find the characteristic length L, all we need is to find the value
of M that will render the condition number of A a minimum with a suitable set
of values for the last five joint variables. Let all these design variables be grouped
in a design vector X, namely (Figure 2.21)

%={M.6,,0,.6,.0,,06,} (2.87)

The value of vector X is found as the solution to the optimization
problem:

min k. (H) , with'” M >0 (2.88)

To practical effects, Matlab was used for solving the problem by means
of the function Fminsearch, which uses the Nelder-Mead simplex (direct
search) method'®. The algorithm and specific sintaxis can be resumed as follows
(Figure 2.29). In each particular configuration of the tool holder, the
characteristic length will be obtained by following the same scheme.

For the generic KR 15/2, without any tool attached to the robot flange,
the characteristic length obtained was L=350.6 mm and the best conditioning
achieved was k7=1.2477, which corresponds with the posture depicted in Figure
2.30.

7 k2(H) is an even function of M, k2(M) = k2(~M)» and hence if —M s a solution to the optimization
problem, then so is A1 .

'8 MATLAB Function Reference: fininsearch
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DH tabl Non-dimensional DH table (NDDH ):
teble a,.. b M y
(table 2.2) | g [0 | o)y oy @23) a,.b, — NDDH
(-'-)J? = J% 7 | |mitial guess (with & = 0): DKP(NDDH . x)

(straightforwward)
eq. (2.86)

|H (homogeneus J acabian)|

.fm!. = {-ﬂ 92 B C93 > H4~ Hi ’ Hﬁ }mf -

:[1;_"'__. :0‘.
155500500

‘[\]\ﬁ] = fiminsearch(@ (%) k; (x, NDDH), X,.)

“Vini

M« 3

J‘ Best conditioned posture
¥; (with € = 0 for graphical simulation):
i {0,3(2),....3(6)}

Figure 2.29. Algorithm in Matlab to find the characteristic length (L) of a
manipulator. In this particular case, table 2.2 refers to the KR 15/2 without any tool
attached, giving a value of L=350.6 mm.

Figure 2.30. Left, best conditioned poture for the 6R KR 15/2 manipulator without
any tool attached to the robot flange. Right, same result obtained with the RSV4W
[48].
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“Have no fear of

perfection, you’ll never
reach it.” —

Salvador Dall
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CHAPTER 3. WORKCELL CALIBRATION

3.1. CONCEPTS ON ACCURACY CRITERIA AND ERROR SOURCES

The international standard ISO 9283 [1] sets different performance
criteria for industrial manipulators and suggests test procedures in order to
obtain appropriate parameter values. The most important criteria, and also the
most commonly used, are accuracy of pose (AP) and repeatability of pose (RP).
It is well known that industrial robots have high RP but not AP [2] (Figure 3.1).

x Accuracy v Accuracy x Accuracy v Accuracy
x Repeatability x Repeatability v Repeatability v Repeatability

Figure 3.1. Repeteability and accuracy issues for a commanded target.

Repeatability is particularly important when the robot is moved towards
the command positions manually (Teach-In, e.g. pick and place operations).
Most of the robotic applications that capitalize on repeatability have already been
done. However, if the robot program is generated by a 3D simulation absolute
accuracy is particularly relevant (i.e., off-/ine programming of advanced precision
applications, such as milling or even robotic surgery.). Both are generally
influenced in a negative way by kinematic factors. Here especially the joint
offsets and deviations in lengths and angles between the individual robot links
take effect.

It has been shown that as much as 95% of robot positioning inaccuracy
arises from the inaccuracy in its kinematic model description, i.e., the parameters
used to compute the position and orientation [3]. Consequently, a simple, fast and
accurate robot geometric model adjusted through a calibration process is needed.
The position and orientation of the robot is usually determined using forward
kinematics with Denavit-Hartenberg (DH) parameters for each link of the robot.
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Thus, robot accuracy ultimately depends on the accuracy of these DH
parameters.

Robot kinematic calibration is defined as a “process of improving robot’s
EE positioning accuracy through modification of its kinematic control model
without changing its hardware configurations” [4]. Basically it consists in
identifying the differences between geometrical parameters of models given by
manufacturers and those of the real robot. These differences come from
imprecise knowledge of robot geometry: link length, angle between successive
axes, joint off-sets, gear ratio. Some variation comes from the manufacturing
process, primarily due to machining inaccuracy. Other variation comes from the
assembly process, where the precise position and orientation of links and joints is
not perfectly repeatable. Most manufacturers of robots do not focus on accuracy
because if accuracy is achieved by higher tolerance in machining, the cost of
robot increases spectacularly, affecting the sales negatively.

As a consequence, a calibration approach to identify the DH parameter
values is needed to advance the state of the art in robotics. After a calibration
procedure, the robot controller can be updated with the correct robot-specific DH
parameter values instead of the standard design values. This calibrated robot has
a higher absolute positioning accuracy than an uncalibrated one, i.e., the real
position of the robot’s EE corresponds better to the position calculated from the
mathematical model of the robot.

3.1.1. State of art in robotic calibration

There has been considerable research in the field of robotic calibration,
as stated in [5]. Existing techniques can be classified into open-loop (or pose-
measuring) and closed-loop (or pose-matching) approaches [6].
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with external with distance measure
measures or lmear constramt

with planar with endpoint contact
constramt constramnt

Figure 3.2. Several open (up) and closed (down) loop methods for robot calibration.

On one hand, conventional open-loop methods involve measuring the EE
pose, which traditionally requires expensive and complicated pose measuring
devices (such as theodolites [7], inclinometers, coordinate measuring machines
[8][9], sonic and visual sensors [10][11], and laser tracking system [12][13]).
Therefore, the resolution of measurements near the EE is limited by the
equipment used. It has been reported that partial pose information is sufficient for
complete parameter identification [3]. Generally, these calibration methods
involve the following procedures [4] (see Figure 3.3):

a) Choose a proper kinematic model to describe the relationship
between robot joint space I and its operational coordinates at
Q;

b) Take experimental measurements of robot EE locations using
external measuring devices (the requirements of measurement
phase are particularly demanding);

¢) Identify the parameter errors based on the differences between
the measured locations and those predicted by the kinematic
model.

d) Implement the identified model in the robot controller (i.e.,
compensation).
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desired
pose at (2
actral

pose at €2

desired actual robot
posture at 3
DK model

estimated

I+

predicted static pose
pose at €1 error
parameters

Estimation of structural

parameters mimmising

A

the static pose error

Figure 3.3. Generic procedure in a robot calibration using an open-loop method [6]

On the other hand, closed-loop methods are defined as the automated
process of determining a robot's model by using only its internal sensors, and
thereby, can be named self-calibrating or autonomous methods [3][14][15]. It has
been observed that autonomous calibrations are possible for robot manipulators
with either some a priori knowledge of the task constraint. These methods
impose some constraints or some sort of motion on the EE, and the joint readings
alone are used to calibrate the robot using kinematic closed-loop equations. A
standard procedure is depicted in Figure 3.4.

actual joint

coordinates

Jorced
pose at €2 —
K model static joint

predicted joint

H+

bt ) error
estimated coordinates

}7&1]'(?]778161'5

Estimation of structural

parameters minimising | <

the static joint error

Figure 3.4. Generic procedure in a robot calibration using a closed-loop method [6]

Some researchers in the past have used linear constraints allowing the EE
to slide along a straight line, e.g., Newman et al. [14] used a laser line tracking in
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the robot workspace. Bennett and Hollerbach [16] and Meggiolaro et al. [17]
proposed a closed-loop calibration method in which the robot endpoint is fixed at
a single point contact constraint, equivalent to a ball joint. In that case, the robot
moves to different configurations that satisfy the contact constraint. However, it
is difficult to move a physically closed kinematic chain from one posture to
another while maintaining the physical constraints. Hence, it is difficult to collect
accurate joint readings. A profuse description of the algorithms associated to the
methods constraining the EE is carried out by Khalil et al. [18][19][20]. Gatla et
al. [5] proposed a Virtual Closed Kinematic Chain method, in which the
approach does not require any physical constraint. In this case, a laser tool is
attached to the EE. This laser tool aims at an arbitrary but fixed point on a distant
plane; thus, creating a virtual closed kinematic chain. The calibration procedure
requires many different robot joint configurations and the process can be time-
consuming. The authors propose a feedback system in which a camera detects the
laser spot on the plane and it is used as feedback to adjust the robot joint angles
so as to move the laser spot to the desired fixed point.

Ikits and Hollerbach [21] extended their Implicit Loop Method to the use
of a planar constraint, where the robot endpoint is constrained to lie on a plane.
Zhuang et al. [22] also imposed plane constraints on the EE positions. These
authors showed that a single-plane constraint is normally insufficient for
calibrating a robot. It was also shown that by using a three-plane constraint, the
constrained system is equivalent to an unconstrained point-measurement system
under certain conditions. The significance of this result is that the three-plane
constraint setup can be used to successfully calibrate a robot. A profuse
description of the planar methods is carried out by Khalil and his co-workers
[19][20][23]. In the planar constraint methods, the use of a contact probe is
problematic because it is difficult to be certain that the tip-point of the probe is
exactly on the surface, neither above it nor indenting it.

Based on the planar constraint procedure and the open-loop methods, a
new robot kinematic calibration scheme is presented at Section 3.3. It can be
implemented autonomously and is suitable for on-site calibration in an industrial
environment at regular intervals, in contrast with other open-loop methods
requiring extensive human intervention and expensive or demanding devices
such as those previously mentioned. By holding a laser displacement sensor, the
robot sweeps three orthogonal constraint planes in its workspace while measuring
the distance, which is supposed to be constant. Only the distance readings are
recorded. A non-linear least-squares (NLSQ) identification model has been
derived from the consistency conditions of the planes, and is presented.
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3.2. CALIBRATION. MATHEMATICAL BACKGROUND

The robot errors gathered by pose measurements can be minimized by
numerical optimization. For kinematic calibration, a complete kinematical model
of the geometric structure must be developed, whose parameters then can be
adjusted by mathematical optimization.

In practice, for the general problem of calibrating a mechanical system, it
can be shown that the main objective of the procedure consists on determining a
best approximation of a calibration matrix, C, by taking many data samples of the
actual variables and the real sensed variables:

[Actual]=[C][Sensed ] (3.1)

Given a large number of sensor readings and the corresponding actual
inputs, least-squares descent methods fitting these data points have demonstrate
its convenience for solving the kinematical optimization problems [19][20][24].
The method of least-squares is used to approximately solve such overdetermined
systems, i.e. systems of equations in which there are more equations than
unknowns. This is done by creating a single matrix equation from linear
approximations of the relationships between sensor responses and actual inputs.

This procedure supplies corrected kinematical parameters for the
measured machine, which then for example can be used to update the system
variables in the controller in order to adapt the used robot model to the real
kinematics.

3.2.1. Problem statement

The objective consists of adjusting the parameters of a model function so
as to best fit a data set. A simple data set consists of np points (data
pairs)(¢',ps'), i = 1, ..., np; where ¢' is an independent variable and p|' is a

dependent variable whose value is found by observation. This model function has
the form

' =1 B B,) = F(4'. ) (3.2)

where the mp adjustable parameters are held in the vector £ . It is desirable to
find those parameter values for which the model best fits the data. In summary,
the common behaviour of the system to adjust can be described with the vector
model function as well as the input and output vectors, as described:
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q9=(q'q"), ¢ €R*; qeR™

B=Bp,) s BeR™

Pu =y s ™) Py = (Datses i) = f(@ )R, p\ € R™
ps=(pssenps™) s pgeR,pseR™

(3.3)

The variables &, [, mp, np describe the dimensions of the single vector
spaces. For a common manipulator we have:
i =1,...,np; number of observations,
t =1,...,k;number of joints associated to each i-observation (at J)
(e.g., (q,,9,)=(6],0,) for a 2-DOF manipulator),
h=1,...,[; (I £6) DOF's of the EE observed at Q (e.g. xyzABC),
j =1,...,mp; number of model parameters to adjust.

A residual 7 is defined as the difference between the observed values of
the dependent variable and the predicted values from the estimated model,

r=ps' =g\ B); ' =0,r) eR (3.4)

Minimization of the residual error # for the purpose of identification of
the optimal parameter vector £ follows from the difference between both output

vectors using the Euclidean norm. The least-squares method defines best as when
the sum, §', of squared residuals is a minimum.

<o =l =S sen e

Such in the case of robot calibration, a data point may consist of more
than one independent variable. In the most general case there may be one or more
independent variables and one or more dependent variables at each data point.

3.2.2. Solving the least-squares problem

Least-squares problems fall into two categories, /inear and non-linear.
The linear least-squares problem has a closed form solution, but the non-linear
problem does not and is usually solved by iterative refinement; at each iteration
the system is approximated by a linear one, so the core calculation is similar in
both cases.
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The minimum of the sum of squares is found by setting the gradient to
zero. Since the model contains mp parameters, there are mp gradient equations

for each of the np data pairs (¢', p') .

oS’ . or'
=2 3.6
8,2 o, .

and substituting (3.4) the gradient equations become

S _ P
mz‘zz op,

3

=0 3.7)

The gradient equations apply to all least-squares problems. Each
particular problem requires particular expressions for the model and its partial
derivatives.

i) Linear least-squares

A regression model is a linear one when the model function
comprises a linear combination of the parameters, i.e.

P = 1= 25,0 (3.8)

where the coefficients, ¢,, are functions of q .

Letting

P Y AC)

= op B #,(q') € R™ (3.9)

be the Jacobian matrix of the model function (Jy), it can be shown that, in
this case, the least-square estimated S is given by

B=W,"T)", py (3.10)
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ii) Non-Linear Least-Squares (NLSQ)
In a non-linear system, the derivatives o' /6,B]. are functions of

both the independent variable ¢’ and the parameters £, so these gradient

equations do not have a closed solution. Thus, there is no closed-form
solution to a NLSQ problem. Instead, initial values must be chosen for the
mp parameters and numerical algorithms are used to find the value of the
parameters £ which minimize the objective. Then, the parameters are

refined iteratively, that is, the values are obtained by successive
approximation:

B ~ B = B9 L AB (3.11)

where s is an iteration number and the vector of increments, AfS , is
known as the shift vector.

In commonly used algorithms [19][20][24], at each iteration the
model is linearized by approximation to a first-order Taylor series
expansion about .

CACY D)

_ R
B B, =B (3.12)

UCHOENICIAEDY

Substituting at (3.4), the residuals are given by

i i i s a i’ ©) s
v =i | g )+ T LLL D g g (313
J aﬂj
In terms of this linearized model, for the / components of r, we

define

i i (s)

= SZ — (gﬂ’ﬂ I (3.14)
j j

For each observed i-point, the Jacobian of the model function, J; is
a function of constants (the independent variables and the estimated
parameters) so it changes from one iteration to the next. Thus,
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Aph +Z rhj AIB Aph ZJ/ hj Aﬁ/, h =1,...,l (315)

with
Ap' =ps—f(q'.B)eR (3.16)
AB=(f-pB")eR™ (3.17)

Substituting expressions (3.14) and (3.15) into the gradient
equations (3.7) and setting the gradient to zero to get the minimum of the
sum S of squared residuals (3.4), they become:

5rh Lo U
22 h = _2;']”, {Aph Z fht J

os’ /aﬁj =0

(3.18)

which, on rearrangement, become mp simultaneous linear equations,
named as the normal equations.

I m
ZZthJ ftAﬁt ZthjAph (3.19)

h=1 t=1

The normal equations are written in matrix notation as
J," I )AB=J, Ap (3.20)

The superscript T denotes the matrix transpose. These equations
form the basis for the Gauss-Newton algorithm for a NLSQ problem.

3.2.3. Gauss-Newton algorithm and its application to calibration algorithms

The Gauss—Newton algorithm is a method used to solve NLSQ problems.
It can be seen as a modification of Newton's method for finding a minimum of a
function. Unlike Newton's method, the Gauss—Newton algorithm can only be
used to minimize a sum of squared function values, but it has the advantage that
second derivatives, which can be challenging to compute, are not required.
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i) Description of the iterative method

For calibration purposes, the above described algorithm can be
extended when np functions 7/, ..., #” of mp variables = (B, ..., Bup) are
given, corresponding to np observations done (with np > mp). The Gauss—
Newton algorithm finds iteratively the minimum of the sum of squares

S=§S"(ﬂ)=§:ir;(ﬂ)z; SeR;  min{S}; (3.21)

i=l h=1

Starting with an initial guess B for the minimum, the method
proceeds by the iterations

B =Y+ AB - A =B - Y (3.22)
where the increment Af is the solution to the normal equations:
W'WHAB=-W'r (3.23)

The goal is to find the parameters f such that a given model
function py= f(g, p) fits best some data points (g, ps), eq. (3.1). In robot
calibration, 7 is the vector of functions 7, e.g. the residuals of the position
and/or orientation. For each estimation of £

FBY) > Ap = (A Y = - (@) (324

To identify A, this equation can be performed for a sufficient
number of np configurations, g.

q=(q",..q")' (3.25)
The resulting linear system of equations will be represented by:
Ap =W (q, A (3.26)

W is the Observation Matrix [19] of dimension (np-/xmp) with
np>>mp.
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J (¢, 8"
W= (3.27)
J(q", )

being it a composition of the J; Jacobian matrices of the model function,
Py = f(q,B?), for each observation, evaluated at Y.

Then, the increment Af can be solved to get the least-squares
errors solution as

AB=W'Ap"® (3.28)
where W' is the left pseudo-inverse' of W .
wh=w'wy'w’ (3.29)

The geometric parameters £ can be updated, eq. (3.22), after
(3.28). By iteratively applying this procedure until the elements of AS
become smaller than some prescribed limit. Therefore, a best-fit solution is

obtained. The common sense criterion for convergence is somewhat
arbitrary, as for example

A ('s)
L<O.001, j=1..,mp (3.30)

2.8,

s

which is equivalent to specify that each parameter should be
refined to 0.1% precision. This is reasonable when it is less than the largest
relative standard deviation on the parameters.

The procedure may not converge very well for some functions and
it is often greatly improved by picking the initial value, 3”, close to the
best-fit value. Equation (3.29) assumes that the inverse of the matrix W' W

exists, as it can be considered for the postures adopted in a calibration
procedure within the workspace range (for the scope of this thesis, over the

"In fact [33], it verifies that * W = |
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table as depicted in following sections). A discussion of the singularity of
this matrix is given in [25].

ii) Outline of the NLSQ Model-based calibration methods. 2D planar
calibration example

The aim of the calibration of the Denavit-Hartenberg (DH)
geometric parameters by iterative methods is to minimize the difference
between the measured EE location and the calculated location. Rearranging
(3.20), a linear differential model defining the deviation of the EE location
due to the differential error in the geometric parameters can be expressed
as:

Ap=J, AB (3.31)

where:

o Ap defines the (mp x I) vector of the errors of the geometric DH

parameters to be adjusted.
e Ap represents the (/ x 1) vector of the position and orientation error

(difference between measured and calculated) with /<6 DOF’s in the
Cartesian Operational Space Q.
e J,(q,p) is the (/ x mp) Jacobian matrix of the homogeneous position

matrix of the EE with respect to the DH geometric parameters.

Eq. (3.31) gives / linear equations in the unknown vector AS .

In classical calibration methods, we need an accurate external
sensor to measure the real EE position or location. If this sensor gives only
the position coordinates of the EE, then only the first three equations of
relation (3.31) will be used. In this case 3n >> mp observations are taken
as general rule. Analogously, in a planar motion 2rn >> mp observations
are taken. The identifiable parameters must be carried out on the
corresponding observation matrix.

The exposed calculations can be tested in the calibration of a 2D
planar manipulator. This mechanism can represent the two links defining
the gross positioning in the KUKA KR 15/2 manipulator (Figure 3.5).



104 Chapter 3. Workcell Calibration.

00

I L
o A00 1000 X

675

{R}

o] . |

Figure 3.5. 2D planar manipulator of two links simulating the gross positioning in
the KUKA KR 15/2 manipulator.

The forward kinematics of the robot is achieved by the DH method
(see Chapter 2),

r=1(q.p) (3.32)

where g =[6, 6, 0,]" are the joint values and f the vector of the
DH parameters,

p=la,a,0,d] (3.33)

which are shown in Table 3.1. These values will be referred as
S in the iterative process of calibration.

i a;(rad) a; (mm) 0; (rad) d; (mm)
1 0 a, =650 0, 0

2 0 a, =\600% +155 0, 0

Table 3.1. DH parameters for the mechanical system simulating the
manipulator gross positioning.

In this case, only the position coordinates in the plane of the
motion, p =[x y]", are observed (Figure 3.5). Consequently, only the first
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two equations of (3.31) will be used. Both coordinates are resumed from
the overall 4x4 DH homogeneous transformation matrix:

a, =S 0 ar¢q+ac,
s c 0 a;s +a,s

T — 12 12 1*-1 2 P12 3.34
0 0 1 0 (3:34)
0 0 0 1

with

¢, =cos(b)) s, =sin(6,)

¢, =cos(6,) €y, =C,Cy — 8,8, (3.35)

s, =sin(b)) S, =C,8, +5,C,

Then, in this case the theoretical positioning values, p,, are
T(1,4)and T'(2,4): It is easy to appreciate that they are non dependent on

o, :
X a, ¢ +a, c
pO:|: o:|={ 16 T4, 12} (3.36)
Yo Qs +a,°8,

In each link of the model, it can be considered an existing error.
This error is propagated through the forward kinematics giving as a result a
positioning error, being it the residual to minimize. Care must be taken to
all of the DH parameters: none is assumed to be 0 and left out of the
kinematic model or, on the contrary, the error in that parameter is not
revealed itself in the calibration process. The identifiable parameters must
be carried out on the corresponding observation matrix W, eq. (3.27).

For the purpose of this example, let’s consider both errors of 0.2
mm at link ¢, and 1° at 6,:

AB, = g | _ 0.2 mm (3.37)
6, 0.0175 rad (=1°)

With this supposition, there are two parameters to adjust:
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Figure 3.6. Thirty observed points in the workspace

Having in this case an mp=2, np=30 well-known locations in the
workspace, p,, =(p),»-»Dy) » constitute an enough number of

configurations to carry out the calibration procedure. If those locations
were commanded to the robot controller, the requested configurations

g=(q",...¢") would be internally calculated by means of the IK

theorethical model programmed. In order to emulate the possible
configurations of the real KUKA when working on the rotary table, only
the elbow-up solution is considered (Figure 3.6, see Chapter 2).

c;' = ((xs")2 + ()/S")2 —a,2 —azz)/(Z'aI ‘a,)

0 arctg2(yy ,xs') —arctg2(a,s5,a, +a, c)
o, arctg2(s;,c,)

(3.39)

In the case studied, the well known locations and their theoretical
configurations are:
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[T 271.24687] ] [T 2.0870 ]
| 382.4231 | -2.3866 |
7343.8540 ] 17772 7]
. | 240.6678 | : | -2.4694 |
| x| 16" |_
Py= T () ; = 1= e i=1.,30  (3.40)
Yu - - o, - -
237.3482 2.1994
| 512.5508 | | -2.2207
[322.9468 ] [ 1.9186 |
L 315.1908 | | || 24164 ] |

Due to the fact that the real robot has small differences with
respect to the ideal DH model set into the controller, if ¢ were the
commanded values to the real non-calibrated manipulator the real positions
achieved would be given by (3.36), but considering the implicit error of
(3.37), that is:

s :|:xg‘i|:|:(al +a15)'cliE +a2'c|[52 (3.41)

i i i
Vs (@ +ay)s;;+a,S,
with
i i N RN A B
clE - COS(GI +91E) CIEZ - CIECZ SIESZ (3 42)
I i i i i i i :
sy =sin(f,' +6,;) Sigr = CipSy 8156,
In the case studied, the values reached are:
[T 264.42957]
| 387.2709 |
[339.5570]
) 246.8272
X - h
_| X | .o
ps=| = ) ;o 1=1,..,30 (3.43)
Vs - -
228.2464
| 516.7747 |
[317.3253]
| [ 3209658 | |
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The error Ap is calculated like:

6817371
| 4.8478 |
[4.29707]
. | 6.1594 |
x' )

Ap=ps—py=| ,|=| > | i=1..30 (3.44)
y _ _

9.1018

| 4.2239 |

[-5.6215 )

LL 57750 | |

With the Ap data and the DK model of the manipulator (3.36), an
iterative procedure is applied. In the example that is being considered, the
Jacobian matrix of (3.31) for consecutive s-iterations, J*' (¢, 5), is a (2

x 2) matrix calculated as:

Oox Ox
0Oa, 06,
Sy = P o .

ay=a,+ ) A
2 (3.45)

w=l

cos(6, + 3 A0")  -a,sin((0, + D AQ )6, )sin(0)(a, + > A ")

sin(, + 2,A0"")  a,cos((0, + 2, A0 )+0,)+c0s(0)(a, + 2, Aa")

w=1 w=1 w=1

The observation matrix W for the first iteration is composed as
(3.27), evaluated at each configuration ¢', considering no-errors at 6, and

Aa'” 0
AR =] = 3.46
g La(‘”} M 40

It results in a 60x2 matrix, due to the fact that J, gives a two rows

a,, that is:

sub-matrix, (3.45), for each observed configuration.
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-0.4936 -382.4231

0.8697 271.2468

J, G, ") -0.2049 -240.6678
WO = =1 | 0.9788 343.8540 | (3.47)
J(q”, ") )

-0.3408 -315.1908

0.9401 322.9468

then, eq. (3.31) is solved by means of the 2x60 pseudo-inverse of
W (3.28),

a7
0.0117 -0.0001
0.0527 -0.0001
0.0198 -0.0001
0.0523 -0.0000
WO = (O T O 0T 2 ) (3.48)
0.0244 -0.0001
0.0518 -0.0001

0.0174 -0.0001

0.0516 -0.0000

Finally a first estimation of the error Af in both considered DH
parameters is obtained

O
Aa,

1)
Aﬂ - |:A01(1)

ot 0.0269
=W k60 BPsoxt = 00177 (3.49)

The following step for this calibration consists of actualizing the
DK model parameters by adding the obtained AS" to the ideal DH

parameters 3” Table 3.2 shows the modifications. The new parameters

will be referred as S :
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a;(rad) a; (mm) 0; (rad) d; (mm)
1 0 a +Aa" =650.0269 | 6 +A0" =6 +0.0177 0

2 0 a, =+/600” +155° 0; 0

Table 3.2. MDH Matrix simulating the manipulator gross positioning.

The DK model considered to actualize the p,, positions achieved
with these corrections, for the s-iteration, is

(s) _
Py =

w=1

(3.50)

i

S
W)y, .0 ol
L ® (a, +ZAa1 )y +a,Cy,
Yu

S
(a,+ ZA‘H(W))'SIM +a,s,,

w=1

with

5
i i (w) [N R B B
CAI_COS(91+ZA61 ) Cara = Cr1C = Sp1S,
w=1

S (3.51)
Sy =sin(6, + ZAQM) Stz = CarSy + 54,65
w=1
After actualizing the actual error Ap as in (3.44), a new
observation matrix W (g, ") is obtained with (3.45) like in (3.47).

Reconsidering (3.49), a new correction A is obtained.

Aa? ] 0.1732
AB? = |:A91(2) =W"360 Do =|: } (3.52)
1

-0.0002

It can be appreciated that, in the second iteration, the error
introduced (3.37) is reached, that is, AB" +AB® =ApB,.. Consequently,
in the following iterations, the corrections AB“ obtained are almost null,

verifying (3.30) so the iterative process would end. Table 3.3 shows the
final model achieved with the corrections done:
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a;(rad) a; (mm) 0; (rad) d; (mm)

1 0 a +Aa" +Aa” =6502 | 6 +A0" +A0" =0 +0.0175 0

2 0 a, =\600% +155° 0; 0

Table 3.3. MDH Matrix simulating the manipulator gross positioning.

3.3. CALIBRATION OF THE ADDITIONAL JOINTS OF THE KUKA
WORKCELL

The main problem in many traditional calibration methods is the need to
have an accurate, fast and not expensive equipment to measure the EE’s pose. It
also has been exposed that autonomous calibrations methods are possible for
robot manipulators with either some a priori knowledge of the task constraint or
redundancy of the sensing systems (e.g., planar constraints).

For this particular case, the open-loop method presented uses a set of
positions of the terminal point of the robot which are assumed to be in the same
plane, but avoiding any physical contact by using a laser displacement sensor.
This technique arises from the fact that the use of a contact probe is problematic,
because it is difficult to be certain that the tip-point of the probe is exactly on the
surface.

In this Non-contact Planar Constraint Calibration procedure, the laser
sensor sweeps three orthogonal constraint planes (namely, a squared pattern) set
in its workspace while measuring the distance. Only the distance readings are
recorded. A NLSQ identification model has been derived from the consistency
conditions of the planes, and is detailed below. The proposed method can be
applied to the full-articulated chain by magnifying the observed parameters with
the same guidelines and it is suitable for on-site calibration in an industrial
environment at regular intervals. This calibration scheme can be implemented to
be done autonomously.

In this particular case, the method is implemented for the calibration of
the external additional joints introduced in Chapter 2, namely the linear track d,
and the rotary table 6,,, due to the fact that the assembling of the workcell in situ

carried out by the operators left some misalignments while the manipulator has
good accuracy itself. Nevertheless, the method can be applied to the full
articulated chain by magnifying the Jacobian matrix.

3.3.1. Non-contact Planar Constraint Calibration procedure. Material and
method.
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A planar constraint method for robot calibration may be classified into
single-plane and multiple-plane constraints. Zhuang et al. [22] showed that
whenever a single plane constrains the robot motion, the calibration result is
biased because the measurement data is projected to a particular direction.
Furthermore, a single-plane constraint does not necessarily guarantee the
observability of unknown kinematic parameters of the robot. These authors
demonstrated that, if measurements are constrained to lie on three mutually non-
parallel planes, data collected by this multiple-plane constraint setup is
equivalent to that by a point measurement device. The significance of this
observation is that a 3D-position measurement system may be replaced by no less
than three planes placed at a number of different orientations. Without loss of
generality and in practical terms of industrial calibration, the calibration issue
can be carried out on a mechanized squared corner (Figure 3.7) placed on the
base frame of the workspace {B} in which accuracy is critical (i.e., it will be
assumed that the plane parameters are known a priori).

At this point, some authors [3][23] work by means of recording the joint
readings enabling desirable and safe touch on the planes. Actually, the use of a
contact probe is problematic because it is difficult to be certain that the tip-point
of the probe is exactly on the surface, neither above it nor indenting it. In the
scheme presented, a laser displacement sensor attached to the EE aims at
arbitrary but fixed points on three orthogonal meshes placed in those three
planes.

Figure 3.7. Mechanized squared corner with high tolerance degree, placed on the
base frame of the workspace {B}
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The procedure capitalizes on the constraint that the laser line, being
almost perpendicular to the plane, must be at a constant distance of each plane
for all the respective points of the mesh commanded to the controller. The main
advantage of the scheme presented in this Section is that the distant laser point is
very sensitive and there is no physical contact, which facilitates acquiring more
accurate readings for the calibration. Instead of working with the joint readings,
the NLSQ identification model is derived only from the laser readings without
external measures or joint recordings, see Figure 3.8.

estimation of the parameter

corrections (Af) <

updated structural
parameters () minimizing |Ap|

static pose

Dy ps ~ Dy error Ap
o |actual worfkcell N comanded | actual pose

commanded pose > ’
(om pattern) (IK model) postire (q) . i

Figure 3.8. Open-loop procedure proposed for the workecell calibration.

i) Laser displacement sensor

A laser displacement sensor (mod. SICK OD100-35P840) is
rigidly attached to the robot flange by means of a specific tool holder. It
has a measuring range of 100 mm with 35 pum in resolution. The laser is
supposed to be aligned with the Z-axis of the EE and a coordinate system
({LR}) is chosen in the laser line. Both X-Y axes orientation and the origin
(TCP) along the laser line are arbitrary, which can be set at some
convenient location. As it is depicted at Figure 3.9 (right), the triangulation
measurement is the physical basis of this displacement sensor: the site of
the light spot on the position-sensitive device (PSD, a photodiode) is
dependent on the distance of the detected object. The signals A and B (see
Figure 3.9) change depending on the position of the light spot. The
calculation of the signals in the microcontroller then gives a linear output
signal depending on the distance of the object.
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Figure 3.9. View of the laser displacement sensor.

The laser is supposed to be aligned with the Zg-axis of the EE and
a coordinate system (SC{LR}) is chosen in the laser line, see Figure 3.9
and Figure 3.10, left. Both the orientation of X-Y axes and the origin along
the laser line are arbitrary. Then, the robot can aim the laser TCP at some
location.

It may be cumbersome to use planar methods if the calibration
process includes the calibration of the laser itself. The observability of
certain parameters is not possible with the EE being moved parallel over a
plane as described. These unknown parameters are: two rotations about Xg
and Y (these angles of rotation are close to zeros) and two coordinates of
translation in Xg-Yg plane (also close to zeros). Gatla et al. [5] integrate
this calibration procedure into the whole calibration process, but in a
different way the joint values are not recorded in the method proposed
here. Zhu et al. [26] also isolate this problem and proposed an approach for
calibrating robot tool center point (TCP) position relative to the robot-
mounting flange when using a noncontact sensor (such as the laser pointer
tool) through the use of NLSQ optimization algorithms and simple
geometry with known dimensions. Thus, we assume the availability of a
fully calibrated laser sensor prior to the assembly of the new additional

.. . 8 .
joints, i.e. "I, is known.
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3.3.2. Formulations
i) Formulation of the Kinematic ldentification Model

The planar methods use a set of configurations of the manipulator
where the position of the terminal point (the TCP) of the robot is in the
same plane. In the Cartesian workspace {B}, the terminal points are
commanded to the controller by setting the position and orientation of the
TCP. For each commanded point,

Pt = (Pases Patys P> Pas'as Pas'ss Prc) = £(q' B); i=1oomp (3.53)

where np is the total number of points and
P> Pary- Py Tepresent the position in {B}, whereas the orientation is set
by three RPY’ angles, p, . pys> Pyr- The mp adjustable model
parameters are held in the vector . In the case studied,
B=la,a6,d 6 d] (mp=6).

The general equation of a plane Il containing the origin of {B} is:

ax+by +cz =0 (3.54)

where a, b, ¢ correspond to the plane coefficients. Since the TCP of the
laser is supposed to be in the plane, each commanded point p,' should
accomplish:

ap,, +bp,, +cp,. =0 (3.55)

Equation (3.55) is exploited to carry out the calibration of the robot
parameters. In practical terms of industrial calibration, it is useful to
assume that the coefficients of the plane are known because the working
space is well known and {B} is already identified in it. This base {B},
materialized with a squared pattern, can be placed easily using an external
sensor where a very limited number of points is needed (theoretically only
three points per plane are needed), see Figure 3.7. Moreover, the particular
equations observed for the three pattern planes are, respectively:

Py =0 (3.56)
Puy =0 (3.57)

2 RPY (roll-pitch-yaw) KUKA convention [34].
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Py =0 (3.58)

We name these planes respectively as I1,,I1, and II,. For each

plane, a set of points in those planes can be easily done by commanding the
robot controller the location of three different orthogonal meshes (Figure

3.10, right), in which the corresponding coordinate ( p,," , pM; or p,.)is

null and the orientation of the laser pointer is perpendicular to the plane,

respectively:
pMi:(OapM;,pMi:O:_ﬂ-/z;O) (359)
Py’ =Py’ 0,0,2,0,0,-7/2) (3.60)
Py’ =(PysPu»0,0,0,0) (3.61)

RIO g %@ RO}
f E}Ide ®% }@ R
R{6) @xkz~

X, 98

@ gaa
_ {LR}

Figure 3.10. Left, highlight of the DH model introduced in Chapter 2. Right, three
commanded meshes on the three respective planes.

The fact that each set is constrained to lie on its corresponding
plane leads to the construction of the identification model. Let p'
represent the actual coordinates of the laser TCP in {B} that correspond to
the configuration ¢' acquired for a commanded p,’. Due to the

perpendicular orientation commanded, the distance D], measured by the
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laser device approximates to the respective actual coordinate py' ., p,' , or

ps. at {B} (Figure 3.10). For each plane, the other five coordinates are
neither unknown nor approximated with any external measure.

Figure 3.11. Coordinate pg', approximated by the distance Dj, to TI, .

With this suppose, a residual, 7', can be defined as the difference
between the actual observed values p,' and the model predicted values,

namely 7' =p,'— f(q',). For each plane IT and each commanded i-

point, we approximate each residual to be minimized with the measure
Dj,. Thus, the identification model relating the deviation of the EE

location from the plane IT with the differential error in the geometric
parameters ( Af ) can be expressed as:

Dy =J,y AB (3.62)

with J ., =0, /0 being the Jacobian matrix of the residual regarding the

identifiable parameters. Reasonably, only the expression corresponding to
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the residual error in the perpendicular direction of the plane II, #,, is

taken into account.
In this non-linear system, the derivatives 0k, /0f are functions of

both the commanded postures and the identifiable parameters, so these
gradient equations do not have a closed solution. Instead, the default values
from the operator’s assembly are chosen as initial guess for the mp

parameters, i.e. B . Then, while minimizing the residuals, the final value
of £ isrefined iteratively by consecutive approximations,
Aﬁ :ﬂ(.&'Jrl) _ﬂ(s) _)ﬂ(sH) :ﬂ(S) +Aﬂ (363)

where s is an iteration number. As equation (3.62) is applied for a
sufficient number np>>mp of commanded points arranged in the three
orthogonal planes, exceeding the total number of parameters, the resulting
system to identify Af is

AP =W (B)AB (3.64)

where W is the Observation Matrix of dimension np xmp. It is an ordered
composition of the Jacobians associated to the corresponding observation

at each plane, W =[J () I, () Jm, (B)]" . Consequently,
care must be taken in the configuration of Ap due to the fact that the

measures taken in each plane must correspond with the significance of
each row of W . The npxl vector of the observed residuals in the three

planes is Ap™ =[Dy) D) DT

As in previous sections, the increment Af can be solved to get the
least-squares errors solution,
AB =W Ap® (3.65)
where W' is the left pseudo-inverse of W, namely W' =W w)'w’.
The geometric parameters [ are iteratively updated in Ap and W', eq.
(3.63), until the elements of Af become smaller than some prescribed
limit (see eq. (3.30)). This best-fit solution is kept in the controller.
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d,=700 mm : 8,, =0 rad dL=3OOmm;0M=%rad

W

Figure 3.12. Sweeping the reference planes with two configurations of 4, and 6,, .

3.3.3. Results

The calibration procedure was run in an Intel™ Core Duo PC with Matlab™
2007c. It showed a good convergence for the studied workcell, with final values
accomplishing the convergence criterion at the 18" iteration. The final

corrections achieved were A =[0.01 0.06 0.07 0.05 0.01 0.08]" (mm, rad)
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Figure 3.13. Left, the values of the increment AgZ show a final stable value; Right,

the stop criterion is achieved after 18" iterations.
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