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ABSTRACT
Ming Li

Stiffness based trajectory planning and feedforward based vibration suppression
control of parallel robot machines

Lappeenranta 2014

116 p.

Acta Universitatis Lappeenrantaensis 611

Diss. Lappeenranta University of Technology

ISBN 978-952-265-702-2, ISBN 978-952-265-703-9 (PDF)
ISSN 1456-4491, ISSN-L 1456-4491

The dissertation proposes two control strategies, which include the trajectory planning
and vibration suppression, for a kinematic redundant serial-parallel robot machine, with
the aim of attaining the satisfactory machining performance.

For a given prescribed trajectory of the robot's end-effector in the Cartesian space, a set
of trajectories in the robot's joint space are generated based on the best stiffness
performance of the robot along the prescribed trajectory.

To construct the required system-wide analytical stiffness model for the serial-parallel
robot machine, a variant of the virtual joint method (VJM) is proposed in the dissertation.
The modified method is an evolution of Gosselin's lumped model that can account for the
deformations of a flexible link in more directions. The effectiveness of this VIM variant
is validated by comparing the computed stiffness results of a flexible link with the those
of a matrix structural analysis (MSA) method. The comparison shows that the numerical
results from both methods on an individual flexible beam are almost identical, which, in
some sense, provides mutual validation. The most prominent advantage of the presented
VIM variant compared with the MSA method is that it can be applied in a flexible
structure system with complicated kinematics formed in terms of flexible serial links and
joints. Moreover, by combining the VIM variant and the virtual work principle, a system-
wide analytical stiffness model can be easily obtained for mechanisms with both serial
kinematics and parallel kinematics. In the dissertation, a system-wide stiffness model of a
kinematic redundant serial-parallel robot machine is constructed based on integration of
the VJM variant and the virtual work principle. Numerical results of its stiffness
performance are reported.

For a kinematic redundant robot, to generate a set of feasible joints' trajectories for a
prescribed trajectory of its end-effector, its system-wide stiffness performance is taken as



the constraint in the joints trajectory planning in the dissertation. For a prescribed
location of the end-effector, the robot permits an infinite number of inverse solutions,
which consequently vyields infinite kinds of stiffness performance. Therefore, a
differential evolution (DE) algorithm in which the positions of redundant joints in the
kinematics are taken as input variables was employed to search for the best stiffness
performance of the robot. Numerical results of the generated joint trajectories are given
for a kinematic redundant serial-parallel robot machine, IWR (Intersector
Welding/Cutting Robot), when a particular trajectory of its end-effector has been
prescribed. The numerical results show that the joint trajectories generated based on the
stiffness optimization are feasible for realization in the control system since they are
acceptably smooth. The results imply that the stiffness performance of the robot machine
deviates smoothly with respect to the kinematic configuration in the adjacent domain of
its best stiffness performance.

To suppress the vibration of the robot machine due to varying cutting force during the
machining process, this dissertation proposed a feedforward control strategy, which is
constructed based on the derived inverse dynamics model of target system. The
effectiveness of applying such a feedforward control in the vibration suppression has
been validated in a parallel manipulator in the software environment. The experimental
study of such a feedforward control has also been included in the dissertation. The
difficulties of modelling the actual system due to the unknown components in its
dynamics is noticed. As a solution, a back propagation (BP) neural network is proposed
for identification of the unknown components of the dynamics model of the target system.
To train such a BP neural network, a modified Levenberg-Marquardt algorithm that can
utilize an experimental input-output data set of the entire dynamic system is introduced in
the dissertation. Validation of the BP neural network and the modified Levenberg-
Marquardt algorithm is done, respectively, by a sinusoidal output approximation, a
second order system parameters estimation, and a friction model estimation of a parallel
manipulator, which represent three different application aspects of this method.

Key words: parallel robot, serial-parallel robot, hybrid robot, stiffness modelling, trajectory
planning, vibration suppression, feedforward control, dynamic parameters identification, artificial
neural network, Levenberg-Marquardt algorithm, matrix structural analysis, virtual joint method,
differential evolution.
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CHAPTER 1

INTRODUCTION
1.1 Background and Motivation

The research work presented in this dissertation arises from control strategy development
for a hybrid serial-parallel kinematic redundant robot machine, the IWR (Intersector
Welding/Cutting Robot) used for the ITER (International Thermonuclear Experimental
Reactor) vacuum vessel (VV) assembly and maintenance [1]-[4]. The elements of the
control strategy discussed in the dissertation mainly encompass two aspects: trajectory
planning in the joint space for a prescribed trajectory of the robot end-effector and a
feedforward control method used to suppress chatter vibration of the robot during the
machining process. The aim of the work is to obtain better machining and handling
performance to meet the demanding requirements of ITER VV manufacture.

Fig.1 shows ITER's vacuum vessel, which presents a toroidal form from an overall
perspective and consists of nine sectors from the manufacturing point of view.

a) Vacuum vessel of ITER b) Sector

Fig.1 Vacuum vessel of ITER. (19 meters across by 11 meters high.)

There exists an approximate 60 mm wide gap between any two adjacent sectors of the
vacuum vessel when all the sectors have been placed together in preparation for further
assembly work. In order to join the adjacent sectors together seamlessly, a mobile robotic
machine that can carry out the welding and machining work over the gap area from inside
the VV would appear to be the most promising solution.

To achieve such a task, the robotic machine must possess multi-function capabilities,
which include the integration of the handling functions for a heavy splice plate, heavy
TIG (tungsten inert gas) welding tool set and laser welding tool set, and the milling,
drilling and threading functions on hard materials and parts, such as the stainless steel
and tungsten stuffing slice.
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According to the manufacturing requirements of ITER VV, the positioning tolerance for
material handling is required to be under + 0.1 mm for a handling payload that may reach
around a maximum of 150 kg; concurrently, to guarantee a satisfactory machining
surface quality over the welded area, the trajectory tracking accuracy of the cutting tool
bit is expected to be under 0.01 mm for machining work implemented on hard splicing
materials; and the workspace of the machining device should reach all the inner surface
of the VV sector.

To meet these stringent requirements in the manufacture of ITER VV, a hybrid serial-
parallel 10 DOF robot machine — IWR (Intersector Welding/Cutting Robot) — has been
developed in the Laboratory of Intelligent Machines, Lappeenranta University of
Technology, Finland, who is also one of the official European Union participants in ITER.

To be able to handle the heavy materials involved and produce a satisfactory finished
result when machining the complex contoured inner surface of the VV sectors, the key
requirements of high payload ability, high stiffness performance and high dexterity have
to be taken into account and embraced in design of the robot machine, IWR. To meet
these aims, a well-known parallel structure — the Stewart platform — was adopted as the
front-end of IWR, which is hydraulically driven in view of the heavy payload ability
required and the need to be contamination-free. Such platform inherits the intrinsic high
stiffness characteristics of a parallel structure and can provide 6 DOF motion to the end-
effector, which endows the robot with the dexterity needed to machine free-from surfaces.

To overcome the weakness of the small workspace intrinsic to this parallel platform
structure and thus meet the large workspace requirement of manufacturing the ITER VV,
a compact 4 DOF serial structure based carriage was added, to which the Stewart
platform is attached. Fig.2 shows the prototype of IWR and its in-situ working position.

scaled up

X 4 ol < A . N ~
1. Vacuum vessel sector 2. Hybrid robot 3. Track 4. Carriage base 5. Moving plate 6. Rotation
table 7. Stewart base 8. End-effector

a. Driving motor on track b. Linear movement motor for moving plate c. Rotation drive motor d.
Tipping driven cylinder e. Stewart driving cylinder

Fig.2 10DOF IWR for assembly and maintenance of ITER VV: (i) vacuum vessel
sector and (ii) robot used for the assembly and maintenance of vacuum vessel
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The serial structure based carriage is mounted on a track equipped with racks, which
forms a closed loop path around the inner surface of the sector. The 4 DOF carriage
consists of the following motions: travel along the racks, driven by pinion; linear
movement perpendicular to the racks, driven by ball screw; rotation around the direction
vertical to the carriage plane; and tipping of the Stewart base by a hydraulically driven
cylinder.

It is well known that to achieve the best surface finish in a machining process on a
freeform surface, a 5-axes synchronized interpolation for the prescribed trajectory is a
necessary requirement of the end-effector of the robotic machine. This demand however
can be easily fulfilled by the 6 DOF Stewart platform. Indeed, the IWR possesses a total
of 10 DOF in the driving joints, which presents a redundancy in the inverse kinematics
for the prescribed trajectory. The issue thus arises how to solve the redundant inverse
kinematics in the control strategy of such a robot machine.

On the other hand, although the parallel structure of IWR can generally provide high
stiffness to its end-effector, the overall stiffness performance of the whole robot machine
is dominated by the serial carriage, the stiffness of which can be quite low in some
particular poses. The Stewart structure can also exhibit a low stiffness character under
certain poses, such as in the pose of fully stretched out driving limbs. It is known that for
a machine tool, stiffness is a very important factor in the attainment of good positioning
accuracy, good surface finish and long cutting tool life, and thus, the stiffness
performance must be taken into account and optimized in the control strategy of IWR.

Therefore, to accomplish a prescribed trajectory, it would be the best solution to conceive
a control strategy that can not only solve the problem of redundant inverse kinematics in
the trajectory planning in the joint space, but can also optimize the overall stiffness
performance of the robot machine. The redundant kinematics of the robot implies that for
a given location of end-effector, there exist multiple inverse kinematic solutions for the
position of the driving joints that can form the various poses of the robot. Since the
stiffness performance of IWR depends on the pose configuration of the robot, the
stiffness can then be regarded as an objective of a cost function for an optimization in
which the various poses, namely the position of redundant joints, are regarded as input
variables. Therefore, the trajectory planning described in this work views the concept as
follows: for the prescribed trajectories of end-effector in the station frame of IWR, the
corresponding driving joints position values in the joint space of the robot are generated
based on the determination of the driving positions of redundant joints, which are
generated based on optimizing the overall stiffness performance of IWR.

Since the IWR carries out a machining task on hard material (tungsten), the cutting force
is considerably larger than on commonly used materials such as aluminum, steel etc. The
varying cutting force required for such machining causes chatter vibration in the end-

21



CHAPTER 1

effector during the machining process, which not only leads to a deterioration in the
trajectory tracking accuracy, but also jeopardizes the functional life of the cutting tool
and the robot's passive joints as well as damaging the welded area in the V'V sector.

Based on the stiffness optimized trajectories generated in the joint space, the control
strategy needs to be further investigated to ensure that it is able to suppress the chatter
phenomenon during the machining process. Feedforward compensation control, in which
the external cutting force exerted on the tool bit is obtained and fed forward into the
corresponding driving joints for driving force compensation, using an inverse dynamics
model is a promising solution to achieve such an aim. The resulting extra output force on
the end-effector will cancel out the effect of the corresponding cutting force. The critical
issue in this feedforward method is accurate construction of the inverse dynamics model
of the robot. Thus, the question of how to construct an accurate inverse dynamics model
for such robot machines must be studied.

1.2 Objectives of the Study
The objective of the study consists of the following two parts:

a. To solve the redundant inverse kinematics problem for the prescribed trajectories of the
end-effector of IWR and generate a set of feasible trajectories in the robot driving joint
space. The maximum stiffness performance of IWR is taken as the optimization objective
for the generation of joint trajectories so as to guarantee optimal machining performance
from the static point of view.

b. To develop a control strategy to suppress chatter vibration in the end-effector of IWR
during the machining process and thus ensure a satisfactory finished surface from the
dynamic point of view. To meet this aim, an effective feedforward force compensation
method needs to be developed.

1.3 Contributions to the Field

The main contribution of this dissertation work lies in the development of control
strategies for a redundant kinematic robot machine that aim to deliver optimal machining
performance. The definition of control strategies in the dissertation straddle two aspects:
1. trajectories planning/generation in the joint space when a prescribed trajectory of the
end-effector of the robot is given; 2. a feedforward control strategy for trajectory tracking
that is used in addition to feedback control to suppress chatter vibration caused by
external disturbance forces.

Specifically, the contribution consists of the following original contributions, which were
developed in the course of the dissertation work:
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a. A method of constructing an analytical stiffness model for a hybrid serial-parallel robot
is proposed. A variant of the virtual joint method (VJM) is developed for stiffness
calculation of flexible links. The principle of virtual work is employed to evaluate the
stiffness for combined structures — the serial-parallel robot -- based on the component
stiffness computed by VIM. The final obtained stiffness model for the hybrid serial-
parallel robot is analytical- and computation-efficient and can easily be used for stiffness
evaluation in any deflection direction as well as in stiffness optimization for redundant
kinematics robots.

b. A new idea for trajectories generation in the driving joint space of redundant
kinematics robots is introduced for cases when the prescribed trajectory of the robot end-
effector is given. The trajectories in the joint space generated are termed maximum
stiffness trajectories in the dissertation, are determined by the positions of redundant
driving joints, and are obtained by optimizing the system-wide stiffness performance of
the robot machine.

c. A feedforward control strategy that is based on the derived inverse dynamics model of
a parallel manipulator is developed to suppress vibration phenomena of the end-effector
of the robot caused by varying external disturbance forces. The disturbance force exerted
on the end-effector of the robot is fed forward into the controllers of the joint actuators,
which consequently yield an additive compensation driving force against the effect of
disturbance.

d. A modified Levenberg-Marquardt (LM) algorithm is introduced for training of the
back propagation (BP) neural network in the dissertation. A new concept of utilizing the
BP neural network to identify the unknown components of the dynamics of the
mechanical system is proposed based on the modified Levenberg-Marquardt algorithm.
Such a modified LM algorithm can utilize the input-output data of the whole dynamics
system to train a BP neural network constructed to approximate the unknown parts of the
whole system. An accurate inverse dynamics model of a parallel manipulator is derived
by incorporating the neural network into the model when the friction models of the joints
in the inverse dynamics of the parallel manipulator are deemed as the unknown
components.

1.4 Organization of the Dissertation

The dissertation consists of two parts: the first part constitutes the larger part of this
dissertation and gives an introductory overview of the subject of study and presents the
findings of the research; the second part is composed of two original peer reviewed
scientific journal papers and three peer reviewed conference papers.

For better understanding of the dissertation, the structure of the first part of the
dissertation, which consists of five chapters, is briefly described
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In chapter 2, the theoretical background of this dissertation is introduced. The chapter
consists of four sub-sections, which cover four different topics, namely: stiffness
modelling, trajectory planning, vibration suppression and dynamic model identification.
A short literature review of the state-of-the-art of theoretical knowledge of these topics is
given, and related innovations presented in the dissertation are introduced.

In chapter 3, stiffness based trajectory planning in the robot's driving joints is introduced
for a prescribed trajectory of the end-effector of IWR. The stiffness model of the hybrid
robot machine is investigated by employing matrix structural analysis (MSA), a variant
of VIM and the virtual work principle. Numerical results of stiffness performance over a
specified workspace of IWR are given. By employing a differential evolution (DE)
algorithm in which the stiffness performance is taken as the optimization objective,
feasible trajectories in the robot's driving joints are generated, along which the maximum
stiffness performance of IWR for the prescribed trajectory of end-effector is obtained.
Numerical results of the trajectories generated in the driving joints' space are also
presented.

Chapter 4 introduces the feedforward control strategy for vibration suppression of the
robot machine, which is constructed based on an inverse dynamics model of the target
robot. A case study for application of the proposed feedforward strategy with a parallel
manipulator is given. Issues related to construction of accurate inverse dynamics models
of such robots in practice are discussed in this chapter. To identify the unknown parts of
the dynamics system, a new BP neural network structure is proposed, and a modified
Levenberg-Marquardt (LM) algorithm is introduced for training of the BP neural network.
For validation of the effectiveness of the proposed neural network and the modified LM
training algorithm, three examples from different application points of view are presented.

Chapter 5 concludes the dissertation and proposes further research directions.
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STATE OF THE ART -- THEORETICAL BACKGROUND AND PROPOSED
METHODS

The theories applied in this dissertation relate to four different areas. The stiffness based
trajectory planning comprises elements of both stiffness modelling theory of mechanical
systems and trajectory planning theory of robotics. Additionally, algorithm-based
differential evolution (DE) from the discipline of soft computation is employed in the
trajectory planning process for optimization of the stiffness performance. For vibration
suppression control of the robotic machine, robust control theory is mainly employed. A
feedforward control strategy is utilized, the premise of which is successful application of
an accurately constructed inverse dynamics model of the robot system. Thus, dynamic
model identification theory is introduced due to the existence of unknown components in
the practical robot system. As a solution for the dynamics model, the application of an
artificial neural network and its training algorithm for identification and approximation of
the dynamic system are investigated.

2.1 Stiffness Modelling

Stiffness modelling theories of mechanical systems can be divided into two broad
categories: matrix structural analysis (MSA) based methods and Jacobian matrix based
methods [5]-[12][70]. The finite element method (FEM) can be used to compute the
deflections of a mechanical structure if the external force is given, but it cannot obtain the
analytical stiffness matrix/model directly, thus it is often used to validate analytical
stiffness models constructed by MSA or Jacobian methods [13]-[16].

e Matrix structural analysis and Jacobian methods

In the MSA method, a mechanical structure is divided into several elements and nodes.
By applying the superposition principle, a final analytical stiffness matrix can be formed
by assembling all the stiffness matrices of the elements in an order that reflects the
relationship between the external force being exerted on the nodes and the corresponding
deflections of the nodes [17][18]. Clinton et al. (1997) have used the method to derive a
system-wide stiffness model of a Hexapod milling machine, and the modelling results
present a 9.0% error compared with experimental measurements [19]. The most probable
reason for the error is the postulation that the entire structure of the Hexapod machine can
be regarded as being constructed by 25 pin-jointed trusses, a number which could be
considered as being insufficient. However, if the number of postulated trusses is
increased significantly, a heavy calculation cost would be introduced. From the numerical
results of Clinton et al., it can be concluded that MSA modeling is more suited to small
size mechanisms that consist of a limited number of nodes and elements, rather than
entire robotic structures.
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Use of the Jacobian method in the stiffness modelling of robotics has been intensively
studied by Tsai [12]. In his stiffness modelling, the major links in industrial robots are
assumed to be perfectly rigid, and the compliance of the robot is mainly contributed by
the mechanical transmission mechanisms and control systems, which finally appears as
the compliance of the actuating joints of the robot. In the practical application of IWR
studied in this dissertation, due to the heavy payload exerted on the end-effector, the
deflection of the links in the robot cannot be ignored, especially the deflection from the
base of the Stewart platform. Thus, the Jacobian method proposed by Tsai needs to be
modified to account for the links deformations. In 2000, Gosselin et al. [20] proposed a
new stiffness modelling method based on a so-called lumped model. This approach
accounts for the flexibilities of both joints and links. In this lumped model, the flexibility
of a link is equivalent to the flexibility of a virtual torsional spring in the joint, assuming
that the torsional spring joint produces the same tip deflection as the flexible link. The
Jacobian method is then used on the basis of this lumped model and a final stiffness
model of the target robot obtained that encompasses flexibilities from both joints and
links. However, such a lumped model can lead to a different orientation deformation of
the link tip. If the link length is large, and the links are connected serially, then the
accumulated orientation error cannot be ignored. Moreover, the lumped model only
accounts for links deformation along the directions of DH joints, whereas in practice a
deformation could occur in any direction of a link.

¢ Proposal of the variant of the virtual joint method

The lumped modelling approach of Gosselin is referred to as a virtual joint method (VJM)
since it converts the flexible manipulator components (links, joints and actuators) into
equivalent virtual localized spring joints. The concept of VIM is employed in this
dissertation, but with a modification that results in a novel variant of VIM. The link
deformation in this VJM variant is represented by the displacement of a virtual joint that
is attached to the end-tip of the link rather than the start-tip of the link as in the original
VJM, which accounts for both translational and orientation deformations at the link's end-
tip. The deflection of the link is computed based on the link's stiffness matrix, which is
obtained by applying the MSA method. The term of link in this case refers to links in
general and thus not only represents a simple slender beam, but can also refer to a
composite frame structure as well as a small kinematic chain. Then the system-wide
stiffness model of IWR can be obtained by employing the virtual work principle on the
virtual joints. The stiffness modelling method proposed in the dissertation consequently
encompasses both MSA and Jacobian approaches: the former in derivation of a numerical
stiffness matrix of an individual link for application in a virtual joint in a cost-efficient
calculation, due to the reduced number of assumed nodes and elements, which
nevertheless provides satisfactory accuracy; while the latter, which is essentially deduced
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from the virtual work principle, integrates the link deformations into an analytical
system-wide stiffness model.

2.2 Trajectory Planning

The concept of trajectory in robotics refers to a geometric path for the robot end-effector
under a time law in the Cartesian space, which usually covers a number of via points of
interest for a specific application [21]-[23]. Based on the number and distribution of the
via points in the path, the trajectory can be classified into two categories: the discrete
point-to-point trajectory and the continuous trajectory. It should be noticed that the
concept of point-to-point trajectory as used in this dissertation can include several via
points in the trajectory, whereas in other literature the point-to-point trajectory refers to a
path giving only the initial and final points. The term continuous trajectory as used in this
dissertation refers to a geometric path that contains a large number of sequential via
points. Such a continuous trajectory is often adopted in the contour machining process
and the corresponding via points can be considered as continuous interpolation points in
the control system.

Since the different types of trajectory impose different constraints on the motions of the
end-effector and driving joints, the strategies or approaches applied in trajectory planning
differ from one another.

¢ Point-to-point trajectory planning

For a point-to-point trajectory, a limited number of points of interest for a specific
application are prescribed for the end-effector of the robot to pass through, which are
often sparsely distributed in the workspace, and the motions of the end-effector at each
via point are often constrained by a desired position value under a time law or by a
specific velocity and acceleration profile [24]-[26]. Such point-to-point trajectories are
often adopted in material handling applications of industrial robots. In practice, the
eventual user of such robots is primarily concerned with the motions of the end-effector
at the via points of interest, thus the motions between the via points are not specified. The
trajectory planning as studied herein refers to generating a geometric path for the end-
effector of a robot that not only passes through all the via points of interest with
constraints-satisfactory motions but also optimizes the kinematic or dynamic
performance of the robot during the motions between the via points. Usually, it is
desirable for the motion of the robot to be smooth, thus the cubic polynomial spline is
often utilized for trajectory planning between two via points. In consideration of the
productivity demand of an industrial robot, minimum time or energy cost trajectories are
also often planned for the motions between the via points.

When a set of via points of interest is given, the point-to-point trajectory is also called a
prescribed trajectory; however, such a prescribed trajectory is actually incomplete or not
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strictly stipulated in the Cartesian space due to the existence of a great variety of motion
planning between the via points of interest. Nevertheless, the point-to-point trajectory
planning mainly focuses on the path generation of the end-effector in the Cartesian
workspace.

However, for robotic machine applications, the prescribed trajectory of the robot end-
effector is fully specified by the continuous interpolation points in the contour machining
process, thus the trajectory planning in the robotic machine takes place in the joint space
under the constraint of inverse kinematics, and the trajectory planning strategy differs
from that applied in point-to-point motion of the end-effector.

e Joint trajectory planning of robotic machine

For a robotic machine, the most significant characteristic in consideration of trajectory
planning is the system-wide stiffness performance, since it can directly affect actions like
machining precision. Taking maximum stiffness performance as the optimization
objective, Pugazhenthi et al. [27][28] studied optimal trajectory planning for a hexapod
machine tool during continuous contour machining for the case that locating the
prescribed contour trajectory in the workspace of the machine tool is deemed as a
redundant freedom that determines the pose of machine tool as well as the stiffness
performance of the entire machine. Clinton et al. [19] considered the same task, i.e.
stiffness based tool path planning, for a Stewart-platform based milling machine.

For the IWR in this dissertation, four redundant kinematic DOF exist in the joint space,
therefore for a prescribed contour trajectory in the Cartesian workspace of the end-
effector, an infinite number of inverse solutions are admissible in the corresponding joint
position values, which consequently can form an infinite number of poses and present an
infinite number of stiffness performance values in each interpolation point of the
prescribed trajectory. As a result, trajectory planning in this dissertation means that for a
given contour trajectory of the IWR end-effector, a set of optimized trajectories in the
IWR joint space is generated inversely, which, on the one hand, execute the robot's end-
effector in the prescribed contour trajectory and, on the other hand, provide the maximum
stiffness performance at each interpolation point of the prescribed contour trajectory.

A new issue thus arises, namely, how to define numerically the stiffness performance of a
robotic machine along the prescribed trajectory which is used as the optimization
objective for joint trajectories generation in the joint space. Since the system-wide
stiffness model of a robotic machine is defined by a 6x6 stiffness matrix, it cannot be
directly used as the optimization objective. In Pugazhenthi et al. [27], the sum of stiffness
values in a constant direction along the prescribed trajectory is taken as the performance
index for optimization, while in Clinton et al. [19], average stiffness values are used; both
approaches avoid use of the stiffness matrix directly. However in the case of IWR, such
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objectives from the entire prescribed trajectory are not applicable, because for every
interpolation point of a prescribed trajectory in the end-effector of IWR, even when the
location of the prescribed trajectory is fixed in the Cartesian workspace, the robot
stiffness performance is still uncertain and depends on the pose configuration of the
entire robot, which is shaped by the corresponding joints' position values and exists as
infinite possible inverse solutions due to the existence of redundant kinematic DOF in the
joint space; while in the work of Pugazhenthi et al. and Clinton et al., the stiffness
performance at each interpolation point is fixed, once the location of the prescribed
trajectory has been chosen. Thus, for the trajectory planning of IWR in the joint space,
the overall stiffness performance at each interpolation point needs to be optimized.
Consequently, the eigenvalue of the stiffness matrix is taken as the numerical
optimization objective. The least eigenvalue of the six eigenvalues of the stiffness matrix
represents the minimum stiffness performance in the direction of the eigenvector
compared with the stiffness in an arbitrary direction [10][29]-[31]. Thus, if the least
eigenvalues of the stiffness matrix of the end-effector at all the interpolation points of a
prescribed trajectory have been maximized by searching all the possible joint space under
the inverse kinematic constraint, it can be concluded that corresponding trajectories of
joints of IWR have been generated that can yield the maximum stiffness performance for
the prescribed trajectory of end-effector in the arbitrary direction.

Since the stiffness performance of the robotic machine depends on the pose of the robot
in a highly nonlinear relationship, an optimization algorithm that is capable of searching
for an optimum in a multi-dimensional variable space under multi-constraints is needed.
In this work, a differential evolution (DE) algorithm is employed due to its global
optimization ability and fast convergence property [32].

2.3 Vibration Suppression Method

Vibration suppression methods can be classified into two categories: passive control
methods and active control methods [33]-[36]. Passive control methods mainly focus on
the work of improving the structural properties of the target system, which is usually
achieved by considering three different aspects: stiffening, damping and isolation.
Stiffening refers to shifting the resonance frequency of the target system beyond the
frequency band of the external disturbance, which is often realized by optimizing the
structural design of the robotic machine, such as adopting a parallel structure rather than
a serial structure, Damping refers to dissipating the vibration energy into another energy
form so that it no longer appears in terms of macro-motions of the position of interest.
Fluid damping, which transfers the kinetic energy of the target system into thermal
energy of the damper fluid, is mostly adopted for such purposes. Isolation often means
introducing an extra-subsystem, that allows relative motion, into the propagation path of
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the external disturbance, thus preventing the disturbance from having an effect on the
sensitive part of the target system.

Intrinsically, passive control methods can only attenuate the vibration phenomenon
caused by the external disturbance, whereas active control methods are capable of
suppressing the vibration [37]-[39]. Active control strategies can be divided into two
approaches: feedback and feedforward. Feedback control can guarantee system stability,
but it is only effective when the frequency of the disturbance is within the bandwidth of
the control system. Moreover, feedback control is quite sensitive to phase lag. In
feedforward control, an adaptive filter is often adopted, and the disturbance signal is then
fed into the filter, which yields a secondary input signal for the target system. The filter
coefficient is deemed to be adapted or well-tuned when the error signal of the target
system is minimized at one or several points of interest. The principle behind this
approach is that the secondary input signal acts on the target system as a counterbalance
force that cancels out the effect of the external disturbance. One prominent advantage of
such feedforward control is that it can work at any frequency. Furthermore, the control
approach is less sensitive to phase lag. However, the performance of such adaptive filters
is not global, which means that the filter is only effective on a specific disturbance at
specific output points of interest.

Both passive and active control strategies are applied in the vibration suppression control
of IWR. From the perspective of passive control, the stiffness optimized trajectory
planning can be considered as applying a stiffening method of passive control; the
Stewart platform of IWR is driven by hydraulics, which also provide a damping effect on
external disturbances from the actuating limbs. Although both feedback and feedforward
vibration suppression approaches are employed in the active vibration control strategies
used in IWR, this dissertation only considers feedforward control.

An adaptive filter is not applied in the feedforward control discussed in this dissertation,
since it cannot guarantee global performance in relation to the external disturbance; in the
in-situ application, the IWR has to deal with a range of disturbances. Instead, an inverse
dynamics model based feedforward control method is investigated and employed. The
chatter vibration that occurs in the IWR during the machining process derives to a great
extent from the inferior control performance of the actuators, which employ only PID
based feedback control. Thus, in addition to the PID feedback control, an extra
compensation force should be added to the actuators by a feedforward loop that can
cancel out the effect of the external disturbance on the actuators. As a solution, the
inverse dynamics model is the most attractive approach (equivalent position as the
adapter filter) for such feedforward control since it can yield the same effective force as
the external disturbance through the practical system on the actuators. Therefore, the
issue to be solved is the question of how to build an accurate inverse dynamics model for
the practical robotic machine. Since some sub-models for the components in the inverse
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dynamics of a robotic machine are difficult to construct analytically, for example, friction
models for different working conditions in the joints and internal valve leakage models
for the hydraulic system, a feasible method for identification of the unknown components
of the dynamics model must be investigated.

2.4 Dynamic Model Identification

Generally, dynamic model identification can be classified into two categories: parameter-
based model identification and nonparametric model approximation [40]-[44]. In
parameter-based model identification, the physical model or function of the dynamic
system is known and the identification work focuses on parameter identification of the
function using an input-output experimental data set of the target system [45]-[48]. For
instance, in dynamics parameter identification for a serial robotic system, an inverse
dynamics model that is linear with respect to the parameters being identified is often
developed. The dynamics parameters can then be estimated by utilization of numerical
optimization methods, such as weighted least squares estimation, Kalman filtering,
maximum-likelihood estimation etc., based on the measured data of the inverse dynamics
of the practical target system [42][49]. In the case of a parallel robot, although the inverse
dynamics model is highly nonlinear with respect to the dynamic parameters, a simplified
linear model can still be derived, albeit with a compromised accuracy [50]. In
nonparametric model approximation, on the other hand, either no physical insight of the
dynamic model is available for the target system or the modelling theory is still under
development, and the identification work thus focuses on constructing a mapping model
that can best approximate the input-outputs data set of the dynamic system over a domain
of interest. Such a knowledge-lacking dynamic system is often deemed a 'black box', and
artificial neural network (ANN) approaches are most frequently employed to approximate
such black box systems due to their powerful data fitting ability [51]-[54].

e Artificial neural network in the identification of "black box'

In the scientific literature, several ANN structures have been the subject of intensive
research and some have been applied successfully in the 'black box' approximation of
dynamic systems; for example, the multiplayer perceptron (MLP) neural network, the
radial basis function neural network (RBFNN), and the functional link artificial network
(ALANN) [55]-[57]. Generally, all these ANN structures are meant for approximating
the target system as a whole entity, and a prior input-output data set of the target
dynamical system must be measurable and have been obtained in advance. However, in
practical applications of the above mentioned neural networks, when the interest domain
of the target system covers a large area, and the target dynamic system contains many
parameters and exhibits highly nonlinear and time variant behavior, neither the training
process of the neural network is efficient, nor the accuracy of approximation of the target
dynamic system satisfactory.
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In practice, comprehensive knowledge of most parts of the dynamics of a target system
are available, and only small parts or subsystems of the dynamics are present as 'black
boxes' or incomplete functions. Quite frequently, however, the small number of not-well-
known parts of the dynamics are coupled with the dynamic formulation of the entire
system and sometimes play a major role in the dynamics; thus, they cannot be ignored in
the computation. For instance, if a parallel robot is moving in slow motion under heavy
payload and the joints are not well lubricated, the effect of the friction force on the
dynamics of the robot cannot be simply ignored. However, deriving individual friction
models for such joints is not feasible in a parallel robot, since all the joints are coupled in
the entire parallel kinematics and it is impossible to implement an input-output data
measurement on an individual joint without inference from the dynamics of other joints.

e Proposal of a BP neural network for identification of the unknown sub-models

Currently, none of the ANN structures listed earlier can be applied directly to model or
approximate unknown sub-models coupled in the entire dynamics, such as the friction
model of a parallel robot, since direct training data for the neural network from the input-
output of such sub-models is not measurable. In the dissertation, a dynamics modelling
method is developed for dynamic systems containing linked unknown sub-models, in
which the analytical modelling method for the dynamics of the entire system is employed
based on the well-known knowledge of most parts of the dynamics, while the unknown
sub-models are included as variables. A BP neural network is then employed to model
the unknown sub-models of the dynamic system and the neural network yields the value
for the variable in the constructed system-wide dynamics model. The input-output data of
the entire dynamic system, which is utilized to train the BP neural network, is referred to
as the indirect training data of the BP neural network. A modified Levenberg-Marquardt
algorithm, which inherits both the speed advantage and convergence ability of the
original Levenberg-Marquardt algorithm [58], is developed to train the BP neural
network based on such indirect training data. The principle behind the approach is to
derive a new Jacobian matrix between the errors of outputs of the entire dynamic system
and the weights of the neural network. Consequently, a new weights updating rule for
neural network training can be constructed that can utilize prior measured input-output
data of the entire dynamic system. Once the errors between the outputs of the constructed
model for the entire dynamic system and the outputs of the practical target system
converge and approach to zero, the dynamics model for the entire system can be deemed
to have been successfully constructed and the unknown sub-models in the system
dynamics can be deemed as having been identified accurately over the domain of the
training data.
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STIFFNESS BASED TRAJECTORY PLANNING

This chapter introduces stiffness-maximized trajectory planning for the serial-parallel
kinematics redundant robotic machine, IWR. Since 4 redundant DOF exist in the joint
space of IWR for a given location (consisting of position and orientation) of end-effector,
the robotic machine permits an infinite number of inverse kinematic solutions in the joint
space, which can form an infinite number of poses of robot and consequently yield
infinite kinds of stiffness performance of the robotic machine. The trajectory planning
refers to the trajectories generation in the robot's joint space at each interpolation point of
the prescribed continuous trajectory in the Cartesian space of the end-effector. The
generated trajectories of joints are constrained by the system-wide maximum stiffness
performance of the robot and the inverse kinematics at each interpolation point. The
maximum stiffness performance for a prescribed continuous trajectory of the end-effector
in the Cartesian space implies that the system-wide stiffness performance of the robotic
machine, which is represented by the least eigenvalue of the stiffness matrix, is
maximized at every interpolation point of a continuous trajectory.

3.1 Introduction to Matrix Structural Analysis and a Variant of Virtual
Joint Method

To develop the system-wide stiffness model of IWR, the MSA method [5] is applied to
compute the stiffness matrix of the basic components of IWR, and a variant of the virtual
joint method is used to compute the system-wide stiffness model, combined with the
virtual work principle.

3.1.1 Matrix Structural Analysis

In MSA, a structure is defined as a combination of several basic beam elements and
nodes. By applying the superposition principle, the stiffness matrix of the structure is
obtained by assembling the stiffness matrices of the basic beam elements at the connected
nodes in a specific order. In order to understand this method, the notions of nodal
displacement, nodal force and the stiffness matrix of a single beam need to first be
introduced.

A. Nodal displacement, nodal force and stiffness matrix of a single beam

In MSA, each basic beam element of a structure is defined by a number enclosed with a
circle, while its two end nodes are indentified by two numbers. As shown in Fig.3, an
arbitrary beam is represented by a circled number ®, while its two ends are represented
by node i and node j, respectively.
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Fig.3 Single beam under external forces at both ends

In Fig 3, let two local reference frames, R(X,,Y;,z;) and R,(X,,Y;,Z;), be attached to the
two nodes of the beam, while the beam is without any external force. Then, two external
forces, F =[f7 7] and F,=[f] m'] expressed in the frame R,, are exerted on the
two nodes respectively, which are defined as nodal forces. Consequently, elastic
displacements occur on both nodes of the beam, and the original nodal locations are
transferred to new points, which are represented by the new coordinates frames
RI(X/.Y;.z]) and R{(X]Y;Z}). At this point, the locations (consisting of position and

orientation) of the new frames R; and R; with respect to the original frames R, and R,
are defined as the nodal displacements, which are represented by X, =[A] ©]]" and
oX; =[A} O] respectively, expressed in the frame R, . Applying the equilibrium
equation of mechanics of material yields Eq. (1) as follows:
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In Eqg. (1), K; stands for the stiffness matrix of a single beam with two nodes under
external forces and is expressed in the reference frame R;; E and G represent the Young’s
modulus and the shear modulus of the beam, respectively; 1, 1, and I, are the
quadratic and polar moments; A is the cross-section area; and L is the length of the beam.

Writing the stiffness matrix in the four sub-matrices yields Eq. (2):

Kij = 'I' _____ IIJ
Kji : Kji 12z o

where the superscript i denotes the beam number, while the subscript i and j denote the
node numbers respectively. The entries of sub-matrices can be generalized in terms of K .

Physically, the stiffness matrix K|, in the entry of the sub-matrices stands for the load on

the node x (referred to by the leading subscript x) while the node y (referred to by the
following subscript y) undergoes a specific unit displacement. Therefore for a separated
beam from a structure, the stiffness matrix Kj, can link the nodal force acting at nodal x

to the nodal displacement at nodal y that is caused by the effect of the force from nodal x.
B. Stiffness matrix transformation

The stiffness matrix of a beam such as the K, in Eq. (2) is often expressed in a local
reference frame of the beam, such as the local reference frame R,(X,,Y,.Z,). However, in

application of MSA, all the stiffness matrices for the composing beams of a structure
have to be expressed in a global reference frame for the algebraic operation. Thus, the
stiffness matrix has to be transformed from the local reference frame to the global
reference frame. If the frame R, is a global reference frame, and the 3x3 rotation matrix

°R; stands for the rotation matrix from the global reference frame R, to the local
reference frame R, then, the stiffness matrix K;; expressed in the global reference frame
R, can be obtained by Eq. (3) as follows:

-1
°Ky =TK,T (3)
‘R, 0, 0, O,
: 0, °R 0, O :
with T = , where 0, stands for the 3x3 zero matrix.
03 03 0Rl 3

0, 0, 0, °R
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C. Stiffness matrix of a structure by MSA

Fig.4 shows a structure fixed in the ground and composed of two beams, © and @. Two
local reference frames R, and R, are attached to the nodes 0 and 1 respectively.

Fig. 4 Structure composed of two beams

The stiffness matrix of this structure can be obtained as Eq. (4) by applying the
superposition principle of MSA:

OK — 0K111+0K121 OKlzl (4)
O 2 o2 |’
KZl K22

where the leading superscript O denotes in which reference frame the stiffness matrix is
expressed. The composing entries of °K can be generalized in terms of °Kjy » Which is

obtained by the stiffness matrix transformation from the local reference frame to the
global reference frame as shown in Eq. (5):

ot | RO R0 T ©
Y 03 ORi Y 03 ORi 7
where K, stands for the nodal stiffness matrix in the local reference frame, which is

computed from the corresponding entry of stiffness matrix in Eg. (2).

Based on Eq. (4), a numerical result of the stiffness matrix for this two-beam structure
can be computed, shown in Table 2, on the basis of the geometrical and mechanical
parameters of the structure, summarized in Table 1.
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Table.1 Geometrical and mechanical parameters

Geometrical Parameters Mechanical Parameters
Length (mm) Cross-section Area (mm?) Young's Modulus (GPa) Shear Modulus (GPa)
49 45x18 210 80
41 45x18

Table.2 Numerical results of the stiffness matrix of the structure illustrated in Fig.4

9.751958551684694e8 0 -3.087681914430521e8 0 1.080121556617323e7 0

0 4.788952285024700e8 0 -1.349618697221210e7 0 -1.528232314069286e7
-3.087681914430518e8 0 1.951195464684377e8 0 5.833636585134454e4 0

0 -1.349618697221211e7 0 4.610798663224975e5 0 4.715075609541764e5
1.080121556617323e7 0 5.833636585134082e4 0 2.949294709930832e5 0

0 -1.528232314069288e7 0 4.715075609541766e5 0 6.659904969667222e5

Stiffness calculation of a simple beam structure by applying MSA is quite accurate with a
high calculation efficiency [68]. However, for complicated structures, especially
structures with many joints in its kinematics, the VJM method is often used to build up its
system-wide stiffness model.

3.1.2 Variant of Virtual Joint Method
A. Gosselin's lumped model

The virtual joint method, which is also called the lumped modelling method, was
proposed by Gosselin in 2000 [20] to compute the stiffness of a parallel robot. In the
lumped model, the flexibility of the beam is replaced by a virtual spring joint, and the
beam is regarded as rigid, given that under the same external load, the virtual spring joint
produces the same tip translational deflection via the rigid beam as with the flexible beam.

F

j El ]:8
Flexible beam

Fig.5 Lumped model of a flexible beam

NN\
|
|
J

Fig. 5 shows the lumped model of a flexible beam under external load. With a force
applied on the tip of the beam, a resultant translational deformation is obtained by Eq. (6)
as follows:

3
5_FL

_BEI (6)

where L stands for the length of the beam; E is the Young's modulus; and I is the moment
of inertia of the cross-sectional area. Since the virtual spring joint yields the same tip
deflection, the equivalent rotational deflection in the virtual joint is obtained by Eqg. (7):
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5 FL?

=—=— 7
L 3El )
Thus, the stiffness of the virtual spring joint is expressed as in Eq. (8):
FL 3El
Ko =—="", 8
b= =0 ®)

The lumped stiffness of a beam that is under a twist can be obtained analogously.

When using the lumped modelling method, a Denavit-Hartenberg (DH) geometric model
is often employed for the kinematics description of the robot, and thus a stiffness model
can be obtained by accounting for the links deformations of the robot through integration
into the flexibilities of the virtual joints represented by the DH parameters.

However, the lumped model will lead to a different orientation deflection at the tip of the
link. Moreover, the lumped model only accounts for the links deformation along the
directions of the DH joints, whereas in practice a deformation could occur in any
direction of a link. Since the geometric structure of the robot studied in the dissertation is
large and complicated, and there is no comparable research result available on how these
errors of orientation deflection and the limited deflection directions of the DH model
applied by the lumped model affect the accuracy of stiffness modelling, the lumped
model is not applied in the dissertation. However, the virtual joint concept is nevertheless
valuable and has been adopted for the stiffness modelling of IWR, albeit with
modification. As a result, a new stiffness modelling method is developed in the
dissertation, which is a variant of the virtual joint method and employs the virtual work
principle.

B. Variant of virtual joint method

In the variant of the virtual joint method presented in this work, the virtual joint is
attached to the end-tip of the link, rather than the start tip of the link as in the lumped
model. Such a virtual joint accounts for deflections of both translation and orientation at
the tip of the link. If a flexible link undergoes a deformation in which the end tip of the
flexible link travels a translation displacement and an orientation displacement, a virtual
joint with '2 DOF' can be applied to the end tip of the link, given that the link is regarded
as rigid. The concept of 2 DOF' in this case means the translation and orientation
motions, which can cover 6 DOF adaptively for the specific application. Then, the actual
deformations taking place at the tip of the link can be considered as being accomplished
by the translation and orientation motions of such a '2 DOF' virtual joint. Fig. 6 shows a
decomposed deformation process of a two-beam structure with such integrated virtual
joints while the structure is under external forces.
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. s, ]
virtual joint 2
T T
[
virtual joint1

B

Fig.6 Variant of the virtual joint method

The continuous deformation process of the structure can be regarded as being
accomplished by the deformations of the two links sequentially. When the forces
[ m'] are exerted on point C of the structure, it is assumed that only the deformation
of link 1 takes place while the deformation of link 2 is assumed to be zero. Such
deformation of link 1 consists of a tip translation from point A to B and a tip rotation at
point B. By introducing a 2 DOF virtual joint in the end-tip of link 1, the deformation can
be deemed to be accomplished by the translational and rotational motions of this virtual
joint, which can be represented as [x; o!] if the link is regarded as rigid. At this moment,
point C of the structure travels to the D position, as shown in Fig. 6. Then, link 2 can be
considered to be undergoing a deformation while link 1 and its virtual joint stay still. By
analogy, the deformation that takes place in link 2, which is represented as [x, o]], can
also be deemed to be accomplished by a virtual joint introduced in the end-tip of link 2.
At this moment, the deformation of the whole structure is deemed to have finished, and
point C of the structure to have arrived at position E while the tool attached to the tip of
the structure undergoes an orientation displacement. The above sequential deformation
process can be described by Eq. (9) as follows:

A:A2+®1Xr2+A1 (9)
©=0,+0,

where A and @ stand for the system-wide translational and orientation displacements
taking place at point C of the structure; and r, is the length of link 2.

Writing Eq. (9) in matrix form, we obtain:

Ay
|:A:|=|:I3><3 —Lx g O3><3:| e, |, (10)
o Oss e Oss las | A

0,
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or simply:

A

A ®
Mz 2| @, (11)

A
0,

-

N

where J denotes the Jacobian matrix between the system-wide deformations of the end-
tips in the structure and the local deformations in the connecting nodes of the links. In Eq.
(10), r, x represents the skew matrix of vector r, .

Let K, denote the stiffness of the virtual joint 1 and K, denote the stiffness of the virtual

T 6®2T]T the virtual displacements at the virtual joints after the

joint 2; [éAlT 50," A,
links' deformation; and [5AT 5®T]T the virtual system-wide displacements at the end-tip

of the structure after the system-wide deformation. Applying the virtual work principle
then yields:

Aﬁl.
F K, 0,]®
[oa" soT| |=[o, 0, oa, s0,] * |t (12)
M 0, K,|a,
0,

where K, and K, can be computed according to the entry of K| in Eq. (2) with the
stiffness matrix transformation; and 0, denotes a 6x6 zero matrix.

Applying Eqg. (11) in the vector [5AT 6®T] of Eq. (12) yields:

Al
F K, 0,]®
[oa7 soT oa, solT|  |=[oA] se] eA, sef] t Tt Tt (13)
M 0, K, | A,
®2

Since the vectors &A,, 50, , 5A, and 6@, are linearly independent, Eq. (13) can be
simplified as:

‘]T|:I\'j|:|:|:§l :26:| il , (14)
6 2 2
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or:

o

Lo ablalfe)

Thus, the system-wide compliance and stiffness matrices of the structure become:

Kt
C=J|: !

6

06 \]T 1
K,

-1
K]jl 06 \] T .
0, K;'

(15)

(16)

(17)

C. Results comparison between MSA and the variant of the virtual joint method

Applying the variant of the virtual joint method developed above on the structure in Fig.4,
the numerical results of the system-wide stiffness matrix given in Table 3 are obtained.

Table.3 Numerical results of the stiffness matrix obtained by the variant of the VIM

9.751958551684697e8

0

-3.087681914430522e8

0

1.080121556617323e7

0

0

4.788952285024690e8

0

-1.349618697221207e7

0

-1.528232314069283e7

-3.087681914430522e8

0

1.951195464684374e8

0

5.833636585133802e4

0

0

-1.349618697221207e7

0

4.610798663224979e5

0

4.715075609541766e5

1.080121556617323e7

0

5.833636585133802e4

0

2.949294709930830e5

0

0

-1.528232314069283e7

0

4.715075609541766e5

0

6.659904969667220e5

A comparison of the results from the MSA method and the variant of the VIM is given in
Table 4.

Table.4 Comparison of the numerical results for the stiffness matrix when using MSA
and the variant of the VIM on the same structure

le-7x
2.384 0 1.192 0 0.019 0
0 10.133 0 0.279 0 0.279
3.586 0 2.384 0 0.065 0
0 0.354 0 0.004 0 0.002
0 0 0.038 0 0.002 0
0 0.428 0 0 0 0.002

From Table 4, it can be seen that the numerical results computed by the variant of the
virtual joint method are almost the same as the results computed by the MSA method,
which in some sense provides mutual validation of the two approaches.

The MSA method is especially suitable for stiffness analysis of large truss and beam
structures in civil engineering, in which the structural configuration is relatively stable
due to the absence of active joints. However, in robotic applications, active joints are
inevitably employed, which render the kinematics configuration of the robot variable and
complicated. When the MSA method is applied in such situations for system-wide
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stiffness evaluation, error of around 9% is found in the stiffness calculation [19].
However, the VJM variant can deal with such kinematics with active joints, since the
virtual joint is necessarily assumed to be an active joint that produces the equivalent
displacement as the deformation.

The following section will introduce system-wide stiffness modelling of the hybrid robot
IWR based on the variant of the virtual joint method when the stiffness matrix of the
basic components are computed by the MSA method.

3.2 Stiffness Modelling of a Hybrid Robot

Fig 7 shows a 3D model and schematic representation of the IWR. Prior to the stiffness
modelling process, the coordinates system needs to be established, as shown in Fig 7 and
8.

i Base frame-._ '

l Tipping cylinder

) Ball screw
" Gear track”

Fig.7 3D model of IWR and its schematic representation

Y 9
5" joint
s
Z3 &24 g
Zg ;%g ;‘{Q’g \\\g\ ﬂYS
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oog Yog 3 h3_g - 05 \25
z9 08" 4" joint

Y%.XO\\\ Zlg > ?«3'/ <
h 01"7[—’1"' B o g joint
1™ joint” )}g <02 Ya 2 yoint
1

Fig.8 Kinematic chain of IWR
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The coordinate system Xy z¢ is attached to the track as the global reference frame
with its z-axis vertical to the track plane and x-axis pointing in the track direction.
X9y,2z$ is attached to the tip of the ball screw with its x-axis pointing in the track
direction and y-axis pointing in the ball screw direction. x y,fz$ is attached to the nut of
the ball screw. XJY,z2¢ is attached to the top joint of the rotating table with its origin
located at the joint pivot and its x-axis pointing in the pivot axis direction. x 2y z?¢ is
attached to the base of the Stewart structure with its origin located at the centre of the
base. X2Y.°z? is attached to the end-effector as the tool frame.

The stiffness modelling process of IWR can be divided into two steps: first the stiffness
model for the Stewart structure is constructed by accounting for the flexibilities of the
driving limbs and the feet of the Stewart structure; then the entire Stewart structure is
regarded as a virtual flexible link. The robot as a whole entity can thus be considered a
serial structure, for which the system-wide stiffness model is obtained by applying the
VJM variant and the virtual work principle.

3.2.1 stiffness modelling of a parallel robot
A. Stiffness modelling of the base of a Stewart structure

Fig. 9 shows a 3D model of the base of the Stewart structure.

Fig.9 3D model of the base of the Stewart structure (inverted compared with Fig.7)

The base of the Stewart structure consists of a bearing house and a U-shape joint, as
shown in Fig.10.
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(i) Bearing house (i) U-shape joint (iii) Base of the Stewart structure

Fig.10 Stewart base structure: (i) bearing house, (ii) U-shape joint (iii) base of the Stewart
structure

In order to build up the stiffness model for the base of the Stewart structure, the MSA
method needs to be first applied to compute the stiffness matrix of the basic components
of the structure — the bearing house and the U-shape joint.

When applying the MSA method, the bearing house, U-shape joint and composite base of
the Stewart structure are simplified into frame structures. Fig.11 shows a schematic
diagram of the simplified frame structures.

7 b
Y2b ----------------------- YR (R
A
<777
b /
Z - (i) Bearing house (i) U shape joint (iii) Base of Stewart

Fig.11 Schematic diagram of frame structures: (i) bearing house, (ii) U-shape joint and
(iii) base composed of a bearing house and U-shape joint

. Stiffness modelling of bearing house

The bearing house is simplified into an arc structure composed of 6 basic straight
elements, which are denoted by the circled numbers and connected by 5 nodes, as shown
in Fig.11 (i). XY,z are the local reference frames withi =1, 2, ..., 5, of which xv,°z?
is chosen as the global reference frame for the stiffness computation of the bearing house.

Applying the MSA on the bearing house yields Eq. (18) :
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°F, °K,y +Ky," °K,,’ Oss Os.s Og.s °A,

°F, bKuz ljKzzz"'szz3 bKza3 O O, "A, (18)
"Fy =] Ose Ko' "K' +Kg' Ky Ops | "As]’

°F, Os.6 Og.s "K' "K' +°K,” K’ "A,

°F, Os.6 Og.s Oss Ks,® *Kas +Kgs || "Asg

and exchanging the positions of line 3 with line 5 obtains:

'R ’ K11l+bK112 ° K1z2 Osss O, O A,

bFz bKle bK222+szz3 Oss O, bK233 bAz

° K= O O ° Kss5 "'sts6 KSAS O bAs
PRl O O "K' KKK ]CA,

° F3 06><6 Ksz3 Osxa ’ K344 ° K333 +bK334 bAs ( 19)

where the leading superscript b denotes that all the vectors are expressed in the global
reference frame Xy, °z”; Vector °F, denotes the postulated external forces acting on the
nodes i, and °A; denotes the corresponding resultant deformations of node i, here i = 1,
2, ..., 5; The entries of the stiffness matrix in Eq. (19) can be generalized in terms of "K}

withj=1,2,..,6andx,y =1, 2, ..., 5, which can be computed according to the entries in
Eq. (2) and expressed in the global reference frame x/v°z! by applying the stiffness

matrix transformation technique.

Partitioning Eq. (19) according to the dashed lines gives:

b b b b
e el &
F3 K21 KZZ A3
where °T stands for [bFlT °F) PR bFj]r; ' stands for [bATl A, PAL "ATJ; and

the entry -- °K,, withx =1, 2and y = 1, 2 -- in the stiffness matrix of Eq. (20) stands for
the corresponding block partitioned in the stiffness matrix of Eq. (19).

If it is assumed that the forces acting on the bearing house from the shaft of the U-shape
joint mainly focus on node 3 and the deformations of the bearing house are mainly
contributed by node 3, thus "T equals to zero vectors. Utilizing a static condensation
technique (Guyan Reduction) on Eq. (20) gives:

bF3 :(szz_bKanﬁleu)bAs' (21)
Thus, the stiffness matrix of the bearing house in node 3 is obtained as follows:
bKeszzz_hKﬂbKﬁleu' (22)
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In practice, the shaft of the U-shape joint is assembled into the bearing house and can be
regarded as rigid due to its compact size. If, after the assembly, node 1 of the U-shape
joint (Fig.11.(ii)) is made coincident with a virtual position m in the bearing house
(Fig.11.(i)), the deformations taking place at node 3 of the bearing house will transfer to
position m, which consequently causes a displacement in node 1 of the U-shape joint.

Applying the VIM variant from node 3 of the bearing house to the virtual point m yields:
"Ky = (30K, (23)

where °K  stands for the stiffness matrix of the bearing house at the virtual position m;
and J stands for the Jacobian matrix, which can be obtained as Eq. (24):

lys —Ix
el o) .

03x3 |3x3

where 1,,, stands for the 3x3 identity matrix; 0, , is the 3x3 zero matrix; r is the vector

from node 3 of the bearing house to the virtual position m; and r x represents the skew
matrix of vector r.

3x3 3x3

In practice, the load from the U-shape joint acting on the virtual position m only consists
of 4 forces, that is, forces f, and f, presented in the Y, and z, directions of the global

reference frame X,v,°z;, and the torques m_and m, presented around the X, and Z,
directions. Utilizing the static condensation technique on the deformation equilibrium
equation of the virtual position m gives:

b

f,°f, °m, bmj:bkm[bay °s, to, o,], (25)

y

where °k_ stands for the 4x4 stiffness matrix of the virtual position m in the bearing

house under the practical load from the U-shape joint; and the leading superscript b
denotes the vectors that are expressed in the global reference frame xpy,z;.

Table. 5 shows the numerical results of the stiffness matrix of the virtual position m in
the bearing house expressed in the global reference frame X /v z;.

Table.5 Numerical results of the stiffness matrix of the virtual position M of the bearing

house
1eb x
3718.85 0 0 -66.96
0 2914.30 0 0
0 0 8.37 0
-66.96 0 0 3.28
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o Stiffness modelling of a U-shape joint

Utilizing the same technique — MSA and the static condensation technique — on the U-
shape joint, the deformation equilibrium equation of node 6 in the U-shape can be
obtained and expressed in the local reference frame x'v,'z; as follows:

uFe :(uKzz_uKuuKﬂluKu)uAe’ (26)
or simply:
"Fo="Kg"Ag (27)

where the leading superscript u denotes that the vectors are expressed in the reference
frame Xx!v\ "z, which is taken as the global reference frame of the U-shape joint; ‘F,

stands for the external load acting on node 6 of the U-shape joint; “A, stands for the
corresponding deformations; and the items --“K, with x =1, 2 and y = 1, 2 -- stand for

the partitioned blocks of the stiffness matrix, which are obtained by applying the MSA on
the U-shape joint as follows:

! Fl ! 12 +UK113 ‘ K122 ! K133 OGXG 06><6 06)(6 uAl
‘ FZ ¢ |<212 ’ K222+UK224 OGXG ’ K244 06)(6 3 06)(6 UAQ
! F3 — ! |<3l3 OGXG ‘ K333+UK335 OGXG ! K355 3 06)(6 UA3
’ F4 06><6 ! K422 06)(6 ’ }<444 +u }<446 06><6 i ! K486 UA4
Bl O T Oe u*55+uK557 ,,,,, L
_UFB_ L 06)(6 OGXG OGXG uK646 uK657 3 ! 66+UK667__UA6_ . (28)

In practice, the forces acting on node 6 of the U-shape joint are constrained along the X;
and z! axes of the local frame X.YSz¢ (Fig. 11(ii)) due to the existence of two

rotational DOF in the U-shape joint. Thus, the deformation equilibrium equation on node
6 represented by Eq. (27) can be simplified further, as shown in Eq. (29), by employing
the static condensation technique:

[f, vn =k, 6], (29)
where 'k, stands for the 2x2 stiffness matrix of node 6 in the U-joint expressed in the

reference frame X'y, "z}, [” fo " fZ]T stands for the practical force acting on node 6; and

[“5X “5Z]T stands for the corresponding deformations.
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Table 6 shows the numerical results of the stiffness matrix of node 6 in the U-shape joint
expressed in the reference frame Xv,'z!.

Table.6 Numerical results of the stiffness matrix of node 6 in the U-shape joint

1e8 x
2.50 0
0 1.39
o Stiffness modelling of a base structure composed of a bearing house and U-
shape joint

Since the base structure is composed of a bearing house and U-shape joint, a kinematic
chain can be formed by introducing the virtual joints into the virtual position m in the
bearing house and node 6 of the U-shape joint.

Fig. 12 shows the kinematic chain in the base structure of the Stewart platform, which
starts from the origin of Stewart base reference frame X v,z , passes through the origin

of reference frame Xv,°z; and virtual position m in the bearing house, and finally ends
at node 6 of the U-shape joint.

¢
\
\

Fig.12 Kinematic chain in the base structure of the Stewart platform

In the kinematic chain, the deformations of the virtual position m in the bearing house
and the deformations of node 6 in the U-shape joint can be assumed to be caused by the
motions of the corresponding virtual joints, thus the system-wide deformations of the
base can be described by Eq. (30) as follows:

gA'Aft:g‘lAG—’_gzt(amxg‘lru+Q4Am' (30)
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where the leading superscript g4 denotes that the vectors in the equation are expressed in
the reference frame x 2vJz¢ of the base of the Stewart structure; ‘A, stands for the

system-wide translational deformations taking place at node 6 of the U-shape joint; /A,
stands for the local translational deformations of node 6 of the U-shape joint; ‘A and
9@, stand for the local translation and orientation deformations at the virtual position m
of the bearing house; and ¢‘r, stands for the length vector from the virtual position m of
the bearing house to node 6 of the U-shape joint.

Writing Eq. (30) in matrix form gives:

gAAG
g4Aﬂ :[|3x3 |3x3 _g4ru>< g4Am 1 (31)
94®m
or simply:
94A6
YA =34 A, | (32)
94®

m

where J, denotes the Jacobian matrix between the system-wide deformations of node 6

and the motions of the virtual joints. In Eq. (31) %r, x represents the skew matrix of 9“r, .

Let K, and 9K, denote the local stiffness matrices at the virtual position m of the

bearing house and node 6 of the U-shape respectively, which are both expressed in the
Stewart platform frame x2v2fz¢ and obtained by applying the stiffness matrix

transformation technique on °k, of Eq.(25) and "k, of Eq.(29) correspondingly. And let
S9Ny, 897, , §%A, and §%'@,, denote the virtual displacement based on the current

deformations; then, applying the virtual work principle in the kinematic chain of
deformations yields:

94A6
“A |- (33)

m JI6x6 g®
m

o Jer )= oo, oo, 69“®m{[g§i}ﬁ [w%xs

By applying Eg. (32) in Eq. (33) the form is obtained:
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-1
J{[Mgsl“ [gfj*‘l } It Fe=""0 (34)
6x3 m J6x6

and thus, the system-wide stiffness of the base the Stewart structure, which is expressed
in the Stewart platform reference frame x 2v,29z ¢, is obtained as Eq. (35):

g‘*Kﬁ:[J{[gAKGL“ 03*1 }JLJ : (35)

06x3 [gAKm

B. Stiffness modelling of a hydraulic limb

Fig. 13 shows the detailed design of the hydraulic actuator used as the driving limb of the
Stewart structure.
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Fig.13 Design of the hydraulics actuator of the Stewart structure

The assembly of components in the hydraulic actuator are deemed to be in a serial form,
and the actuator’s stiffness depends on the cylinder stroke x:

k= A N A . (36)
YT (A*X4V,)/ B, + A*X/B, V. /B, (A *(—X)+V,)/B,+A*(—X)/B, 1V,/B,

where A is the area; V the volume; x the cylinder stroke; and | the cylinder length. B, , B,
and B, are the bulk modulus of water, the cylinder and the hose respectively. Subscripts
1 and 2 denote the corresponding chambers of the double-acting cylinder.
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C. Stiffness modelling of a Stewart structure

Fig.14 shows a 3D model of the Stewart structure and its schematic diagram.

®

3D model of the Stewart structure
g
2 % %5

\

Up joint

N

Limb

p

|
Bearing house

Baseframe of Stewar

O,

X

Schematic diagram of the Stewart structure
Fig.14 3D model of the Stewart structure and schematic diagram

Referring to the schematic diagram in Fig.14, a loop-closure equation for the ith limb of
the Stewart structure can be written as:

p+b =a+r, (37)
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where the subscript i denotes the ith limb of the Stewart limb; p the vector from the origin
of the Stewart platform reference frame X Jv,2z¢ to the origin of the end-effector

reference frame XJYSZ¢; b, the vector from the origin of the end-effector reference
frame to the up-joint; a, the vector from the origin of the platform reference frame to the
kinematic end tip (node 6) of the base structure; and r. the vector from the base structure

to the up-joint. Notice that all the vectors in Eq. (37) are expressed in the Stewart
platform reference fame.

Differentiating Eq. (37) gives:
Ag+ Oy xb =Ay +1(©xS)+4,*S;, (38)

where A, and ®, can be regarded as the system-wide translational and rotational
deformations of the end-effector with respect to the platform reference frame; A,; and

@, denote the translational and rotational deformations of the base structure in the ith

limb; 1, denotes the length of the ith limb before the deformation; 51, denotes its linear
deformation; and s, is the unit vector of the ith limb.

Dot-multiplying both sides of Eq. (38) by s, and writing the obtained equation in matrix
form yields:

s —(SixboT[gBHl SE} (39)

B

or simply:
B

AB
JXi[G) i|=quALi! (40)

where J,; :[SiT _(SiXbi)T] x :[1 SiT] A=l ]

Applying Eq. (40) on all 6 limbs of the Stewart structure and assembling the obtained
equations into matrix form yields:

{AB}:JWAL, (41)

where:
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Ja S/ —(Sxb)" |
Je ST —(S,xb)
J, _ ST —(S,xb)" | .
Jow = Jj *diag[J,, |- o _(S3Xb3)T *diag[d,, ] (42)
X 4 47Ny
‘]X5 SST _(85Xb5)T
| s SGT _(Sexbe)T_
AT
AL2
A=) (43)
ALA
AL5
_ALG_

If 5A,, 60, and OA; denote the virtual displacement of the end-effector and the ith

limb of the Stewart structure based on the current deformations, then applying the virtual
work principle in the kinematic chain of deformations yields:

F J ki O
5AT 6®T* B — 5AT-* hyi 1x1 *A-, 44
[ ’ i ] {MJ ; . |:06x6 K . (44)

or simply:

[ T T]* Fe T % di *

Ay 80 [f| (=oAL diag[K, ]*A, , (45)
B

where k,; stands for the stiffness of the ith hydraulic actuator; and K ; the stiffness

matrix of the base structure in the ith limb. In Eq. (45), K, = diag [k K g

hyi

By applying Eqg. (41) in Eq. (45), the stiffness matrix of the Stewart structure is obtained
as Eq. (46):

K = (3o *[diag[K, 1" * 3,7 " (46)
3.2.2 Stiffness modelling of a serial-parallel robot

From the overview of the IWR configuration, the entire Stewart structure can be
considered as a virtual link, therefore the kinematic configuration of the hybrid serial-
parallel robot can be deemed to be in a serial form. By applying the VJM variant on the
entire Stewart structure, the flexibility of this virtual link can be obtained by analyzing
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the motions of a virtual joint with 6 DOF attached at the centre of the end-effector
reference frame while the virtual link is regarded as rigid. Fig.15 shows a deformation
kinematics diagram of this serial-parallel robot by introducing the virtual joint variant
into all the flexible links.

Base frame-.. \

Tipping cylinder Y 4" virtual joint
Cg
Yy i
o) P, 79 2 v
o AL r, L Y
°A, %0, g

. 9

Y wZg
3" virtual joint

Ball screw N

- .

1™ virtual joint

T 2
9, %0, Y;’\

. Gear track”” 2" virtual joint

Fig.15 Deformation kinematics of the serial-parallel robot

The deformation occurring in the tipping cylinder will transfer to the passive joint 3 as a
rotational flexibility, where the virtual joint 3 is introduced for the equivalence of this
flexibility. The translational deformation occurring in the ball screw and the rotational
deformation in the rotating table are postulated to be accomplished by the virtual joint 2
with 2 DOF motions. The deformation occurring between the pinion and rack on the
track is postulated to be accomplished by the virtual joint 1.

A. Stiffness modelling of the tipping joint

Fig.16 shows a 3D model of the tipping mechanism of the base of the Stewart structure
and its schematic representation.

C

Fig.16 3D model of the tipping mechanism of the base of the Stewart structure and its
schematic representation
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In Fig.16, M, N and C denote the centers of the corresponding joints. ¢ and b denote the
scalar lengths from joint M to C and from joint N to C, while d denotes the scalar vertical
distance from joint N to the line MC.

The deformation equilibrium equation of a tipping cylinder can be written as:
f=k *&, 47

where k, is the stiffness of the hydraulic actuator; f is the force acting along the cylinder
direction; and oc is the deformation of the cylinder.

Let 66 denote the rotational deformation of the rigid link NC, which results from the
deformation of the cylinder, then:

Sc=d*56. (48)

Substituting Eq. (48) into Eqg. (47) and multiplying d on both sides of the equation, we
obtain:

m=d?*k *50, (49)
or simply:
m=k,*50, (50)

where m denotes the equivalent moment of f acting on the tipping joint; and k, =d**k,
denote the rotational stiffness of the tipping joint. Expressing k, in the global reference
frame yields K,, which is in the form of a 3x3 matrix.

B. Stiffness modelling of a serial-parallel robot

Let Aand *® denote the system-wide translational and rotational deformations of the
end-effector with respect to the global reference frame XJY2z7; °A, and *©, denote

the local translational and rotational deformations of the Stewart structure in the virtual
joint 4 with respect to the base reference frame x vz ?¢; °®, denote the local rotational

deformation of the Stewart base in the virtual joint 3 with respect to the reference frame
XJYr 2y o, and ¢A, denote the local rotational deformation of the rotation table and

the translational deformation of the ball screw respectively with respect to the reference
frame xgvgfz9 , which are lumped into the virtual joint 2; and 9a, denote the

deformation of the robot along the rack with respect to the reference frame XJY2z;,

which is lumped into the virtual joint 1. Referring to the deformation kinematics of the
serial-parallel robot in Fig.15, we can obtain:
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9A4
g 0,
{QA}Z{sts Ogps —Iix e —(G+r)x Iy °0, (51)
¢ @ o3><3 |3x3 |3><3 03x3 |3><3 O3x3_ gAz
g 0,
L gAl J
or simply:
_ 9A4 _
g @4
9A &C)
|:g®:|:JIWR gA: ) (52)
] 0,
L gA1 i
where:
J _|:|3x3 Ogs =X Ny —(G+1)x sta} (53)
WR =
O3x3 |3x3 |3x3 03x3 |3x3 03x3

denotes the Jacobian matrix between the system-wide deformations of the end-effector
and the deformations of the virtual joints. In Eq. (51), r, and r, denote the vectors from

virtual joint 2 to virtual joint 3 and from virtual joint 3 to virtual joint 4, respectively;
r, x and (r, +r,)x denote the skew matrices of vectors r, and r, +r, respectively.

Let K, and K, denote the stiffness of virtual joint 2 and virtual joint 1 expressed in the
global reference frame Xg&v2z? respectively (Fig.15); and [59AT 59®T]T and
[5%1 3%, 599 SN, 5% 59AT1]T denote the system-wide virtual displacements
of the end-effector and the virtual displacements of the virtual joints based on the

occurred deformations. Applying the virtual work principle on the entire serial-parallel
robot gives:

T T °F T T T T T T ; g®3 (54)
Y o =[on, s%] 5% W, 5] ON |*diag[K,, K, K, K]*
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By applying Eq. (52) in Eq. (54), we obtain:

. 1
KIWR = (‘] IWR *[dlag[Kstw Ks Kz Kl]]_l*‘];l;NR ) (55)
which represents the analytical stiffness model of the entire serial-parallel robot.
3.2.3 Numerical results

Based on the obtained stiffness model, the stiffness performance of the IWR was
investigated along the border lines of a prescribed workspace, shown in Figl7.

front plane

Fig.17 Prescribed cubic volume workspace of IWR

The workspace is 450 mm above the plane of the end-effector, and in the form of a
200x200x200 mm? cubic volume. The external load is exerted vertical to the end-effector
plane and has a value of 5 kN. In the numerical example, the prescribed workspace is
reached by the Stewart structure and the serial part of the robot remains still.

The numerical results of computation of the deformations of the robot are shown in Fig.
18.
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(i) Deformation of the robot on the left plane of the workspace
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Fig.18 Deformation of the robot workspace: (i) on the bottom plane of the workspace; (ii)
on the top plane of the workspace; (iii) on the left plane of the workspace; (iv) on the

59



CHAPTER 3

right plane of the workspace; (v) on the back plane of the workspace; (vi) and on the
front plane of the workspace

In Fig.18, the continuous line denotes the borders of the prescribed workspace without
external load; the starred-line denotes the new border positions of the workspace
following deformation of the Stewart structure due to the external load, given that the
serial part in the robot is assumed to be rigid; and the line with circles denotes the new
border positions of the workspace due to the deformations of the entire robot, which
account for both deformations from the Stewart structure and from the serial parts of the
robot.

It should be noted that in some parts of the workspace in Fig.18 (iv) and Fig.18 (v), the
deformation of the entire robot under the assumption of a rigid serial part is larger in
some directions than the deformation under the assumption of a flexible serial part. The
reason for this result is that the redundant flexibility in the serial part of the robot allows
the deformation of the robot to occur in other possible directions, which to some extent
can mitigate the deformation of the parallel part along one direction. This phenomenon
can also be interpreted from the energy point of view, since the flexible serial parts can
absorb the external energy in other deformation directions. Moreover, it implies that the
system-wide stiffness performance of the robot can be optimized at the prescribed
workspace due to the existence of redundant flexible kinematics.

3.3 Stiffness-Maximum Trajectory Planning of a Hybrid Robot

In this section, a set of trajectories in the robot joints space are generated for a prescribed
trajectory of the end-effector in the Cartesian space. The best stiffness performance along
the prescribed trajectory is taken as a constraint for the joints trajectory planning. In the
dissertation, the stiffness performance is evaluated by the least eigenvalue of the system-
wide stiffness matrix. Taking the maximum stiffness performance as the objective, the
differential evolution (DE) algorithm is employed to search for the global optimum in the
multi-dimensional joints space under the constraint of inverse kinematics. The numerical
results of the generated joints trajectories are presented for a prescribed end-effector
trajectory at the end of this section.

3.3.1 Index of stiffness performance

It is well known that the stiffness reflects the relationship between the external force and
the corresponding displacement experienced. Numerically, this property can be defined
by a 6x6 matrix. However, it is rather difficult to evaluate the stiffness performance in
terms of a matrix, since it is not comparable by means of vectors. An instinctive way to
evaluate the stiffness performance is the use of elements of interest inside the matrix.
However, an individual element only represents the relation between the force and the
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deformation in a certain direction without considering the coupling effects of other terms
in the matrix.

An applicable approach for stiffness performance evaluation is to investigate the
characteristics of the matrix in the form of scalars, i.e., the eigenvalues, the determinant,
the diagonal terms and the condition number of the matrix [71]. Of these commonly used
indicators, the eigenvalue is adopted here as the most reasonable index for the application
considered in this work.

To interpret the eigenvalue of the stiffness matrix geometrically, it is postulated that for a
6x6 stiffness matrix, a set of deformation vectors in arbitrary directions can be found and
the deformation vectors form a spherical shape in a 6-dimensional space, given that the
magnitude of each deformation vector is equal to unit length. The corresponding set of
causative force vectors then form an ellipsoid in the 6-dimensional space, in which the
lengths of the principle axes are the eigenvalues of the stiffness matrix and the related
eigenvectors represent the directions of the principle axes [29][30]. Based on this point,
the minimum eigenvalue represents the minimum stiffness performance in its eigenvector
direction.

For a specific stiffness matrix, it can be considered that the minimum stiffhess
performance is dominated by the least eigenvalue of the matrix. If the least eigenvalue
can be as larger as possible, then we think the overall stiffness performance for such
specific matrix is maximized. Thus, for a fixed location of end-effector of IWR, the
optimum stiffness is defined by the maximum value in all possible least eigenvalues
generated based on the different kinematics configurations.

Mathematically, for an arbitrary kinematics configuration of IWR, the set of eigenvalues
for the corresponding stiffness matrix can be represented by Eq. (56) as follows:

,3=¢ig(K,), i=12,..6. (56)

where the subscript j denotes an arbitrary kinematics configuration of IWR; i denotes the
ith eigenvalue; {1} denotes the set of eigenvalues for such an arbitrary kinematics

configuration j; and K; denotes the corresponding stiffness matrix. Then, the least
eigenvalue in the set denoted by {4,} can be described by Eq. (57) as follows:

A =min{4;}. (57)

least _j

Let R represent the set of all the possible kinematics configurations of IWR for the given
location of the end-effector, then the maximum stiffness performance of IWR in all the
possible kinematics configurations R can be described by Eq. (58) as follows:
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ﬂ"nest = rTJ.LaRX{Z’Ieast_ j } 1 (58)

where {,,
R.

3 represents the set of corresponding least eigenvalues in the kinematics set

least _

3.3.2 Stiffness optimization and trajectory generation
A. Differential evolution (DE) algorithm applied in stiffness optimization

For a prescribed location of end-effector, the robot system-wide stiffness performance
Jieast_; 1 taken as the objective of the optimization process, and the 4 redundant joint

position values in the serial parts of the robot, which actually determine the kinematics
configuration of IWR, are taken as the input variables of the DE algorithm.
Determination of the kinematics configuration in the redundant robot IWR involves 10
position values in the joints space. However, these 10 parameters are linear dependent for
a given location of end-effector and the 4 parameters from the serial parts of IWR can
form a linear independent set. This implies that for a given location of end-effector, once
the 4 position values of the joints in the serial parts are chosen, the remaining 6 position
values in the Stewart structure joints are consequently determined by the inverse
kinematics.

Fig.19 shows the abstract steps of the DE algorithm applied in the stiffness optimization
of IWR [32].

| Initialize all the populations |

v

| Set DE control parameters |

Termination
criterion is met?

Producing new population by:
1. Mutation
2. Crossover
3. Selection
Evaluate cost values

Generation=Generation+1
Replace the current population
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Fig.19 Flow chart of the DE algorithm

First, the populations and the control parameters of the DE algorithm are initialized by
some random values. Herein, the population consists of a set of joints position values in
the serial parts of IWR. For setting of the control variables of the DE, CR is assigned to
be 0.7, F is equal to 0.8; NP is set to be 40; and the standard deviation of the population
(1.0E-5) is regarded as the termination criterion. Then the algorithm starts to proceed and
check if the termination criterion for the optimization process is satisfied or not (e.g.
number of iterations performed, or adequate fitness reached). If the criterion is not met, a
new population, which is produced by the algorithm and which consists of mutation,
crossover and selection, will be taken to be compared with the old one by calculating the
cost values. The new population generation of the algorithm guarantees that all
individuals of the next generation are as good as or better than individuals of the current
population. The process is repeated until the termination criterion is reached.

B. Trajectory generation in joints space

Fig.20 shows the input variables of the DE algorithm in the kinematics of IWR.
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Fig.20 Input variables of the DE algorithm in the kinematics of IWR

Let I, represent the linear displacement of frame X fy,°z¢ along the rack on the track; I,
the linear displacement of frame X #v,2z ¢ along the ball screw; a, the rotation angular of
frame XJYSZz] around the z¢ axis; a, the rotation angular of frame x vz 9 around
the X ¢ axis; and for the parallel mechanism, let h, (i=1,2..6) denote the length of the
Stewart limb. Eq. (58) can then be written as:

ﬂ’best = f(ll,lz,a3,3.4) ' (59)
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For the physical constraints in the robot joints, the values of the input variables in the
population (I,, 1,, a,, a,) for the DE are limited to be in the ranges of [0, 4] m, [0,0.5] m,
[0,360] degree and [-88, - 42] degree respectively, and the initial values of the population
are assigned by randomly selecting values within the range boundaries.

In practical application of IWR, when the trajectory of the end-effector is prescribed, by
applying the DE algorithm, all the 10 joints position values at the beginning point of the
path (assuming this is located at point A in Fig.20) can be obtained subject to the
maximum stiffness performance. We postulate that the frame X ?9v,°z¢ moved to the
point B on the track according to the joints position values generated from the first
optimization results. However, during the rest machining process, the carriage, namely
the frame X ?v,°z 9, will stop at point B of the track, and the rest path of the end-effector
trajectory will be accomplished by driving the rest 9 joints. The reason behind is that the
accuracy of the position control on the rack of the track is not high enough for a good
quality of finished surface during the machining process. In this case, the number of
redundant freedoms is reduced to three in the serial parts of IWR, and the population of
DE is also reduced to a new set, which consists of parameters 1,, a, and a,. Therefore,

the objective function of DE for the rest machining trajectory is reconstructed as Eq.(60):

/lbest = f(|21a31a4) ' (60)

In other words, for the first work point A in the prescribed workspace, the optimum
stiffness performance is searched in the joint space of 10 freedoms. Thereafter, the robot
will be working under 9 freedoms, the workspace excluding point A, which is subject to
the best stiffness performance, is then reached by actuating 1,, a,, a, as well as the

Stewart limb h, .

In order to validate the feasibility of applying the DE in the stiffness optimization of IWR,
an arbitrary start point A in the workspace is first chosen for the evaluation. Let the point

A be assigned with the coordinates of [1.5,1.0,0,150,0,-150]T, in which the first three
entries specify the position of the end-effector and the remaining three entries specify the
orientation by means of Roll-Pitch-Yaw angles in the global frame XYz . Then, the
convergence process for searching for the optimum stiffness is as illustrated in Fig 21.
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x 10° Convergence of DE
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Fig.21 Convergence of the DE for searching for the optimum stiffness at point A

It can be observed that the DE reaches convergence after around 50 iterations, and the
best input parameters, which are the position values of the joints in the serial parts of
IWR, are obtained as I, =18682 m, I, =0.3621 m, a, =30.0206° , and a, = -74.9323°
respectively. The lengths of the Stewart limbs can be computed by the inverse kinematics.

In the following step, the workspace is extended from the beginning point A to a
200x200mm? square, point A is located at the geometric centre of this area, and the height
of the end-effector and its orientation are maintained as at point A. DE to is then applied
to search for the best stiffness with the objective function (60) over this specific
workspace. The optimum stiffness surface found is shown in Fig 22.

x(m)

Fig.22 Optimum stiffness surface over the 200x200mm? square

In Fig 22, the x-axis direction is parallel to the track and the y-axis direction is
perpendicular to the track. It is found that the stiffness performance of point A exhibits
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the best results in the 200x200 mm? plane workspace, because the best stiffness of point
A is searched for in the joint space of 10 degrees of freedom while the other points are
searched for in joint spaces of 9 degree of freedom due to the fixed carriage position on
the track. The stiffness decreases along both the positive and negative directions of the x-
axis when the end-effector moves away from point A, because the displacement of the
end-effector along the track is contributed mainly by the stretching of the Stewart, and
the stiffness of the Stewart becomes weaker if the limb stretches longer. The stiffness
also decreases along both directions of the y-axis, but the change is much smaller
compared with that of the x-axis, because the displacement along the y-axis is
implemented mainly by the ball screw, which has much smaller stiffness deviation than
the hydraulic limbs in the Stewart.

In the following example, a set of trajectories in the joints space are generated for a
prescribed trajectory of end-effector, which is a straight line of 200 mm in length parallel
to the track on the x-y plane of the global frame X /Y ?Z ¢, as shown in Fig.23.

251 /”/ \

25 4 \

249 \

machining start machining end 248 \
bod \ middle point \ . /

A ® ® ® / \

end - effector path 246

245 /

244

14 145 15 155 16
X (m)

Fig.23 Straight line path and best stiffness along the path

The speed of the end-effector is set to 2mm/s. The middle point of the path in the
prescribed trajectory is selected as the initial point of the optimization under 10 joints
freedom, and the coordinate of the middle point is set to [15, 10, 0, 150, 0, -150]" with
respect to the global frame. Notice that although the generation of joints trajectories
begins from the middle point of the path, in the practical machining process the robot
end-effector starts to work from the tip of the prescribed trajectory. Utilizing the DE
algorithm to optimize the stiffness performance along the prescribed straight-line
trajectory of end-effector obtained the joints trajectories plotted in Fig 24.
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(iii). Linear position trajectories of limb 1 and limb 2 in the Stewart
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(v). Linear position trajectories of limb 5 and limb 6 in the Stewart

Fig.24 Position trajectories of the driving joints in the hybrid robot

From Fig.24 (i), it can be seen that the trajectory of the first joint is maintained constant,
because the carriage of IWR (serial part base) has been fixed on the track after the first
optimization. The figures show that all the generated trajectories in the joints space based
on the best stiffness performance are acceptably smooth, which indicates the feasibility of
their realization in the control system.

3.4 Conclusions

This section described the construction of a system-wide stiffness model of a hybrid
serial-parallel robot machine by employing a variant of the virtual joint method and the
virtual work principle. In order to apply the variant of the virtual joint method, the MSA
method is utilized to compute a stiffness matrix of the elemental consisting flexible link
in the robot. In the dissertation, the variant of the virtual joint method is utilized to build
up a system-wide stiffness model for the robotic system that accounts for more

deformation directions than possible with the lumped modelling method.
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To evaluate the overall stiffness performance of the robot, the least eigenvalue of the
stiffness matrix, which represents the weakest stiffness performance of the robot, is taken
as the performance index. In order to get optimal stiffness performance of the robot in an
arbitrary direction, the least eigenvalue of the stiffness matrix has to be optimized to be as
large as possible. Thus, the least eigenvalue of the stiffness matrix is taken as the
optimization objective to obtain the maximum overall stiffness performance of the hybrid
robot machine IWR. A DE algorithm, in which the joints position values of IWR are
taken as the searching variables, is utilized in the optimization due to its global
optimization ability.

A set of feasible trajectories in the joints space of IWR along which the overall stiffness
performance of the robot has been maximized are generated for a prescribed trajectory of
end-effector. The numerical results of the generated trajectories indicate that joint
trajectories based on overall stiffness optimization of the robot are acceptably smooth for
realization in the control system. Furthermore, the results imply that the stiffness
performance of a robot machine deviates smoothly with respect to the kinematic
configuration in the adjacent domain of its best stiffness performance.
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FEEDFORWARD BASED VIBRATION CONTROL

In this chapter, a feedforward based control strategy is introduced for the suppression of
vibration in the end-effector of the robot machine, which is caused by the external
varying force. An inverse dynamics model is employed in the feedforward path. In order
to construct an accurate inverse dynamics model of the target system, a neural network is
employed to identify unknown parts in the dynamics modelling process. A modified
Levenberg-Marquardt algorithm is utilized to train the neural network using indirect
training data for the unknown models.

4.1 Feedforward Control Strategy for Vibration Suppression

Feedforward control is often used together with feedback control for disturbance
rejection in practice. Feedback control can provide satisfactory trajectory tracking
accuracy for a system without external disturbance and, to some extent, can guarantee
system stability when the external disturbance is within the bandwidth of the control
system. Although both feedback control and feedforward control are applied in the
systems discussed in this work, the dissertation research only considers feedforward
control.

In general, feedforward control can be introduced for disturbance rejection when the
disturbance signal on the target system is available. An adaptive filter is often adopted in
the feedforward control path. Fig.25 shows the basic principle of such feedforward
control strategies.

error signal

/4 disturbance source

Adaptive
Filter

compensation source
feedback control source | Target System

error signal

Fig.25 Principle of feedforward control based on an adaptive filter

The disturbance source is fed forward into an adaptive filter, which yields a compensative
source as the input signal of the system to cancel out the effect of the disturbance. The
filter coefficient is deemed to be well adapted or tuned when the error signal from the
target system is minimized at one or several points of interest. One prominent advantage
of such feedforward control is that it can work at any frequency; furthermore,
feedforward control is less sensitive to phase lag than feedback control. However, the
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performance of such adaptive filters is not global, which means that the adaptive filter is
only effective on a specific disturbance over well-tuned points. The principle behind this
sort of adaptive filter is akin to approximating an ‘inverse dynamics model' from the
disturbance source to the input source of the system that can produce a result equal to the
disturbance but with the opposite sign to cancel out the disturbance.

In the IWR, the disturbance source acting on the robot system mainly stems from the
varying cutting force. Consequently, a wide range of disturbance exists, as machining is
done on different materials. An adaptive filter approach is thus not suitable for
feedforward control of the end-effector path, due to the localized performance of the
filters. However, the concept of feedforward control is still attractive for disturbance
rejection in the robotic machine, since an inverse dynamics model can be constructed and
applied in the feedforward control path instead of the adaptive filter. Fig.26 shows the
concept of such an inverse dynamics model based feedforward control strategy.

disturbance F,

Feedforward hining f
Controller (machining force)
+
I Ty i
Trajectory + cg Feedback |t <O <~ ---Rebot N
Generator Controller .A‘ (AR System v, g y

T position, velocity feedback

Fig.26 Feedforward control of the robot system

When the robotic machine in Fig.26 is controlled without the machining task, the
trajectory tracking accuracy obtained by the feedback controller is quite satisfactory [21].
However, when the machining process is undergoing, chatter vibration occurs. The
reason for the chatter vibration is that the frequency of the cutting force is slightly larger
than the natural vibration frequency of the robot system and thus surpasses the
suppression ability of the feedback controller. From Fig.26, the disturbance force F, acts

as r, on the actuators of the robot system through an inner inverse dynamics path. Thus,

if an inverse dynamics model is introduced into the feedforward controller path which
takes the disturbance F, as the input signal the resultant extra output force from the

actuator can completely cancel out the disturbance force ¢,, since the extra compensation

force is also generated from the same inverse dynamic model. As a result, the vibration
caused by the machining force should vanish completely.

In order to validate the effectiveness of disturbance rejection by applying an inverse
dynamics based feedforward controller, a parallel manipulator is taken as a case study.
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4.2 Case Study of a Parallel Manipulator

The parallel manipulator under study, a Cassino Parallel Manipulator (CaPaMan), is
shown in Fig.27 [69]. The manipulator possesses 3 driven degrees of freedom (DOF) and
consists of a mobile platform, a base and three legs. The leg consists of a parallelogram
mechanism, which is driven by a servo motor in the left down-joint, and a vertical bar
which can only slide perpendicular to the parallelogram plane. The up-joint of the vertical
bar is a spherical joint.

Fig.27 Prototype and 3D model of CaPaMan: 1. mobile platform 2. vertical bar 3.
parallelogram mechanism 4. driven crank of parallelogram 5. servo motor 6.base a.
passive freedom b. active drive

Fig.28 Kinematic scheme of CaPaMan

4.2.1 Inverse dynamic modelling of CaPaMan

In order to build up the inverse dynamics model, the kinematics should first be analyzed.
In the manipulator, all the reference frames and kinematic vectors are expressed as shown
in Fig.28: the global reference frame XYZ is located in the center of the base; the local
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frame X,Y,Z, is fixed in the center of the mobile platform; the base joint frame X,v,z, is

fixed in the middle of the bottom line of a parallelogram with the x-axis perpendicular to
the parallelogram plane and the z-axis vertical to the base; P represents the vector from
point O to O, ; B, the vector from O to O,; L, the vector from O, to E, (E, is the middle
point of the up line of the parallelogram); H, the vector from E, to D,; K, the vector
from D, to C, (D,, C,: two ends of a vertical bar); A the vector from O, to C; and S,
the vector from O to D,.

A. Kinematic constraints

Since the configuration of the 3 legs in the CaPaMan is homogenous, analysis of one of
them is sufficient to deduce the kinematic constraints. From leg 1 in Fig.28, the close
loop kinematic equation is obtained as Eq.61:

S, =P+A -K,. (61)

As the vertical bar K, is always vertical to the base plane (X-Y plane), we assume there is

a virtual axis V through the point O vertically, and a plane N (in the right part of Fig.28)
is formed by this virtual axis V and K,, which can only rotate around V. As the vector H,

is always parallel to the vector B, the plane M is formed, which can only rotate around
B,. The vector S, is the intersection of plane M and plane N.

Regardless of the rotation of plane M, the projections of vector S, on the Y, and z, axes
of frame X,Y,z, are always equal to the those of vector L, individually. The following
constraint equations are thus obtained:

%S,(2-"L(2) =0, (62)
%5,(3-"L(3) =0, (63)

where the leading superscript R, denotes that the vector is expressed in the reference
frame X,Y,Z,; the '2" in parentheses denotes the projection on the Y, axis; and the '3' the
projection on the Z, axis.

By analogy, the following equations are obtained from leg 2 and leg 3:

®5,(2)-"L,(2) =0, (64)
%S, (3)-%L,(3)=0, (65)
"8,(2)-"L,(2) =0, (66)
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%5,(3)-"L,(3) =0. (67)

Let the left parts of Eq. (62) to Eq. (67) be represented by C, to c, individually. Since
they are functions of the mobile platform coordinates (P, P, ,P,, @, b, c) and the rotation
angles of the parallelogram 6,,0,,6,, taking the partial derivatives of these constraint
functions ¢, with respect to the 9 generalized coordinates yields:

oP, P, P, oa b oc: 06, 00, 00, [oP ]

o, P, P, da b oc 06 06, 6, | p | |0
o Y Y R oo B L
o, ® P a d o 26 00, 26| | |0
ac, éc, oC, éc, oC, oc, oc, oC, ocC, 0
®, P, o, ca @ o o6 o0, 06| %] |o

P, P, P, oa b oc | 06, 00, 00, (68)

By matrix partition, Eq. (68) can be simplified to Eq. (69):

., ¢l BZ“}:[O 0000 0. (69)

B. Lagrangian formulation

By taking account of the kinetic and potential energy of the mobile platform, vertical bar
and the parallelogram mechanism, a Lagrange function is obtained as in Eq. (70):

L=K,+K, +K; -U,-U, -U¢, (70)
where K, and U, represent the kinetic and potential energy of the mobile platform; K,
and U, the kinetic and potential energy of the vertical bar (the slider of passive freedom

included); and K_ and U, the Kinetic and potential energy of the parallelogram (slider
base included).

Let the coordinates of the mobile platform be the redundant Lagrangian coordinates and
the rotations of the parallelogram be the independent coordinates, then 6 Lagrangian
multipliers are introduced as expressed in Eq. (71):

ﬂ’:[}"l A Ay Ay s AG]T' (71)
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If the first 6 Lagrangian equations of the first type are associated with the mobile
platform coordinates, then a set of system dynamic equations can be written in the form:

c,a=df ) & ¢ (72)
T a0, ) o,

where

:
dfoL)_fdfaL) d(a| dfa d(atj d(atj d(atj
dt\oQ, ) |dtlor ) dt(oP, ) dt\oP, ) dt\oa) dt\ob) dtlee ’
T
S S S O O N PO
oQ, |oP, oP, oP, da b oc
represents the external force acting on the mobile platform. When the position, velocity
and acceleration of the mobile platform and the external forces are given, the values of
the Lagrangian multipliers can be computed by solving the linear equations described by

Eq. (72).

f, f ¢, 7], which

X y : T

X

Once the Lagrangian multipliers are found, the actuator torques in the driving joints of
the legs can be determined directly from the remaining Lagrangian equations.
Specifically, the second set of 3 Lagrangian equations for the system dynamics can be
written in the form:

: :d(a'.'J—a"—cq_%, (73)
dt\6Q, ) oQ ¢

T T
whereiizii iﬁ iﬁ ,ﬂzgﬂi , and
dt { oQ, dt\ 06, ) dt\og,) dtl o6, 0Q, |26, o6, 00,

F =[r, 7, =] ,which are the actuator torques needed from the servo motor.

4.2.2 Vibration control of CaPaMan

Fig.29 shows the control scheme applied in CaPaMan. The entire control strategy of
CaPaMan, as well as the forward dynamics behavior, are simulated in a software
environment, in which the control algorithms are implemented in MATLAB Simulink
and the forward dynamics behavior is computed and presented by ADAMS solver/viewer.
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Fig.29 Control scheme: I. Feedforward model-based nonlinear control, 11. Feedback PV
control, I11. Feedforward disturbance depressing control

The control scheme for this parallel manipulator consists of three parts, as shown in
Fig.29: I. Feedforward model-based nonlinear control, 11. Feedback PV control, and IlI.
Feedforward external disturbance rejection control.

Due to the highly non-linear behavior of the dynamics in the parallel manipulator, it is
difficult to get satisfactory tracking performance, even without external disturbance,
using only a conventional PID controller with constant gains. Therefore, the model-based
feedforward and the feedback PV control are combined to relatively simplify the
nonlinearity of the control system so as to get a satisfactory tracking error, and the
feedforward disturbance rejection control is used to depress the effect from the external
disturbance force.

A. Model-based feedforward nonlinear control
For general rigid body dynamics, a universal form can be given as Eq. (74):
1=M(®)0+V(0,0)+G(0)+F(0,0), (74)

where M is the nxn inertial matrix of the manipulator; V an nx1 vector of the
centrifugal and Coriolis terms; G an nx1 vector of gravity; and F the friction of the joints
and external load.
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By utilizing the linearizing and decoupling control law, the non-linear control term
V(0,0)+G(0)+F(0,0) can be taken into the control system to cancel out the
nonlinearity in the dynamics model, which yields a linear second order system,
f =M (©)6 , and an error model of the control system, E + K E + K,E=0.

However for a parallel mechanism, due to nonlinear kinematics coupling of actuated
joints, it is impossible to separate the term M from its dynamics model, and therefore the
above-mentioned linearizing law is not valid. To address this issue, a revised model-
based control is employed for CaPaMan control, which consists of two parts, I.
Feedforward and Il. Feedback, as shown in Fig.29. If only part | and part Il of the control
scheme are taken into consideration, the system equation can be written in the form:

M(©,)0, +V(0,,0,)+G(®,)+F(0,,0,)+K,E+K,E

. . . (75)
=M (©)O+V (0,0)+G(0)+ F(0,0)

where E =@, -0 . By simplifying Eq. (75) under the assumptions, M(©,)= M (©),
V(©,,0,)=V(0,0), G©,)=G(®)and F(©,,0,)=F(0,0), the error equations of the
system are found as:

E+M*(@©)K,E+M*(O®)K,E=0. (76)

Clearly, the feedforward control does not provide complete nonlinearity decoupling, and
the effective feedback gain changes as the configuration of the parallel manipulator
changes. However a good set of constant gains can still be found to guarantee a
reasonable damping performance [21].

B. Disturbance suppression by feedforward control

When the parallel manipulator is used in a machining task, the cutting force F, is deemed
to be a varying disturbance. By applying the feedforward control loop (control part 111 in
Fig.29), compensation torque, which is used to cancel out the effect of F, through the
manipulator, is computed based on the constructed inverse dynamics model. The

complete function diagram of the control scheme applied in CaPaMan is presented in Fig.
30.

7 =R(F.C)

(P,P,P,0,0)
=R(.Cy)
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Fig.30 Implementation of the control system for CaPaMan

The control system consists of two parts: (1) in the part of B, the torques acting on the

driving joints are taken as the input parameters of the system function, while the position,
velocity, and acceleration of the mobile platform as well as the driving joints are regarded
as outputs. The part of P, can be expressed by Eq. (77):

(P,P,P,0,0)=PR(r,C,), (77)

where C, is the configuration of the manipulator from the previous computation step, P
and © represent the position vectors of mobile platform and joints; (2) in the part of P,,
the external load F is taken as the input parameter, while the resultant effective torque ,
in the driving joints is taken as the output of the system, which is expressed by Eq. (78):

7, =R(F.C.), (78)
where C,_ is the current manipulator configuration.

The actual acting torque on the driving joints are formed by Eq. (79) as follows:
=74 +K.E+K, E+(TC—Tf), (79)

where ¢, =D,(P,,P,,P,) is the torque computed from the reference trajectory,
K.E +K,E is the torque computed from the trajectory control error, and r, = D,(F,C,) is

the torque used for compensation of the external force. Substituting Eq. (79) into Eq. (77)
yields:

(P,P,P.0,0)=R,((D, +K,E+K,E+(D,-P,)).C,). (80)

From Eq. (80), when the established inverse dynamics model D, of the parallel
manipulator in the control system approximates to P, in the real system, the difference

between the compensation torque and the disturbing torque in the driving joints
approaches zero. Consequently, the effect of the external load is eliminated significantly,
or even completely, and the whole plant system is reduced to plant P,, which is described

by Eq. (77) and can be easily controlled by the combination of the model-based nonlinear
control strategy and the feedback PV controller.

C. Results based on feedforward disturbance rejection control

Results for disturbance suppression based on the proposed control strategy are presented
in this section for a reference trajectory of the mobile platform, which is shown in Fig.31.
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Fig.31 Reference trajectory of mobile platform

In the given reference trajectory, the freedoms of the mobile platform consist of
translations along the y- and z-axes, and rotation around the x-axis.

The external disturbance force is a 10 Hz triangle wave with an amplitude of 20 N, as
shown in Fig.32.

10
Disturbance Force

7 T

05 1 15 2 25 3 35 4 45 5
Time (unit: s)

Fig.32 External disturbance force of 10 Hz

When the feedforward model-based control is applied, with/without the feedforward
control path for disturbance depression (FDD) in the control system, the outputs of the
obtained trajectories are as shown in Fig.33.
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(c) Z-trajectory without FDD (b) Z-trajectory with FDD
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Fig.33 Comparison of trajectory outputs with and without the feedforward control path
for external disturbance supression under feedforward model-based control

In the figures, the dashed blue line represents the reference trajectory and the continuous
red line represents the actual obtained trajectory. From Fig. 33 (a), (c) and (e), it is clearly
seen that the chatter vibrations occurred in the same frequency as the external disturbance.
However, the results shown in Fig.33 (b), (d) and (f), suggest two outcomes: (1) the
feedforward control for external disturbance suppression applied based on the constructed
inverse dynamics model of the target manipulator is validated to be very effective; (2)
using the feedforward model-based control enables a stable trajectory tracking error to be
obtained for the highly nonlinear dynamic system.

Although software simulation of CaPaMan gives a good result, several difficulties still
remain as regards practical application of this method of vibration suppression. In the
example above, the friction force in the joints of CaPaMan are ignored in both the
ADAMS model and the constructed inverse dynamics model. However, in practice, the
friction model has to be taken into account due to the slow motion and the heavy payload
when the robotic machine is carrying out the machining task. In addition, dynamic
parameters of CaPaMan such as the inertial matrix are assumed to be ideal in the
simulation process, but in practice, these parameters have to be identified.

For a parallel robot, the kinematics chains are coupled with one another, which renders
direct measurement of the friction models in the joints, as well as measurement of the
dynamics parameters difficult, and thus, an indirect identification method has to be
developed to identify these unknown dynamics.
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4.3 Dynamics Model Identification

In mechanical engineering applications, an accurate dynamic model for the target system
can be very beneficial to the control system design [59]-[62]. In some control systems
demanding high performance, such as systems with a requirement for high precision
position control under varying payload, industrial robots requiring accurate force control
or robotic systems requiring dynamic predictive control, the accurate dynamic model of
the system is incorporated into the system controller design to satisfy the performance
requirement [63]-[65]. For vibration suppression of a robotic machine, incorporating an
accurate inverse dynamic model into a feedforward controller has been shown to be a
very efficient way to eliminate end-effector chatter [66][67].

In practice, especially in a parallel structure based mechanism, due to the complexity of
the multi-body dynamics and the difficulty in modeling certain components of the
dynamic system, it is either unrealistic or inaccurate to construct an analytical dynamic
model that can exactly match the actual dynamic behavior of the target system.
Sometimes the theory itself required for modelling some components of the system
dynamics from physical insight is either still under development or inapplicable for a
specific application. For instance, in mechanical systems, various friction theories and
modeling methods exist for different working conditions; in parallel robot joints, the
friction forces are coupled with each other and have highly nonlinear, highly correlated
and time-variant characteristics, which render it even more difficult to build up the
individual theoretical model; and in a hydraulic system, accurately modelling the
dynamics between a cylinder and a valve also presents some difficulties, such as internal
valve leakage modeling, and friction and damping parameter identification. In some cases,
a constructed dynamic model of the mechanical system becomes inaccurate, because the
system parameters change — a variance which occurs in terms of perturbation of the
inertial matrix, changing of the friction coefficient etc, due to wear and deformation in
the mechanism assembly. Under such circumstances, direct measurement of these
dynamic parameters is not feasible.

However, abundant input-output data can be obtained by carrying out experiments on the
target dynamic system, and the acquired data set may cover various deterministic
trajectories and working domains of the dynamic system. Therefore, discussion of
dynamics modelling will focus on how to identify an approximate dynamic model based
on experimental data. During the past decades, artificial neural networks (ANN) have
been widely studied and employed for dynamic model identification of linear and
nonlinear systems.

To date, artificial neural networks have proven to be a very efficient tool for parameter
identification and model approximation, given that a prior measured input-output data set
of the target dynamic system is available. Several ANN types such as the multilayer
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perceptron (MLP) neural network [55], radial basis function neural network (RBFNN)
[56] and functional link artificial neural network (ALANN) [57] have been subject to
intensive research and have been applied successfully in dynamic model identification.
All these ANN methods are primarily designed for approximating the target system as a
whole entity, and with all the methods the prior input-output data set of the target
dynamical system must be measurable and have been obtained in advance. However, in
most practical cases, only some small amount of the unknown components of the whole
dynamic system need to be identified, and direct measurement of the required input-
output data of such unknown components is not feasible. Consequently, the above-
mentioned ANNSs are not suitable for indentifying these unknown components of the
dynamic system.

This dissertation proposes a method for indentifying unknown components or subsystems
of the whole dynamic system via a BP neural network using a prior measured data set
from the whole system. In order to utilize such measured input-output data to train the
ANN models for the unknown components, a modified Levenberg-Marquardt (LM)
algorithm is proposed and developed in the dissertation. Although the original LM
algorithm is regarded as a most efficient training algorithm for BP neural networks, it is
effective only when a prior measured training data set of the system under modelling is
available [58]. In the dissertation, it is assumed that some components or a subsystem of
the whole dynamic system need to be identified, and that only the input-output data set of
the whole dynamic system is measurable and available, which thereby is regarded as an
indirect training data set for the unknown components or subsystem of the entire
dynamics. Thus, the original LM algorithm needs to be modified to fit into such indirect
data. In the modified LM algorithm, the derivatives of the output data set of the whole
system with respect to the outputs of the neural network are deduced, and thereafter such
derivative information is incorporated into the Jacobian matrix of the neural network, and
a new Jacobian matrix is formed by chain rule that can represent the relationship between
the errors of the whole system output and the weights of the neural network. The prior
measured input-output data of the whole dynamic system is thus used to train the neural
network for the unknown components of the dynamic system.

4.3.1 Dynamics identification by neural network using indirect error

For model identification of a dynamic system by a BP neural network, the most common
approach is to use the neural network to approximate the outputs of the entire target
system over the domain of interest based on prior obtained input-output data sets, as
shown in Fig.34.
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Fig.34 Neural network as a dynamic model approximator

However, when the domain of interest of the target dynamic system spans a large area
and the dynamic system contains many parameters and is highly nonlinear and time
variant, the approximation of the neural network is neither efficient, nor its accuracy

satisfactory.

Nevertheless, for any dynamic system, some knowledge of most components of the
dynamics should be available, and only small components or subsystems of the dynamics
of the system exist as a 'black box' or an incomplete function. In such cases, the neural
network should be used to approximate these unknown components rather than the entire
dynamics. The well trained neural network for these unknown dynamical components can
then be incorporated into the entire dynamic system to substitute the unknown
components. The scheme of this concept is shown in Fig 35.
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b) Identified model and the entire developed dynamics
Fig.35 Neural network as an approximator for part of a dynamic system

Practically, the unknown components of the dynamics shown in Fig. 35 (a) are embedded
into the entire system and coupled with the systems fore and aft. It is difficult to obtain
the prior input-output data set for such an unknown system. However, the inputs can be
obtained from the inputs of the entire system via its fore part system. The outputs of such
an unknown system are regarded as immeasurable and cannot be computed from the
outputs of the entire system due to the difficulty of implementing the inverse computation
of the other components of the dynamics as in Fig. 35 (a).

From the entire system dynamics point of view, if the BP neural network for the
unknown components in Fig. 35 (a) are well trained, the errors between the outputs of the
constructed entire dynamic model (Fig. 35 (b)) and the practical entire dynamic system
(Fig. 35 (a)) should approach zero. Since outputs measurement of the entire dynamic
system is feasible, it can be used to train the neural network for the unknown components
of the dynamics based on a modified LM algorithm that utilizes a chain rule to propagate
the errors from the entire system output to the weights of the neural network. The
Jacobian matrix in the chain rule in the modified LM, which consists of derivatives of the
outputs of the entire system with respect to the weights of the neural network, can be
easily computed discretely using data recording from both the outputs of the neural
network and the practical entire system along with the intrinsic mathematics of the neural
network. Thus, a rule for updating the weights of the neural network can be deduced by
using the outputs data set of the entire system. In the dissertation, such measurable data
from the practical entire system is therefore named indirect training data for the unknown
components of the dynamics, and the training process is named indirect error propagation.

4.3.2 Modified Levenberg-Marquardt algorithm for neural network training

Since the modified LM algorithm is deduced based on the original LM algorithm, it is
necessary to introduce briefly the original algorithm.

A. Levenberg-Marquardt training algorithm

The original LM algorithm for training neutral networks evolved from the Gauss-Newton
algorithm. The LM algorithm inherits the speed advantage of the Gauss-Newton
algorithm, while also gaining advantage from adoption of convergence from the steepest
descent whenever the error in the training process tends to divergence [58][72].

The training process for a neural network can be represented by Eq. (81):

Wi =W, — Hkil‘]kT E.. (81)
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where, the subscripts k and k+1 indicate the current iteration and next iteration; w, and
W, ,, represent the weight vectors consisting of all the individual weights of the neural
network; H, is the Hessian matrix, which is a square matrix of second order partial
derivatives of the neural network output errors with respect to the weights; J, is the

Jacobian matrix of the errors of the neural network outputs with respect to the weights of
the neural network; and E, is the error vector consisting of errors of outputs between the

target system and neural network.

The Jacobian matrix J, and the error vector E, are represented by Eq. (82) and Eg. (83)
respectively:

R
ow,ow, T ow,
oe, Oe, oe,
Jo=|ow ow, oaw | (82)
oe, oe, oe,
_awl 8W2 a\Nljnxi

Ek:th_Yk:[el € - &k (83)

where, e, represents the error between the ith output of the target system and neural

network; w, is the ith weight of the neural network; Y," is the output vector of the target
system; and v, is the output vector of the neural network.

In order to avoid computation of second order partial derivatives, the Hessian matrix is
approximated in the Levenberg-Marquardt algorithm by Eq. (84):

H,=J37J, +u, (84)

where 4 is always positive and called the combination coefficient; and | is the identity

matrix and introduced to guarantee that the approximated Hessian matrix is always
invertible.

Substituting Eq. (84) into Eq. (81) yields:
Wi =W = (33 + ) 23,7, (85)

which represents the weights updating rule in each training iteration of the LM algorithm.
When the combination coefficient n is very small, the Gauss-Newton algorithm

dominates Eq. (85), which gives the advantage of speed; when the updating error
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increases, then the combination coefficient u increases, and the steepest descent method

starts to dominate Eq. (85), which can guarantee the correct convergence direction of the
training.

B. Modified training algorithm

In Eq. (85), the error is computed from the difference between the outputs of the target
system and the neural network. However, when the target system is a part of a larger
system, and the outputs of the target system are not measurable directly, as shown in Fig.
36, and the direct error of the neural network training cannot be obtained, the Jacobian
matrix in Eq.(85) cannot be computed and the LM algorithm is not applicable.
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Fig.36 Neural network training by indirect error propagation: 1. Input of the target system;
2. Output of the target system (immeasurable)

However, the output data from the entire dynamic system are still useful to train the
neural network by a modified LM algorithm. In order to utilize the modified LM
algorithm on the output data of the entire system, a new Jacobian matrix and a new
Hessian matrix need to be deduced that can present the partial derivatives of the entire
system output errors with respect to the weights of the neural network. The following
notions are used throughout this section:

o, : the ith output of the practical entire dynamic system;
o, : the ith output of the constructed dynamic model;

e, . the ith error between the practical entire dynamic system and the constructed

dynamic model, e, =0/ -o,;

E,, : the error vector consisting of all the errors e, in the kth iteration;
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y, : the ith output of the neural network;

w, : the ith weight of the neural network;

M, : the partial derivatives of the entire dynamics system output errors with respect to the
outputs of the neural network in the kth iteration, which is represented by Eqg. (86):
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Jy, : the Jacobian matrix between the outputs of the neural network and the weights in the

kth iteration, which is represented by Eq. (87):
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The updating rule for the weights of the neural network based on the modified LM
algorithm can therefore be represented by Eq. (88):

Wk+1 :Wk _(‘:lok-r‘]ok '{'.ul)il‘]ok‘rEoK ’

(88)

where J, is the new Jacobian matrix of the errors of the entire system outputs with

respect to the weights of the neural network, which is deduced by applying the chain rule
on Eg. (86) and Eq. (87), and represented by Eq.(89):
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[ 60, 0o, o0,
owow, T ow
0o, 00, 00,
Jo=—low, ow, T ow | =M.J,. (89)
do o0, o0,
_6\N1 WZ 6Wi Jmxi

The partial derivative matrix M, is computed discretely from the data recording of both

the outputs of the neural network and the entire dynamic system, when the analytical
derivatives of the outputs of the other parts of the system (Fig. 35) with respect to its
inputs are not applicable. Notice that the Jacobian matrix J, herein differs from the

Jacobian matrix J, in the original LM algorithm, in that J, is the derivatives of outputs
of the neural network with respect to the weights, but J, in the original LM algorithm is
the derivatives of the errors of the outputs of the neural network with respect to the
weights.

For batch training of the modified LM algorithm, an updating rule for the weights can be
obtained by augmenting the error vector E, and Jacobian matrix J, in Eq. (88) in the
column direction respectively, as in Eq. (90):

Wiy =W, —(Jg ' Jg +ul) 35 Eg (90)

k

where E, and J, represent the corresponding augmented error vector and Jacobian
matrix for the batch training;

EBKZ[IE; 2Egk pE;k]T; (91)

ST (N LA LSRR Y (92)

and the superscript p indicates the index of patterns or data samples in the batch data.
4.3.3 Case study

Validation of the method proposed in the dissertation is performed by a sinusoidal output
approximation, a second order system parameters estimation and a friction model
estimation of a parallel structure based manipulator, which respectively represent three
different applications of this method.
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A. Sinusoidal function approximation

For a general validation of the proposed method from the perspective of system
approximation, a system with an unknown part is employed and regarded as an entire
system for the approximation by incorporation of the neural network, as shown in Fig.37.

The entire actual system f=sin(0.5*pi*t) |

| ‘Outputs
Inputs t Target unknown y sint bv

: system funknown > y5 + y4 + y3 + y2 +y+1 :

: 1 e

____________________________________________

y

indirect
error back

Indirect errors based on derivatives

Fig.37 Sinusoidal function approximation of a partially known system

It is assumed that the entire system takes a continuous time sequence as the input and
yields a sinusoidal signal f=sin(0.5*pi*t) as the output. The known part of the entire
system is a 5" order polynomial function, which makes the inverse computation from the
output of entire system to the output of neural network have multiple solutions. Thus,
obtaining direct training data for the target unknown system is not practical.

By applying the modified LM algorithm on the entire system input-output data set, a
neural network model for the unknown part can be identified and incorporated into the
derived model for the entire system approximation. The input and output signals of the
entire actual system, which are used for the neural network training, are shown in Fig.38.
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OF

Output

05+ &
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Fig.38 Input and output signal for the entire real system
The input signal is a continuous time sequence from 0 to 4, and the output is a sinusoidal

function f=sin(0.5*pi*t), whose amplitude equals 1 and period equals 4.
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A single hidden layer neural network with 10 neurons is adopted for the unknown part
system identification, and 100 input-output data samples are utilized for neural network
batch training in each iteration. The identification results are shown in Fig. 39 and Fig. 40.

rms of built model
m

a 10 20 30 40 a0 B0 70
lteration

Fig.39 Root mean square (RMS) of errors between the actual and derived system during
the neural network training process

15 T T T T

T
—+— practical system
—=— huilt up system

Outputs of practical and built up systems

Input

Fig.40 Comparison between the actual and derived system at the 100th iteration of the
training process

Since the neural network is trained based on a batch of samples in every iteration, the
root mean square of errors in Fig. 39 is also computed based on the data set of the batch
outputs in every iteration. In Fig. 39, the training process of the neural network converges
very fast at the beginning of the training, after which the error between the real system
and constructed model starts to become stable after around 10 training iterations. The
stable root mean square error of the batch training data is around 1.0e-3 after 100
iterations.

For validation of the constructed model, 200 random data samples spanning from 0-4
were inputted into the real system, which yielded the outputs as the sinusoidal function f=
sin(0.5*pi*t) of the input. At the same time, the same random samples were inputted into
the constructed model. A comparison between the results for the two systems is shown in
Fig. 41.

92



CHAPTER 4

55 T T T T T T T T T

—— practical system

#§ | —<huill up model
™ T 1T

w

i

outputs of practical and built up model

i 20 40 G0 80 100 120 140 160 180 200
random input data samples

a) Outputs comparison between the actual system and the model derived based on
random inputs

003

nozp 1

0o1p

-0.01 B

-0oz2f =

errors between practical and built up systems

0.03 L L L I L I L L L
u] 20 40 B0 g0 100 120 140 160 180 200

input data samples
b) Errors between the actual system and the model derived based on random inputs
Fig.41 Comparison of the actual system and the model based on random inputs

The root mean square error between the practical system and the model based on random
inputs is under 0.01, which shows that the model constructed by the neural network for
the entire system can be deemed as accurate. The modelling accuracy can be improved
further if the training iteration continues.

B. Second order system estimation

In order to validate the proposed method in mechanical dynamic system identification, a
second order system is investigated in this section. The identification concept is shown in
Fig.42.
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Fig.42 Dynamic model identification of a second order system: I. Target output; II.
Constructed model output

It is assumed that in such a second order system the mass parameter M is known; and the
damping coefficient C and elastic coefficient K are unknown. The aim of dynamic model
identification in this example is to construct an accurate inverse dynamics model for the
second order system, which implies that given the acceleration X, velocity X and the
position X information, the driven force F required by the system can consequently be
computed. To achieve such an aim, the unknown damping and elastic terms of the
dynamics need to be identified.

In practice, an experiment can be carried out on the forward dynamics of this second
order system in which a specific driven force is exerted on the system and system
response results consisting of acceleration, velocity and position can hence be obtained.
For the inverse dynamic modelling process, such experimental data from the forward
dynamics can be utilized to train the neural network for the unknown terms of the inverse
dynamics, herein C* X + K * X , by applying the modified LM algorithm. In the neural
network training process, the outputs of the forward dynamics, namely, acceleration,
velocity and position, are taken as the input data of the inverse dynamic model and the
driving force F is taken as the target output data. The errors between the target output and
model output will converge towards zero if the neural network is well trained by the
modified LM algorithm. Thus, the unknown terms of the inverse dynamics and the whole
inverse dynamic model can be deemed to be identified correctly and constructed
successfully for the particular experiment data.

For detailed illustration, a sinusoidal input force was adopted as the input signal of the
forward dynamics of the system as a numerical example, which is shown in Fig. 43.
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Fig. 43 Input excitation force of the forward dynamics

The amplitude of the input force was 10 N and the period was 20 seconds. In the forward
dynamic system, the mass M equaled 1 kg; damping coefficient C equaled 5; and elastic
coefficient K equaled 10.

Along with the input signal, the output data of the forward dynamics were also collected
as training data and used to train the neural network so as to build up an inverse dynamic
model based on this particular excitation. A single hidden layer neural network, which
consisted of 10 neurons, with two inputs and one output was utilized. The training
process the neural network underwent was based on batch data in each iteration. The
training process as well as the results of the constructed model are presented in Fig. 44.

root mean square of errars
=
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a) RMS of errors between the target output and the constructed model output during
neural network training
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Fig.44 Neural network training process and results of trained model

In Fig.44.(a), the model converges fast at the beginning of the neural network training,
and after 10 iterations the error between the target output and model output reaches 1.0e-
3 and starts to converge slowly. Fig. 44 (b) and Fig.44 (c) present a comparison of the
results for the target output and the model output.

For validation of the built-up model, two different input signals, a sinusoidal signal with a
period of 40 seconds and a cosine signal with a period of 20 seconds, were exerted on the
system individually as the target output reference of the inverse dynamics model. The
corresponding outputs from the forward dynamics were input into the model with the
well trained neural network. A comparison of the results for the reference target and the
outputs of the model is shown in Fig. 45.
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d) Error between the target data and output data of the constructed model based on the
cosine signal

Fig.45 Comparison of the results for the target data and the constructed model output
based on different excitation signals

In Fig.45 (b) and (d), the error results imply that the built-up model has less accuracy
based on the different excitation signals from the training signal. The reason for the
reduced accuracy is that the input data of the neural network yielded by the different
signals were outside the domain of the training. However, the yielded outputs from the
constructed model can still match the accuracy requirements for some applications, such
as a controller design based on inverse dynamics. Furthermore, in practice this accuracy
weakness can be overcome by augmenting the experimental data for the neural network
training to cover the whole possible domain of the application under study.

C. Friction model estimation of a parallel robot

In this section, an example of dynamic model identification by the modified LM training
algorithm is illustrated on a more complicated system — a parallel structure based
manipulator.

For inverse dynamics modelling of parallel robot/manipulators, Newton-Euler
formulation and Lagrangian formulation are widely employed in the literature [12]. In
both methods, the friction forces in the joints of the robot are ignored. However, in
practical cases, when the lubrication of robot joints is not well maintained and the robot is
under heavy duty payload or the pose of the robot is close to the singularity condition, the
friction forces play a significant role in the robot dynamics.

In this section, an inverse dynamics model is derived for a parallel manipulator,
CaPaMan, in which the friction model is approximated by the neural network using the
modified LM algorithm. The manipulator, as shown in Fig.46, possesses 3 driven degrees
of freedom (DOF) and consists of a movable end-effector, a base and three legs. The leg
consists of a parallelogram mechanism, which is driven by a servo motor, and a vertical
bar, which can only slide perpendicular to the parallelogram plane. The spherical joint is
used for the up-joint of the vertical bar.
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Fig.46 3D model and kinematic scheme of CaPaMan: 1. End-effector 2. Vertical bar 3.
Parallelogram mechanism 4. Driven crank of parallelogram 5. Servo motor 6. Base. I.
Passive freedom sliding joint Il. Active drive

Since the sliding direction of the vertical bar (Fig. 46 1) is perpendicular to the driving
direction of the parallelogram, the friction force in this sort of joint is significantly large
compared with the friction force of other joints being revolute or ball joints, thus only
such friction forces are taken into account in the inverse dynamics modelling of the robot.
The forward dynamics of the parallel manipulator is simulated in MSC.ADAMS software,
and the control strategy is implemented in MATLAB Simulink.

The inverse dynamics modelling process of this parallel robot, which incorporates the
neural network modelling for the friction model, is shown in Fig.47.
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Fig.47 Inverse dynamics modelling process

An experiment can be carried out on the target practical robot system over an interested
trajectory or a cluster of several interested trajectories. The corresponding driving torques
in the actuators, 7, r, and r,, the end-effector's acceleration ®, velocity ® , position ©
and payload F, can thus be measured. Based on the Newton-Euler formulation, an
inverse dynamics model can be derived, in which the unknown friction forces in the
sliding joints are included as variables and deemed as a 'black box'. The neural network is
then utilized to identify and substitute such a 'black box'. The training process of the
neural network is implemented based on the prior measured data from the whole forward
dynamics, namelyz,, z,, z,, F,, ®, ® and @ . The inputs of the neural network are the
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forces F, acting on the sliding joints and the relative velocity ©, of the sliding joint,
which are computed inversely from the end-effector's payload F, and velocity ® . The

modified LM training algorithm is utilized herein for the neural network training. If the
neural network is well trained, the errors between the driving torques of the actuator and
the outputs of the constructed inverse dynamics model should converge towards zero. If
such convergence to zero occurs, the friction model and the inverse dynamic model can
be deemed to have been successfully identified and constructed for the specific
trajectories of interest.

For detailed demonstration, an example is illustrated based on the trajectory given in Fig.
48.
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Fig.48 Experimental trajectory

The end-effector of the parallel manipulator was controlled to implement the trajectory in
Fig 48 along the Y-direction in the global reference frame of the manipulator base (in the
kinematic scheme of Fig. 46). To realize this trajectory, legl and leg2 are driven while
leg3 stays still.

In order to identify the friction models in the sliding joints of legl and leg2, a multi-
inputs-outputs neural network with a single hidden layer structure was employed, in
which the velocity of the sliding joints and the force acting on the sliding joints comprise
the 4 inputs of the neural network, the joints' friction forces comprise the 2 outputs, and
10 neurons are utilized in the hidden layer. 200 data set samples of the actuators' torques
and the corresponding end-effector outputs -- acceleration, velocity, position -- as well as
the payload were utilized to constitute the batch training data of the neural network,
which were generated from the implementation of the given trajectory.

Results for the training process and the constructed inverse dynamics model are shown in
Fig.49.

100



CHAPTER 4

0.45 T T T T T

=
s

0.35

=
w

025

=
[N

0.1s

root mean sguare of errors

=

0.0s

1
0 ] 10 15 20 25 30
iterations

a). RMS of errors between the actuator torques and the constructed inverse dynamics
output during the neural network training

0.4 T T T T T T T T T
*
= g 4
= —2— gystem target
= 02t —+— huilt up model output -
= built up model output without friction
w 041 4
=
k3]
[ud
=]
11}
=
jax
=
i

Tirne t (unit: t)

b) Comparison between the torque of actuatorl (legl) and the corresponding output of
the inverse dynamic model

0.15

=

o =

(5] =iy
1 1

[}
1

built up model output1

errors between target1 and

—

o g

= M
1

10 15 20
Time t {unit: =)

]
m

c) Errors between the torque of actuatorl (legl) and the corresponding output of the
inverse dynamic model

101



CHAPTER 4

Torque of actuatar (unit: N¥m)

—&— gystem target
02r —+— built up model output A
i built up model output without friction | |
i M |
_D‘.l 1 1 1 1 L 1 L 1

1
1] 2 4 ] g 10 12 14 16 18 20
Time t (unit: 5)

d) Comparison between the torque of actuator2 (leg2) and the corresponding output of
the inverse dynamic model

=
Y

0.0s 8

-0.08 .

fou}
T
1

errors hetween target2
and built up model output2

=
—
[g}

5 10 15 20
Time t (unit: =)

e) Errors between torque of actuatot2 (leg2) and the corresponding output of inverse
dynamic model

Fig.49 Results for the constructed inverse dynamic model by incorporating the neural
network for a friction model

In Fig. 49 (a), the training process of the neural network and the process of the inverse
dynamic model converge fast at the beginning of the training, but start to converge more
slowly after around 12 iterations. The training process finishes at around the 30" iteration
since the parameter u in the updating rule of Eq. (90) reaches the maximum value
1.0e15. By this point of the training, the RMS of the errors between the torques of the
actuators and the outputs of the inverse dynamic models equals 0.065. The RMS is
computed by comparing the two outputs of the inverse dynamics model and the actual
input torques of the two actuators over the whole batch training data in each iteration.

Fig. 49 (b) to (e) show the output results of the constructed inverse dynamics model of
the parallel manipulator over the given specific trajectory at the 30™ training iteration, at
which point the neural network and the derived inverse dynamics are considered well
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trained and identified. A comparison between the actual input torques of the actuators,
the outputs of the constructed inverse dynamics model with the friction model of the
neural network, and the outputs of the inverse dynamics model without the friction model
is given in Fig. 49 (b) to (e). It can be seen that the friction model for this manipulator
along the particular trajectory of the end-effector can be well approximated by the neural
network using the modified LM algorithm, and a satisfactory inverse dynamics model
can be constructed.

In practice, the number of trajectories of a robot is limited according to its in-situ
applications. Thus, an applicable inverse dynamics model could be derived with the
method above by augmenting the neural network training to cover the complete possible
domain of the trajectories of interest.

4.4 Conclusion

This chapter proposed a feedforward control strategy for suppression of vibration caused
by external disturbances acting on the end-effector of a parallel robot. An inverse
dynamics model was employed in the feedforward control path, which generates a
compensation signal on the actuators of the robot to cancel out the effect from the
external disturbance. Validation of the proposed method was performed on a parallel
manipulator in a software environment. Problems associated with applying such an
approach in practice were discussed. Complications arise from the difficulty of accurately
modelling the dynamics of the target system because of unknown parts of the dynamics
in the system.

As a solution, a BP neural network was proposed for identification of such unknown
parts of the system dynamics. A modified Levenberg-Marquardt algorithm was
developed that can utilize the experimental input-output data set of the entire dynamics
system to train the BP neural network for the unknown parts. Validation of an approach
utilizing such a BP neural network and modified Levenberg-Marquardt algorithm was
performed with three application examples. It was noticed that the accuracy of the
constructed dynamic model incorporating the BP neural network started to degenerate
when the testing data were outside the range of the experimental training. This finding
illustrates one of the intrinsic weaknesses of neural networks, namely that neural
networks are only effective within the training domain and cannot accurately extrapolate
behavior of a target system beyond the training domain [73].
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CONCLUSIONS
5.1 Summary of the Dissertation

In order to obtain satisfactory machining performance for a kinematic redundant serial-
parallel robot machine, the dissertation proposes two control strategies including the
trajectory planning and vibration suppression.

For a given prescribed trajectory of the robot's end-effector in the Cartesian space, a set
of trajectories in the robot's joints space are generated based on the best stiffness
performance of the robot along the prescribed trajectory.

In order to construct the system-wide analytical stiffness model for the serial-parallel
robot machine, a variant of the virtual joint method (VJIM) is proposed that is an
evolution of Gosselin's lumped model and can account for the deformations of a flexible
link in more directions. The prominent advantage of the VIJM variant method compared
with the MSA method is that it can be applied in a flexible structure system with
complicated kinematics formed in terms of flexible serial links and joints. Moreover, by
combining the VJM variant method and the virtual work principle, a system-wide
analytical stiffness model can be easily obtained for mechanisms with both serial
kinematics and parallel kinematics. In the dissertation, a system-wide stiffness model of a
kinematic redundant serial-parallel robot machine is developed based on combining the
VJIM variant and the virtual work principle. Numerical results on the stiffness
performance of the model are presented.

In order to generate a set of feasible joints' trajectories for a prescribed trajectory of the
end-effector of a kinematic redundant robot, the system-wide stiffness performance of the
robot is taken as the constraint in the joints trajectory planning. For a prescribed location
of end-effector, the robot permits an infinite number of inverse solutions, which
consequently yields infinite sorts of stiffness performance. Therefore, a differential
evolution (DE) algorithm is employed to search for the best stiffness performance of the
robot, in which the positions of redundant joints in the kinematics are taken as the input
variables. Numerical results of the generated joint trajectories are given for the kinematic
redundant serial-parallel robot machine, IWR, when a particular trajectory of its end-
effector has been prescribed.

For the suppression of vibration occurring in the robot machine during the machining
process — a result of the varying cutting force — a feedforward control strategy is
proposed that is constructed based on an inverse dynamics model of the target system.
The effectiveness of applying such feedforward control in vibration suppression is
validated in a software environment for a parallel manipulator. Problems associated with
utilizing the feedforward control in practical environments are discussed in the
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dissertation. Complications arise from difficulties in modelling the practical system due
to unknown components in its dynamics. As a solution, a BP neural network is proposed
for identification of the unknown components of the dynamics of the target system. A
modified Levenberg-Marquardt algorithm is proposed for training such a BP neural
network for the unknown components of the system dynamics that can utilize an
experimental input-output data set of the entire dynamic system. Validation of the BP
neural network and the modified Levenberg-Marquardt algorithm is performed by a
sinusoidal output approximation, a second order system parameters estimation and a
friction model estimation of a parallel manipulator, which represent three different
applications of this method.

5.2 Conclusions of the Dissertation

The validation of the novel VIM variant is done by comparing the computed stiffness
results of a flexible link with the those of matrix structural analysis. The comparison
shows that the numerical results from both methods on an individual flexible beam are
almost identical, which in some sense validates the two methods. The stiffness modelling
process of IWR shows that the VJM variant combined with the virtual work principle can
efficiently deal with the modelling case in which the complicated parallel and serial
structures are included, and the final obtained stiffness model is completely analytical
and computational-efficient.

The numerical results obtained from the stiffness model of IWR show that the stiffness
performance of entire robot under the assumption of a rigid serial part is possibly weaker
in some interested directions than the those under the assumption of a flexible serial part.
The reason behind is that the redundant flexibility in the serial part of the robot allows the
deformation of the robot to occur in other possible directions, which to some extent can
mitigate the deformation of the parallel part along one direction. This phenomenon can
also be interpreted from the energy point of view, since the flexible serial parts can
absorb the external energy in other deformation directions. Moreover, it implies that the
system-wide stiffness performance of the robot can be optimized at the prescribed
trajectory due to the existence of redundant flexible kinematics.

The numerical results of the joints trajectories which are generated based on the stiffness
optimization shows that they are feasible for realization in the control system, since they
are acceptably smooth. This finding also implies that the stiffness performance of the
robot machine deviates smoothly with respect to the kinematic configuration in the
adjacent domain of its best stiffness performance.

The results of applying the feedforward control approach to suppress the chatter vibration
on a parallel manipulator indicate that it is an effective method to reject the vibrations of
robot, which are caused by the varying external payload force. The premise of applying
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such an approach regarding the practical application is to construct an accurate inverse
dynamics model for the target robotic system.

The results of applying the BP neural network for the identification of the unknown
components of the dynamics of a target system show that the modified Levenberg-
Marquardt algorithm is effective for the training of such BP neural network based on the
experimental input-output data set of the entire dynamic system. It should be noticed that
the accuracy of the constructed dynamic model incorporation the BP neural network
started to degenerate when the testing data were outside the range of the experimental
training. In order to get a stable accuracy of such BP neural network for the target system,
more training data which covers more interested domains of the target system should be
utilized.

5.3 Future Work

Although numerical results on the stiffness performance of IWR are given in the
dissertation for the proposed VJM variant method and the virtual principle work,
experimental measurement on the robot still needs to be carried out to validate the
accuracy of the proposed method. For a given prescribed trajectory of end-effector of
IWR, the corresponding joints' trajectories were generated in the dissertation based on the
maximized stiffness performance. However, the practical machining performance needs
to be compared with other kinematics configurations by experimental measurement that
is not obtained under the constraint of maximized stiffness.

In the third example of dynamics model identification using the BP neural network and
the modified Levenberg-Marquardt algorithm, the friction model of the joints in the
parallel manipulator is deemed to have been identified, but the identified model is locally
limited, since it is obtained only based on one prescribed trajectory of the parallel
manipulator. In order to cover all the trajectories of interest in the target system, more
training over a larger domain of interest needs to be carried out. In the BP neural network
training process in the dissertation, it is found that the identification results for the
unknown components in the dynamics can be even better if extra weights are adopted
between the outputs layer of the neural network and the following parts of the dynamics
system; online adjustment of the size of the neural network can also contribute greatly to
the training efficiency of the neural network, since selection of the proper size of neural
network has a big influence on the accuracy of the constructed model. A well trained
neural network can also present some extrapolation character for the constructed
dynamics model. Future research work could focus on these incomplete findings.
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ABSTRACT

Due to the high stiffness, high dynamic performance, the
parallel manipulator presents great advantages in the industrial
manufacture. However in the machining process, the external
low frequency disturbance, e.g. the varying cutting force, has a
significant effect on the control system of parallel manipulator,
which presents a chatter phenomenon on the end-effector of
manipulator.

In this paper, a feed forward control strategy is proposed to
eliminate the effect of the random external disturbance on the
control system of parallel manipulator. By applying the external
disturbance force on the inverse dynamic model, the
compensation torque is calculated and fed forward into the
manipulator driving joints to cancel out the effect of the
disturbance acting on the manipulator end-effector. The key
issue herein is to be able to establish the accurate dynamic
model for the parallel manipulator.

Furthermore, in order to guarantee the position precision of
the manipulator, a feed forward model-based control strategy
combined with the feedback loop PV (position and velocity)
control has been developed based on the reference trajectory,
which could relatively simplify the highly nonlinear control
system of the parallel manipulator and obtain a stable tracking
error model.

The whole research has been carried out on a parallel
manipulator named CaPaMan which has been built in the
laboratory of robotics and mechatronics in university of Cassino
and South Latium. The results show that the chatter
phenomenon could be utterly depressed by the force
compensation from the feed forward path of the external
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disturbance; meanwhile the model-based controller can
guarantee the trajectory tracking accuracy within a stable error
by choosing the suitable PV gains.

1. INTRODUCTION

Due to the high dynamics performance, improved stiffness
and light moving mass as well as the relatively more degrees of
freedom in the end-effector, the parallel kinematic robot
machine has been considered as the most potential replacement
of the conventional machine tools. However, after many
researchers have dedicated to the industrial application of
parallel mechanism for many years, only few parallel robot
concept has survived in the practical applications, such as the
Gough/Stewart structure, delta robot. Even fewer parallel robot
has succeeded in the machining application.

Theoretically the parallel robot can achieve great kinematic
accuracy based on the established error model by taking into
account the manufacturing and assembly errors [1][2], however
in practice the obtained accuracy is not satisfying due to its
highly nonlinear dynamics which would bring the difficulties in
the robust controller design. Although the corresponding
nonlinear controllers could been developed and also studied by
many researchers either when the robot is unloaded or under the
stable load [3][4][5][6]. Nevertheless when the random external
varying load is exerted on the end-effector, the developed
nonlinear controller becomes incompetent in such situation, and
the accuracy of the end-effector will deteriorate seriously due to
the chatter vibration of the robot machine. In the machining

1 Copyright © 2013 by ASME



process, due to the different cutting speed, depth of cut as well
as the feed speed, the varying cutting force is inevitable and the
chatter phenomenon occurs consequently, which does not only
jeopardize the machining surface quality and the tracking
precision, but also cause the sever damage to the robot joints,
the functional life of the cutting tool as well as the under-
machining product material.

In order to solve the problem of chatter vibration of parallel
mechanism, abundant research has been carried on during the
past decades, and the methodologies could be generally divided
into two categories: (a) optimizing the parallel robot structure in
the design stage and (b) employing the active robust control
strategy.

By optimizing the parallel kinematic structure, the static
and dynamic performance of robot machine could be relatively
improved, some researchers have already proposed several
approaches [7][8][9]. Meanwhile some other researchers also
have proposed another way, by which the online optimization of
robot configuration is executed to get the best robot static
stiffness along the reference machining trajectory while the
redundant freedoms exist in the parallel robot machine [10].
However, these approaches can only alleviate the vibration, but
not eliminate the causative mechanism.

Regarding the active control strategy, most of the current
research has concentrated on the vibration depression which has
been yielded only by the robot system itself. Some researchers
have proposed the method of dynamics compensation which is
used in the control loop to cancel out the nonlinear
characteristic [11]. Some other researchers have proposed the
method of optimizing the reference model by various digital
filters such as notch filter, Bessel filter etc. [12][13], the essence
of which is still trying to attenuate the external varying load
caused by the spiky acceleration in the trajectory.

In the machining process, when a robot machine is
designed for an extensive cutting parameters and for various
material machining [14][15][16], even as the trajectory of end-
effector is quite smooth (without any spiky acceleration), the
considerable varying cutting force still exists which can't be
dealt with by the digital filters mentioned above.

In this paper, a feed forward control strategy is proposed to
eliminate the chatter vibration caused by the random external
disturbance/force on the end-effector of parallel manipulator.
The external varying load is measured and input into the inverse
dynamic model of the parallel manipulator as a part of control
system. Consequently, the compensation torque could be
calculated and fed forward into the manipulator driving joints to
cancel out the disturbing effect of the external force acting on
manipulator end-effector. Furthermore, in order to guarantee the
position precision of the manipulator, a model-based feed
forward control strategy has been developed based on the
reference trajectory, which could simplify the highly nonlinear
control system of the parallel manipulator into a relatively
linear close loop control. The research has been simulated and
validated on a parallel manipulator named CaPaMan (Cassino
Parallel Manipulator) [17], which has been built in the

laboratory of robotics and mechatronics in university of Cassino
and South Latium. The rest parts of this paper are organized as
following: the second section describes the dynamics model of
parallel manipulator CaPaMan; the third part elaborates the
control strategy; the fourth part gives the chatter depressed
results and the future open work; the last parts are
acknowledgments and reference.

2. DYNAMICS OF THE PARALLEL MANIPULATOR

The parallel manipulator under research is shown in Fig.1,
which possesses 3 driven degrees of freedom (DOF) and
consists of a movable end-effector, a basement and three legs.
The leg consists of a parallelogram mechanism, which is driven
by a servo motor in the left down joint, and a vertical bar which
can only slide perpendicular to the parallelogram plane. The up
joint of the vertical bar is a spherical joint.

Figure 1. 3D model of CaPaMan: 1. end-effector 2. vertical bar
3. parallelogram mechanism 4. driven crank of parallelogram
5. servo motor 6.basement . passive freedom II. active drive

Figure 2. Kinematic scheme of CaPaMan

In the most of current parallel robots, if the end-effector
was declaimed to posses certain number of DOF, e.g. 3 DOF ---
translations along the x, y axes and rotation around z axis, it is
believed that in the workspace the value of coordinates of end-
effector only changes in these 3 DOF. However in the parallel
manipulator of this paper, even there are only 3 driven DOF in
the CaPaMan, its end-effector can still cover 6 DOF in the
workspace because of the varying of DOF presentation in some
specific points. It means that in a specific trajectory, the end-
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effector presents 3 certain freedoms, e.g. translations along x, y
axes and rotation around z axis; however in another specific
trajectory, the end-effector may present another 3 different
freedoms, e.g. translations along y, z axes and rotation around x
axis. This phenomenon is hereafter named heterogeneity of
workspace in this paper.

Due to the heterogeneity, the available freedom of end-
effector of CaPaMan varies in some different workspace point.
Consequently, the general fixed-term Jacobin matrix of
covering the full 6 DOF does not exist in the workspace. The
conventional methods of dynamics analysis, e.g. the principle of
virtual work, cannot be employed. Herein the method of
adopting the Lagrangian equations of the first type has been
taken for the dynamics analysis.

In order to build up the dynamics model, the kinematics
should be analyzed first. In this paper, all the reference frames
and the kinematic vectors are expressed as shown in Fig.2: the
global reference frame OXYZ is located in the center of
basement; the local frame OaXaYaZa is fixed in the center of
end-effector; the base joint frame O;X;YiZ; is fixed in the
middle of the bottom line of parallelogram with the x axis
perpendicular to the parallelogram plane and z axis vertical of
basement; P represents the vector from point O to Oa; B, the
vector from O to Oy; L, the vector from O; to E; (E; is the
middle point of up line of parallelogram); H; the vector from E;
to Dy; K; the vector from D; to C; (D4, C;: two ends of vertical
bar); A, the vector from O, to Cy; S; the vector from O to Dy;
Let the end-effector coordinates are represented by the vector
(Px, Py, P, a, b, c), in which the (P,, Py, P,) represents the
position of end-effector while (a, b, c) represents Euler angles.
a. Kinematic Constraints

Since the configuration of 3 legs in the CaPaMan is
homogenous, the analysis on one of them is sufficient to deduce
the kinematic constraints. From leg 1 in Fig.2, the close loop
kinematic equation is obtained as Eq.1.

S, =P+4-K, (1)

As the vertical bar K, is always vertical to the basement
plane (XY plane), we assume there is a virtual axis V through
the point O vertically, and a plane N (in the right part of Fig.2)
is formed by this virtual axis V and K;, which can only rotate
around V. As the vector H; is always parallel to the vector By,
the plane M is formed, which can only rotate around B;. The
vector S, is the intersection of plane M and N.

Regardless the rotating of plane M, the projections of
vector S; on the Y, and Z; axes of frame O;X;Y;Z; are always
equal to the ones of vector L, individually. The following
constraint equations are obtained:

%5, (2)-"L,(2) =0 )

%5, (3)=4L,(3) =0 (3)
where the leading superscript R; denotes that the vector is
expressed in the reference frame O;X;Y1Z;; the 2" in
parenthesis denotes the projection on Y; axis and the '3' the
projection on Z; axis.

By analogy the following equations are obtained from leg 2
and leg 3.

%5, (2)="L,(2) =0 4
78, (3)-"L,(3) = 0 (5)
".5,(2)="Ly(2) =0 (6)
%5, (3)-"L,(3) =0 )

Let the left part of Eq.(2) to (7) be represented by the Ct; to
Cts individually. Since they are the functions of end-effector
coordinates (P, Py, P, a, b, c) and the rotation angles of
parallelogram 0,,6,,06,, taking the partial derivatives of these

constraint functions Ct; with respect to the 9 generalized
coordinates yields

o, Lo

0
0
_|o|
“lo
of
ey o)
a6,
o 0Cs C, 9Cs 3G,
o, P, P @a ob dc 06, a0, o0, (8)
By the matrix partition, the Eq.(8) could be simplified as Eq.(9)
e, ¢] {”q"}:[o 0000 0 ©
Gl

b. Lagrangian Formulation

By taking account of the kinetic and potential energy of
end-effector, vertical bar and the parallelogram mechanism, the
Lagrange function is obtained in Eq.(10):

L=K,+K, +K.~U,-U, -U, (10)
where K, and U, represent the Kinetic and potential energy of
end-effector, K, and U, the kinetic and potential energy of
vertical bar (slider of passive freedom included), K. and U, the
kinetic and potential energy of parallelogram (slider base
included).

Let the coordinates of end-effector be the redundant
Lagrangian coordinates, the rotations of parallelogram be the
independent coordinates, then the 6 Lagrangian multipliers are
introduced as expressed in Eq.(11).

A=lh & A A ks Al (11)

Let the first 6 Lagrangian equations of first type be
associated with the end-effector coordinates, then a set of
system dynamic equations can be written in the form:

C, ’z:i[ o ]— &L, (12)

4 dr\ 60, ) 00, °
where

R
dfoL) |dfoL) dfeL) dfaL 1{%) 1[61) 1(¢j
dt\oQ, ) |di\op, ) dt\oP, | di\oP, ) di\ea) di\ab) dt\oc

. L [BL oL oL A oL aLT and g _[r g ofocoo o)

0,
which presents the external force acting on the end-effector.
When the position, velocity and acceleration of end-effector as
well as the external forces are given, the values of Lagrangian

oP. P, OP. éa b oc
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multipliers could be calculated by solving the linear equations
described by Eq.(12).

Once the Lagrangian multipliers are found, the actuator
torques in the driving joints of legs can be determined directly
from the remaining Lagrangian equations. Specifically the
second set of 3 Lagrangian equations for system dynamics
could be written as the form:

,:i(ij—“—c% (13)
di\80,) 80,

where 4 (o) [d(a) afa) afa)ls a fo o al,

di\og, | |di\ 86, ) dr\aé,) dil a6, 00, |06, o6, o6,
and g [, ;, ] which are the actuator torques needed from
the servo motor.

3. CONTROL STRATEGY

After the dynamic model has been built up, the whole
control simulation for CaPaMan is implemented by combining
the Matlab SIMULINK and MSC_ADAMS environment, in
which the control strategy is developed and running in the
SIMULINK while the forward dynamics of parallel manipulator
is calculated and presented by the ADAMS solver/viewer. The
whole simulation architecture is presented by the Fig.3.

Matlab
SIMULINK

Position, Velocity, Acceleration
Figure 3. Simulation architecture

The 3D model of the parallel manipulator is developed in
ADAMS, then the state variables, which are used for the
interaction between SIMULINK and ADAMS/solver, of the
model are exported to the SIMULINK as a module called
ADAMS subsystem plant. By this way, both the advantages of
mechanical dynamics behavior simulation in ADAMS and
controller design in SIMULINK are utilized.

In order to obtain the good machining performance of
parallel manipulator, the chatter vibration suppression is not the
only objective for the control system design, but the trajectory
precision is also an important factor. The control scheme for
parallel manipulator in this paper consists of three parts as
shown in Fig.4: |. feed forward model-based nonlinear control,
1. feedback PV control and Ill. feed forward external
disturbance depressing control.

Due to the highly nonlinear characteristic of dynamics in
CaPaMan, it is difficult to get the satisfied tracking performance
even without the external disturbance only by using the
conventional PID controller with constant gains. In the paper,
the model-based feed forward and the feedback PV control are
combined to relatively simplify the nonlinearity of control
system so as to get the stable tracking error.

Since the machining process in the end-effector would
incur the severe disturbance load which would result in the
serious chatter phenomenon in the manipulator, the inverse

Torque =&

ADMS Subyystem‘

dynamics based feed forward control is taken to cancel out any
random extra load in the driving joints caused by the end-
effector disturbance.

External

| piswrbance F t‘
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B |
7 (.I
L 2
I F :
e . Apams P
f N \ Subsystem P [~
| B | r Plant @ |—
I| Reference merse | (S T .
| mrajeciory T Dynamies T ™[} N Um
| Py [
K”
Inverse O D)

Kinematics o
i
+

Figure 4. Control scheme: |. Feedforward model-based non-
linear control, 11. Feedback PV control, I11. Feedforward
disturbance depressing control

a. Model-based Nonlinear Control

For a general rigid body dynamics, an universal form could
be given as the Eq.14.

r=M(©)0+V(0,0)+G(O)+F(6,0) (14)
where M is the nxn inertial matrix of manipulator, V an nx1
vector of centrifugal and Coriolis terms, and G an nx1 vector of
gravity, F the friction of joints and external load.

By utilizing the linearizing and decoupling control law, the
nonlinear control term y(e,é)+G(©)+ F(©,6) could be taken
into control system to cancel out the nonlinearity in the
dynamics model, which yields a linear second order system
#=Mm(©)6 and an error model of control system j, x j, K,E=0:

However for a parallel mechanism, due to the complicated
kinematic coupling of joints, it is impossible to separate the
term M from its dynamics model, the above mentioned
linearizing law is not available. A revised model-based control
is employed in this paper for CaPaMan control. Only take the
part | and part 1l of control scheme in Fig.4 into consideration,
the system equation could be written in the form:
M(©,)0,+V(0,.0,)+G(0,)+F(0,0,)+KE+K,E (15)
=M(©)0+V(0,0)+G(0)+F(O,0)
where g-g,-o. By simplifying Eq.(15) under the assumptions
M(@‘,)EM(O)Y V(@L,,@L,);M(G)‘G))Y G(©,)=G(O) gnd F(G)‘,,G)‘,);F(G),(;))Y
the error equation of system is found as Eq.(16).

E+ M @)K E+M™(@)K,E=0 (16)

Clearly, the feed forward control doesn't provide complete
nonlinearity decoupling, and the effective feedback gain
changes while the configuration of the parallel manipulator
changes. However a good set of constant gains can still been
found to guarantee a reasonable damping performance of error.
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b. Disturbance Depressing by Feed forward Control

While the parallel manipulator is used in the machining, the
cutting force F could be deemed as a varying disturbance. By
applying the feed forward control loop (control part Il in
Fig.4), then the compensation torque, which is used to cancel
out the effect of F through the manipulator, is calculated based
on the built up inverse dynamics model. The whole function
diagram of the control scheme is presented in Fig.5.

n
Figure 5. Implementation of control system

The plant consists of two parts: (1) for the Py, the torques
acting on the driving joints are taken as the input parameters of
system function, while the position, velocity, and acceleration of
end-effector and driving joints are regarded as the output, and it
can be expressed by the Eq.(17)

(P.P,P,0,0)=B(r.C,) (17)
where C, is the configuration of manipulator from the previous
calculation step; (2) for the P,, the external load is taken as the
input parameter while the causable effective torque in the
driving joints is taken as the output of the system, which is
expressed by the Eq.(18)

7, =P(F.C)) (18)
where C. is the current manipulator configuration.

The actual acting torque on the driving joints are formed by
the Eq.(19) as follows,

T =174 + KE + K, E+(7, - 77) (19)
where . _, p 5 ) is the torque calculated from reference
trajectory, x ., x ; the torque calculated from trajectory control
error, . _p (r.c) the torque used for compensation due to the
external force. Substituting Eq.(19) into (17) yields

(P,P,P,0,0)=P,((D,+K E+K E+(D,-P,)),C,) (20)

From Eq.(20), while established inverse dynamics model
D, of parallel manipulator in control system approximates to P,
in ADAMS, the difference between the compensation torque
and the disturbing torque in the driving joints would approach
to zero. Then the effect of the external load could be eliminated
significantly or even completely.

4, RESULTS, CONCLUSION AND FUTURE WORK
Based on the proposed control strategy, while a reference

trajectory of end-effector is given, which is shown as the Fig.6,

several results are obtained and presented in this section.
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Figure 6. The reference trajectory of end-effector
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Figure 8 The comparison of the trajectory outputs with and
without the feedforward control path for external disturbance
depression under feed forward model-based control
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In the given reference trajectory in Fig.6, the freedoms of
end-effector keeps consistent and consists of translations along
y and z axes and rotation around X axis.

The external disturbance force is simulated by a 10 Hz
triangle wave with the amplitude of 10 N, as shown in Fig.7.

While the feed forward model-based control is applied,
with/without the feed forward control path for the disturbance
depression (FDD) in the control system, the outputs of obtained
trajectories are as shown in Fig.8.

In the figures the dash blue line represents the reference
trajectory and the continuous red line represents the actual
obtained trajectory. From the Fig.8(a),(c),(e), it is clearly
demonstrated that the chatter vibrations occurred in the same
frequency of the external disturbance. However, from the results
of Fig.8(b),(d),(f), two outcomes could be concluded: (1). the
feedforward control for external disturbance depression applied
in this paper is validated to be very effective based on the built
up inverse dynamics model of the objective manipulator; (2). by
the feed forward model-based control, a stable trajectory
tracking error could be obtained for the highly nonlinear
dynamic system.

Although a good result could be obtained by the software
simulation in this paper, several difficulties are still open for us
to apply this methodology into the practical application, and our
future research would be on: (1) how to build up the theoretical
dynamics model close to the actual manipulator? Such as the
friction model, the deformation model as well as the inertial
matrix identification need to be built up very accurately. As a
solution, the intelligent algorithms such as the genetic
algorithm, Markov Chain Monte Carlo method etc. would be
applied to indentify the dynamics parameters of the parallel
manipulator from its highly nonlinear model; (2) since the
configuration of robot varies, how to obtain the robust PV gains
becomes a very critical issue; (3) for the reference trajectory
based control, several kinds of digital filter could be
incorporated into the system to attenuate the vibration from the
input, however the phase lagging phenomenon would occur to
aggravate the control performance, how to utilized the zero
phase lagging filter in the actual control system is also a
promising research topic.
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This paper presents a modeling method to study the stiffness of a hybrid serial-parallel robot IWR (Inter-
sector Welding Robot) for the assembly of ITER vacuum vessel. The stiffness matrix of the basic element
in the robot is evaluated using matrix structural analysis (MSA); the stiffness of the parallel mechanism
is investigated by taking account of the deformations of both hydraulic limbs and joints; the stiffness
of the whole integrated robot is evaluated by employing the virtual joint method and the principle of
virtual work. The obtained stiffness model of the hybrid robot is analytical and the deformation results
of the robot workspace under certain external load are presented.
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1. Introduction

The ITER vacuum vessel sectors are made of 60 mm-thick stain-
less steel which are joined together by the high efficiency structural
and leak tight welds. The stringent tolerances of assembly, +£5 mm,
are expected, while high dynamic machining force and high accu-
racy are required for cutting, weld repair and weld preparation. To
satisfy the machining capacity of mobility and flexibility in a lim-
ited space inside the ITER vacuum vessel, a hybrid parallel robot
(IWR in Fig. 1) has been developed, which has ten degrees of free-
dom (DOF); six degrees of freedom are contributed by a Stewart
parallel mechanism and the rest by the serial mechanism [1].

Generally, in the high dynamic force application of assembly of
ITER, the deflection of robot will be getting big and the accuracy
will be getting poor. To compensate or to limit the deflection, the
stiffness of robot should be studied. This paper focuses on the stiff-
ness modeling of the robot. The developed model can be used for
compensating the deflection of robot to reach high accuracy, and
it can also be used for trajectory planning to find higher stiffness
poses of the motion.

In this paper, a stiffness modeling method is developed for the
proposed hybrid robot IWR. Based on this method, the matrix
structural analysis (MSA) [2] approach is employed to calculate
the stiffness of the basic element in the Stewart of robot, e.g., the
universal joint (U-joint) and the bearing house; the virtual joint
method (VJM) [3,4] combined with the principle of virtual work
is also applied to evaluate the stiffness of the combined structure,
e.g., the base of the Stewart; the stiffness of the Stewart is evalu-

* Corresponding author at: CEID-Center, Lappeenranta University of Technology,
Faculty of Technology, Skinnarilankatu 34, 53850 Lappeenranta, Finland.
Tel.: +358 465941828.
E-mail address: hackingming@gmail.com (M. Li).

0920-3796/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.fusengdes.2011.01.018

ated by taking account of the deformations of six base joints and
the hydraulic limb deformations; the stiffness of the whole inte-
grated robot is obtained by considering the Stewart and the serial
basement as connected in serial.

The remainder of this paper is organized as follows: Section 2
introduces a general methodology of the MSA; Section 3 describes
the modeling of the typical Stewart structure; Section 4 gives a
finial stiffness model by integrating the parallel mechanism and
the serial mechanism; Section 5 presents the numerical results of
stiffness; and Section 6 summarizes the main contributions of this
work.

2. Description of matrix structural analysis

The schematic representation of the kinematic chain of the IWR
is presented in Fig. 2.

The coordinate X5Y5Z5 is defined as the global frame, and all
local coordinates are related to the global frame: X§Y$Z§ moves
along the gear track and X3Y5Z5 along the ball screw; X§Y5Z§
rotates around the Z§ axis; X§Y5Z is the basement coordinate of
the Stewart and rotates around the X§ axis; XEY£Z£ is fixed in the
centre of the end-effector as the tool frame.

The analytical stiffness model of the basic element evaluated in
this paper is based on MSA. In order to illustrate the application
of the MSA on the multi-beam structure, the stiffness modeling of
bearing house and U-joint in the base side of Stewart platform in
the robot is taken into account (Fig. 3).

For simplification, the bearing house, U-joint and the base are
described by the frame structure in Fig. 4.

For applying the MSA method we firstly define the elements of
structure and their nodes. Each element of structure is defined by a
number enclosed with a circle, and its two nodes by two numbers.
Alocal coordinate is given for each element.
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Fig. 2. Schematic diagram of hybrid robot.
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Fig. 3. Base of Stewart: (i) bearing house, (ii) U-joint, and (iii) base of Stewart.

In Fig. 4(iii), OgA is the base frame of Stewart platform, 070§
the frame of U-joint, and ABO;‘ the frame of bearing house includ-
ing the U-joint shaft. Firstly, we decompose the bearing house and
the U-joint into separate beams in Fig. 4(i) and (ii), and then we
obtain the stiffness matrix for each beam by applying the MSA.
Finally all these stiffness matrices are assembled according to the
node connectivity by the superposition principle and expressed
in the local coordinate system. Herein, the stiffness modeling

of U-joint is:

E] KK

(i) Bearing house (i) U-joint (iii) Base of Stewart

Fig. 4. Schematic diagram of frame structure: (i) bearing house, (ii) U-joint, and (iii) base of Stewart.
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Fig. 5. Schematic diagram of the Stewart structure.

where the 6 x 1 vector F; is the external force exerting on node i,
A the corresponding deformation of node i, O the 6 x 6 zero matrix
and Kl.g? the 6 x 6 stiffness matrix of beam n. The deformation of
beam 1 in the U-joint is not taken into account, because beam 1
(U-joint shaft) is assembled into the bearing house in the base and
considered as rigid.

Eq. (1) was obtained assuming the whole structure of the U-
joint is a frame. However, there are two rotational freedoms in the
U-joint, and the external forces each are equal to zeros except the
forces acting on node 0 and node 6. Therefore, by employing the
static condensation technique, further simplification on Eq. (1) is
obtained as

Fe = (K22 — Ko1K K12) A6 (2)

where K71 stands for the upper-left matrix block in Eq. (1), K;, the
upper-right matrix block, K,; the lower-left matrix block and K,;
the lower-right matrix block.

The force Fg acting on node 6 is always constrained in the plane
crossing the line O{0f and perpendicular to the U-joint plane.
Using the static condensation method and substituting the physical
parameters of the U-joint into Eq. (2) gives:

Fy =Ky x Ay 3)

where Fy=[fyxfuz]" and Ay=[dyxdu]" represent the external
force and the corresponding deformation of node 6 in U-joint in
the local frame X|'Y}'Z{', and Ky, is the 2 x 2 stiffness matrix of node
6 in the U-joint.

Similarly substituting the physical parameters of the bearing
house, the stiffness of point b in the bearing house is formulated in
the frame X?Y?Z? as follows

Fhearh = Kbearh X Abearh (4)

where Fbearh = [fbearh,yfbearhl Mpeqrh x mbearh)(]T and
Abpearh = [dbearn.y Abearh z Obearh x Opearn2]" Tepresent the external
force and the corresponding deformation in node b of the bearing
house in frame X>Y?Z%. The force fyeqr x and the moment Myeqr, y
are equal to zeros and suppressed in the equation since the force
fpearnx acting on the base frame causes no deformation and the
moment Mpeqrpy does not exist around the axis of the bearing
house.

3. Stiffness modeling of parallel mechanism

To evaluate the stiffness of the parallel mechanism, the paral-
lel structure is decomposed into the basement frame, the bearing
house in the base, the U-joint in the base, the hydraulic limb and
the up joint in the end-effector (Fig. 5). The basement frame is
considered as rigid structure. The bearing house and the U-joint
form the base of Stewart platform, and each has configuration-
independent stiffness, while the stiffness of the base of the Stewart
platform is configuration-dependent as a function of the orienta-
tion of the hydraulic limb. The stiffness of the hydraulic limb is also
configuration-dependent as a function of its length. The up-joint in
the end-effector is considered as rigid.

Fig. 6. Kinematic chain of the base in the Stewart.

3.1. Stiffness evaluation of base in parallel mechanism

The composition of the base by the bearing house and the U-joint
is in a serial form. Herein, its stiffness is investigated by employ-
ing the virtual joint method and the principle of virtual work. The
kinematic chain of the base is shown in Fig. 6.

The hexagon in the figure is the basement of the Stewart, in
which the frame X§Y$Z§ is defined as the local reference coor-
dinate. Under the external force Fy applied to the point O, the
compliance of the base will cause the point Of to experience a twist

[AjTr (*9th ] T in terms of translational and rotational deformations
in the frame X§Y5Z§. Applying the kinematic relationship in the
base results in:

T
Aff :]ff[ AE Alenrh I,

]ft=[]u,dx .’u,dz ]bearhjy ]bearh,dz ]bearhﬁx ]bearlLez] (5)

where Ay and Apeqy represent the deformations of the U-joint
and the bearing house while J; is the Jacobian of the ith local joint
deformation.

Employing the principle of virtual work in kinematic chain of
the base leads to:

[Ku]2><2 Oaxa

]T
Osxz2  [Kbearnlaxa

T T
[ Au Abearh

(6)

where § represents the virtual displacement of the deformations,
Ky and K, represent the stiffness matrices of the U-joint and the
bearing house. Substituting Eq. (5) into Eq. (6) gives:

[MfT[][Ff,] =[8AT sAl .1

Fr = K Ag (7)

-1 -1
Ku 02><4:| T

Kft = ]f[ |:o4x2 Kpearh ][[ (8)

For convenience, K, ; denotes the stiffness matrix of the ith base
in the Stewart later on.

3.2. Stiffness of hydraulic limb
The assembly of components in the hydraulic limb is deemed to
be serial, and the limb’s stiffness varies with the cylinder stroke:
A2
Kyy = !
(A1X + Vi,)/Bw + A1x/Bc + Vi, /By
A2
+ 2
(A2(1 = X) + Vi) /Bw + Ax(1 = X)/Bc + Vi, /By,

9)

where A is the area, V the volume, x the cylinder stroke, and [
the cylinder length. By, Bc and By, are the bulk modulus of water,
cylinder and hose respectively. Subscripts 1 and 2 denote the cor-
responding chambers of the double-acting cylinder.
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Fig. 7. Deformation of robot workspace: (i) on bottom plane of workspace; (ii) on top plane of workspace; (iii) on left plane of workspace; (iv) on right plane of workspace

(v); on back plane of workspace (vi) and on front plane of workspace.

3.3. Stiffness evaluation of parallel mechanism

In Fig. 4, the coordinate frame X§Y$Z¢ is attached to the base-
ment in the geometric centre. The coordinate frame B (X§ Y£ZE) is
attached to the moving platform, and its origin is located at the mass
centre. Taking account of the deformations in the six base joints and
hydraulic limbs, the stiffness matrix of the parallel mechanism is
obtained in the same way achieving Eq. (8)

Ksow = UsowldiaglKigl] /1) " (10)

where Jgw is the Jacobian matrix of the Stewart, and
Kii= diag[K;,yj I(fu].

4. Stiffness modeling of hybrid robot

The hybrid robot (Fig. 2) is composed of the Stewart, the elevat-
ing part and the track basement. Through the mechanism analysis,
the elevating part is considered as a crank-slider mechanism: the
base frame of Stewart platform is regarded as the crank while the
hydraulic limb is the actuator of the mechanism. The stiffness of
the actuator is transformed into the local compliant spring located
at the crank joint O§ and denoted by kg,. The stiffness of the gear
pair in the track is denoted by ky;. The rotation around ZZ‘g axis is
driven by an epicycle gear, and its stiffness is denoted by kg3. The
stiffness of the ball screw, ky;, is the sum of the nut stiffness and
the shaft stiffness.

Analyzing the kinematics of the robot results in:
T
(48 %1 =JAg an

where [ AgT @gT ]T is the deformation of end-effector, J the Jaco-
bian matrix of the robot, and A, the deformation vector of all joints
T
Aq=1AL O doy dps dyp dul.
Employing the principle of virtual work on the hybrid robot
joints leads to:

C=J " (12)

where C is the 6 x 6 compliance matrix of the whole hybrid robot,
and x = diag[Kstw Kga ko3 ky2 kx1]is a 10 x 10 diagonal matrix of the
stiffness of all joints. The stiffness of the whole hybrid robot is
obtained as the inverse of the compliance matrix: K=C-1.

5. Numerical evaluation results

Based on the above model, the deformations of some certain
workspace are investigated under the external loads. One exam-
ple is given for demonstration. The work space of the end-effector
was a 200 mm x 200 mm x 200 mm cube (Fig. 2); the end-effector
frame has no rotation with respect to the basement frame of the
Stewart. The robot worked along the borders of the workspace and
the external load of 5 kN was vertical to the Stewart basement. The
deformations are illustrated in Fig. 7.
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Due to the redundant freedom in the robot, the configuration
of the serial part in the robot is pre-determined, while the cubic
workspace is reached by the Stewart.

In Fig. 7, the continuous line denotes the borders of the ideal
work plane in the cubic workspace without load; the star-line
denotes the border positions of Stewart cubic workspace after
the deformations, assuming the serial part in the robot to be
rigid; the circle-line denotes the border positions of the end-
effector workspace after the deformations, taking into account
both the stiffness of the Stewart and the serial part of the
robot.

By analyzing the data obtained from the stiffness of the
robot, it is testified that the deformations of the robot are
mainly contributed by the hydraulic limbs in the Stewart and
the hydraulic driver in the elevating component of the serial
part of IWR. However, all these deformations of hydraulics
could be compensated by the closed-form controller in the
robot.

6. Conclusions

This paper presents a stiffness modeling method for a hybrid
robot machine. In the built model, all the deformations of the base
joints in the Stewart platform are taken into account. By applying
the MSA, the VJM and the principle of virtual work, the analyti-
cal stiffness of the robot can be achieved, and the final numerical
results have verified that the model is valid and one advantage of
the model is the low calculation consumption.
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In the process of assembly and maintenance of ITER vacuum vessel (ITER VV), various machining tasks
including threading, milling, welding-defects cutting and flexible hose boring are required to be per-
formed from inside of ITER VV by on-site machining tools. Robot machine is a promising option for
these tasks, but great chatter (machine vibration) would happen in the machining process. The chatter
vibration will deteriorate the robot accuracy and surface quality, and even cause some damages on the
end-effector tools and the robot structure itself. This paper introduces two vibration control methods, one
is passive and another is active vibration control. For the passive vibration control, a parallel mechanism
is presented to increase the stiffness of robot machine; for the active vibration control, a hybrid control
method combining feedforward controller and nonlinear feedback controller is introduced for chatter
suppression. A dynamic model and its chatter vibration phenomena of a hybrid robot is demonstrated.
Simulation results are given based on the proposed hybrid robot machine which is developed for the ITER

VV assembly and maintenance.

© 2014 Elsevier B.V. All rights reserved.

1. Background

The assembly and maintenance of ITER vacuum vessel (ITER VV)
involves lots of machining operations, such as boring, threading,
milling and drilling. These operations need to be carried out from
inside of ITER VV. Commercially available CNC machining center
cannot be used for this purpose due to its big size and high weight.
Furthermore, the general industrial robot cannot be used due to
its poor stiffness in the heavy duty machining process. Therefore,
one of the most suitable options should be a light weight mobile
robot which has the ability of moving around inside of VV and per-
forming different machining tasks by replacing different cutting
tools. Some special heavy duty robots have been designed by other
research groups for the application of transporting heavy parts of

* Corresponding author. Tel.: +358 5 6212462; fax: +358 5 6212499.
E-mail addresses: yongbo.wang@lut.fi, yongbo.wang@hotmail.com (Y. Wang).

http://dx.doi.org/10.1016/j.fusengdes.2014.02.007
0920-3796/© 2014 Elsevier B.V. All rights reserved.

ITER VV, but very few of them can be used to carry out machin-
ing tasks. During the machining process, the main issue would be
the chatter vibration since it will cause not only bad accuracy and
surface quality but also some damages on the tool and even the
robot structures. Consequently, it is important to investigate the
mechanism of chatter vibration and find a way to suppress it.

The investigation of vibration control on flexible manipula-
tors and mechanisms has been conducted by many researchers
over several decades [1-4]. Generally, it can be divided into two
categories, one is passive vibration control and another is active
vibration control. The passive vibration control has three types:
(i) the mechanism itself has superior damping characteristics and
higher stiffness to weight ratios; (ii) the vibration of the mechanism
is dissipated by introducing additional damping materials; and (iii)
the vibration of the mechanism is attenuated through optimizing
the cross-sectional geometry of the mechanism links [1-3]. The
active vibration control, probably the most effective method for
suppressing vibrations of a robot, has been investigated by several
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Fig. 1. Mock-up of ITER VV and CAD model of the hybrid robot.

researchers [5-7]. This paper studies both passive and active
methods for the vibration control of a hybrid robot [11], which
is developed in Lappeenranta University of Technology (LUT) in
Finland.

The hybrid robot (Fig. 1) is an inter-sector welding/cutting robot,
which is used for the ITER VV assembly and maintenance. This
redundant serial-parallel hybrid robot consists of two relatively
independent sub-structures: the front-end part is a hexapod par-
allel mechanism driven by six water hydraulic cylinders which can
provide full six degrees of freedom (DOF) to the end-effector; the
second part is a serial multi-link mechanism which can support the
parallel mechanism and provide four additional redundant degrees
of freedom.

For the passive vibration control method, the hexapod parallel
mechanism is considered since it can provide not only a relatively
high stiffness to weight ratios but also a high position accuracy
which is required in the processes of milling, welding and trans-
porting materials, etc.

For the active control method, a hybrid robust controller is
considered. It is well believed that the stiffness and the dynamic
behavior of parallel robot should be better than that of serial robot
but lower than that of CNC machine. However, in real applica-
tions, the parallel robot has not been widely used. One of the
major hurdles to prevent the adoption of parallel manipulator for
machining purposes lies in the chatter vibration. Consequently, it
has to be eliminated or suppressed in a high-accuracy-requirement
machining process. Based on the controller architectures, the active
vibration control algorithm can be categorized into three types:
feedforward, feedback, and hybrid controller. To improve the qual-
ity of the mentioned active methods, one of the solutions is to add
some fast and high accuracy motion actuators (e.g. Piezo-ceramic
actuator) or micro manipulators. These actuators can be integrated
within a link or on the end-effector of the manipulator. On their
integrated spot they can limit or eliminate the residual elastic oscil-
lation [5-9]. But one drawback of this method is that the additional
actuators and their accessories are required, therefore, it may not
be a cost-effective solution from the economical perspective. Fur-
thermore, the chatter vibration is subject to occur in the continuous
motion, while the residual vibration is liable to happen in the point-
to-point motion. The residual vibration in point-to-point process
can be predicted and eliminated easily than the chatter vibration
in machining process. Currently most of the vibration suppression
methods have focused on the residual vibration suppression rather
than the continuous path control for chatter suppression [10]. This
paper will concentrate on the continuous path control to suppress
the chatter vibration.

To limit the chatter vibration of the proposed hybrid robot,
this paper first studies the dynamics of the robot imposed with
machining force, and then presents a hybrid control algorithm for
suppressing chatter by using nonlinear feedback technique and
feedforward control method.

2. Dynamic analysis

The kinematics of the hybrid robot is shown in Fig. 2. Anonlinear
dynamic model of the robot can be written as Eq. (1):

©=D(q)d +H(q. §) + K(Q)g + G(q), q=1y.%1,%,.. i

t=[0,F,F,, ..

41,492, ...

B

~,T1.T2,-»~]T (1)

where y is the generalized coordinates of the end-effector; x;, x5,
the prismatic displacements of parallel structure limbs; qy, g2, the
prismatic and revolute displacements of serial structure joints; Fy,
F5, the forces applied to the limbs of parallel mechanism; 71, 73,
the forces and torques applied to joints of serial mechanism; D the
inertial matrix of all robot mechanical links; H the matrix in terms of
damping, centrifugal and Coriolis coefficients; K the stiffness matrix
of joint links and G the gravity matrix.

Fig. 2. Kinematics of the hybrid robot (d;, d2, 03 and 04 are prismatic and revolute
joints of the serial mechanism; I; to ls are prismatic joints of the parallel mechanism).
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Fig. 3. Cutting force.

The dynamic model of the hybrid manipulator can be further
divided into two sub-dynamic models by taking the external force
into account. For serial mechanism it can be expressed as:

Ts = Ds(qs)ds + Hs(s, 4s) + Ks(qs)qs + Gs(qs) +fp5a (2)
and for parallel mechanism it can be written as:
Tp = Dp(qp)dp + Hp(ap, dp) + Kp(ap)ap + Gp(ap) + fep, (3)

where s is the generalized coordinates of the serial mechanism; g,
is the generalized coordinates of the parallel mechanism; fps is the
force of parallel mechanism acting on the serial mechanism at point
0O4; and fep is the external force acting at point Os of the end-effector
of parallel mechanism.

If the serial mechanism of the hybrid robot is fixed to a certain
configuration during the machining process, then only the parallel
manipulator contributes to motion. Consequently the dynamics of
serial mechanism can be neglected and the dynamics of parallel
mechanism dominates the vibrations.

3. Machining force

The milling process is shown in Fig. 3.
The machining force can be expressed as

Fe = kCZ(fX sin(wt + 86;) + \/fy sin(wt + 86;) + R2 — f2) - R)ap,
i=1
(4)

where k¢ is machining constant; ap the cutting depth; fy the feeding
rate;  the cutting frequency; R the tool radius.

The dominated parameters in dynamic cutting force are feed-
ing speed, cutting depth, cutting speed and the number of teeth
z. Because of the work-hardening capability and low thermal con-
ductivity of stainless steel (austenitic), the cutting speed cannot
be very high. The cutting frequency is mainly determined by the
tool rotation speed and the number of teeth. Here an off-the-shelf
disk milling cutter is chosen for testing: the tool radius R=100 mm;
the number of teeth z=51. The cutting parameters are as follows:
feeding speed is 85 mm/min, cutting depth 10 mm, rotation speed
60 rpm. Fig. 4 shows the dynamic machining force. The frequency
of the cutting force is about 51 Hz. However, when reduce the cut-
ter teeth number or the rotation speed, the frequency of the cutting
force will increase accordingly.

4. Chatter analysis

Regenerative chatter is a self-excited vibration in machining
operation, and it is the consequence of interference of wavy surface
generated between current machining pass and previous machin-
ing passes. All self-excited chatter analysis techniques are started
with the development of a force model for machining process and
a dynamic model for machine tool workpiece structure [11], and

Machine force
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. /) R )
600 A A 4 =
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500} ,/ | | / by ]
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Fig. 4. Calculated cutting force.

then the two models are combined together to form a closed-loop
dynamic model for a machining operation. By mounting a work-
piece on strong steel table (e.g. the ITER VV), the structure of the
workpiece can be regarded as relatively stiff, and its deformation
can be ignored in the analysis since its stiffness is much larger
than that of robot-tool structure. Typically, the self-excited chat-
ter frequency of a robot is slightly larger than its natural vibration
frequency.

Generally, the dynamic model of a robot system can be formu-
lated from Egs. (2) and (3) as:

T =D(q)§ +H(q, q)+ C(q) + Fe, (5)

where q is the vector of general coordinates of actuators.

The stability of the system depends on the eigenvalues of the
above equations. The dynamic model of the robot contains non-
linear items from coupling structures of the parallel mechanism,
the traditional linear control method will be difficult to achieve
required performance, thus a robust controller need to be consid-
ered.

5. Controller design

The control strategy of chatter suppression is developed by
using a hybrid controller combining state feedback controller
and adaptive feedforward controller. The feedback controller can
achieve promising position accuracy when the dynamics of whole
robot machine is linearized. To suppress the chatter vibration,
feedforward controller can significantly eliminated the external
disturbance based on the inverse dynamics of robot machine when-
ever a disturbance signal is available [10]. Nevertheless, a tracking
error will increase due to the delay of feedforward, therefore, a crit-
ical task in the future research is to minimize its phase lag effect.
Fig. 5 shows the hybrid control strategy.

Feedforward
Controller

disturbance F,

(machining force)
Trajectory
Generator

Feedback
Controller

1

Fig. 5. Hybrid control strategy.

System

=
=
=

position, velocity feedback
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5.1. Feedback linearization

To linearize the dynamic model Eq. (5), feedback linearization
technique is applied to the state feedback controller (Fig. 6) by
introducing

T=af+8
a=D(q) (6)
B=H(g,q)+C(q)

then the linearized dynamic model of Eq. (5) (without the external
force F.) becomes

f=q (7)
and the linear control law in Fig. 6 can be written as
f=4" + k(@ - @) + kp(q* — q) ®)

By combining Egs. (7) and (8), the characteristic equation of this
linear controller can be written as

@ - @) + k(@ - @) + kp(q — q) =0 ©)
5.2. Feedforward controller

Compared to a single feedback controller, the hybrid control
strategy combining the feedback and feedforward controllers can
significantly improve the performance of a robot whenever a cou-
pled disturbance is available, since the feedforwad controller can
completely eliminate the effect of measured disturbance on the
system. The machining force, which is deemed as the external
disturbance herein, can be calculated from the measurement of a
3D acceleration sensor mounted on the machine header. Then the
machining force is manipulated by an inverse dynamic model and
fed forward to the output of feedback controller as illustrated in
Fig. 7.

If without the external disturbance, which is the varying cutting
force F, the robot end-effector reference trajectory y, y, y could be
obtained by applying the driving torques 7 in the actuators, whichis

Force (N)

180

Time (s)

Fig. 8. Machining force in lower frequency.

X (mm)

time s

Fig. 9. Result of feedback controller.

time s

Fig. 10. Result of feedback-feedforward controller.
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Force(N)
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Fig. 11. Machining force in high frequency.

calculated by the feedback position-velocity (PV) controller as well
as the feedback linearization as shown in Fig. 6. Then the forward
dynamics of the end-effector is expressed by Eq. (10):

(v.y,§) = forward_dyn(z) (10)

Whenever the disturbance (cutting force) is applied to the end-
effector of robot system, the corresponding joints disturbance 7.
is yielded from the internal inverse dynamics of the robot system,
which will cause the actual trajectory be deviated from the refer-
ence. However, by applying the feedforward controller from the
cutting force, the compensation torque 7y can be produced, and the
actual torque acting on the driving joints can be expressed as:

Tsum:TJr(Tf*TC) (11)

While the inverse dynamics of the robot system is built accu-
rately in the feedforward controller, then the feedforward output
Trequals the joints disturbance 7., consequently the causative dis-
turbance on the robot driving joints due to the external cutting
force would be eliminated completely, and the chatter vibration
phenomenon of end-effector also vanishes.

5.3. Simulation results

To evaluate the algorithm, a one degree-of-freedom disturb-
ance force with a frequency closes to the robot natural vibration

X(mm)
0

reference trajectory

I actual trajectory

o i i i | i i H i |
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Fig. 12. Result of feedback controller (High frequency force).
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Fig. 13. Result of feedback-feedforward controller (High frequency).

frequency is applied to the system as shown in Fig. 8. For the feed-
back control without feedforward, the output of control system
vibrates as shown in Fig. 9. However, the vibration can be elimi-
nated (Fig. 10) when the feedforward path is introduced, regardless
of any frequency change in the disturbance force. If the force fre-
quency is changed to be much higher (0.1 s period shown in Fig. 11)
than the nature frequency of robot, then the chatter will not happen
even without a feedforward path. Therefore, there is no difference
between the feedback controller and feedback-feedforward con-
troller as seen in Figs. 12 and 13. A feedback controller is easy to
be built up in simulation as the parameters of the studied dynamic
model are known. However, the performance of feedforward con-
troller may not be as sound as the simulations results in a real
system since the parameter errors may occur and acceleration sen-
sor signals may have a delay.

6. Conclusion

In ITER VV assembly and maintenance, lots of machining tasks
need to be carried out by on-site robot machine. Chatter vibration
will be inevitable during the machining process when using a low
stiffness robot. The vibration would deteriorate surface quality and
even cause some damages to the robot system. To suppress the
vibration, dynamic models of a hybrid robot with machining force
were developed and a hybrid controller was studied. According to
the simulation results, the vibration can be eliminated by employ-
ing a hybrid controller which combines feedforward and feedback
controller. The experimental validation of the control algorithm for
areal robot will be carried out in near future.
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Abstract-The paper presents an approach for the trajectory
planning of a hybrid serial-parallel redundant robot by
investigating the best stiffness performance. The robot under
study has 10 degrees of freedom (DOF); six DOF are
contributed by a parallel mechanism, and four DOF from serial-
link carriage. Due to these redundant degree freedoms, the robot
body configuration is under constrained even when the position
and orientation of the end-effector has been fixed. In this case,
the stiffness of robot varies in all the possible joints
configurations. When the path of the end-effector has been
prescribed, the robot body configuration can be dominated by
taking into account of the stiffness of robot, i.e. among of all the
possible configurations, the joints take a value when the stiffness
of robot reaches maximum. To solve the stiffness optimization
problem differential evolution (DE) algorithm is employed. In
the paper the stiffness model as an object function has been
built. The evaluation results demonstrate that the DE is an
effective method for searching joints parameters in optimum
stiffness, and the results with respect to the optimum stiffness
show that the joints trajectory planning is feasible for the robot
control.

I INTRODUCTION

The hybrid kinematic redundant robot machine under study
is developed to carry out welding, machining and remote
handling for the assembly of vacuum vessel (VV) of ITER
(International Thermonuclear Experimental Reactor) which
consists of nine sectors made of 60mm thick stainless steel
(Fig. 1) [1]. In order to join two adjacent sectors together by
continuous welding, the robot has the ability to work along
the track mounted on the inner surface of VV sector and can
provide full six degrees of freedom in task space by end-
effector tool bit. Because of great machining force and heavy
E-beam gun, the robot is demanded to possess high stiffness
performance while the stringent accuracy tolerances of
assembly, +5mm, are expected. To satisfy all these special
requirements, a hybrid kinematic redundant robot is built
which possesses 10 degrees of freedom (DOF) (Fig.1). The
robot consists of two sub-structures — the Stewart-platform-
based parallel mechanism driven by six water hydraulic
cylinders contributes the full six degrees of freedom for the
end-effector; the H-driven carriage with two rotating motions
offers additional four degrees of freedom to the robot. For the
H-driven carriage, the motion along the track is driven by a
pair of motors with pinion; the motion perpendicular to the
track is driven by the ball screw; the rotation table rotates

978-1-61284-972-0/11/$26.00 ©2011 IEEE
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(

Fig. 1. 10DOF hybrid robot for assembly of ITER: (i) vacuum vessel sector

and (ii) robot used for the assembly of vessel.

around the direction vertical to the carriage plane; the Stewart
base is tipped by another water hydraulic cylinder.

Although plenty of research works have been done on the
parallel mechanism, the acceptance of parallel robot by the
industry as manufacturing equipment is quite slow. One of
the major reasons is the small workspace, and another is that
the stiffness of parallel mechanism varies in different
configurations and even is rather weak near the edge of the
workspace constrained by kinematic-bounded posture [2] - [4].
Regard to this hybrid serial-parallel robot, the workspace has
been relatively enlarged, but the stiffness performance is
dominated not only by the parallel mechanism but also by the
serial system. Based on this point, the stiffness performance
of the hybrid robot needs to be investigated intensively so as
to guarantee the better machining performance.

For this hybrid robot, the kinematic redundancy occurs
since the 10DOF possessed by the robot is more than the
demanded (6DOF) in the task space. Hereby, the four degrees
of freedom contributed by the carriage base are referred to the
redundant driving joints. Consequently, during the robot
control process the joints trajectory admits an infinite number
of solutions even while the path of end-effector is prescribed.
Meanwhile, the stiffness varies depending on the robot body
configuration determined by the joints trajectory. This paper
presents a stiffness-maximum-based trajectory planning for
such hybrid kinematic redundant robot machine in the joint
space. The objective of this work is to provide an optimal
joints trajectory such that it offers the best stiffness

283
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performance while the end-effector tool moves along a
prescribed path.

In this paper, the analytical stiffness model of the hybrid
robot is derived and the minimum eigenvalue of the stiffness
matrix is preferred to be the reasonable index to evaluate the
stiffness performance. It is found that the stiffness is
restricted in between the minimum and maximum
eigenvalues of the stiffness matrix [S]. In order to get the
better stiffness performance, we should get the larger index
value. When the position and orientation of end-effector is
fixed, the stiffness varies over the underconstrained body
configuration dominated by redundant joints. In the particular
robot body configuration when the index value is maximum,
the stiffness performance is better than the one in any other
configurations, the robot is then regarded to hold the best
stiffness performance. Hence, the objective function for
optimizing stiffness is subject to maximum index values. The
DE is proposed for searching the input parameters of the
redundant joints, while the position and orientation of the
end-effector has been fixed.

The remainder paper is organized as follows: Section 2
describes the stiffness modeling of such a redundant freedom
robot machine; Sections 3 discusses the most suitable
stiffness performance index by analyzing the stiffness matrix
characteristics; Section 4 demonstrates the application of DE
and presents the best stiffness surface in a 200x200mm>
Cartesian workspace; Section 5 presents the example of the
joints trajectory of hybrid robot subject to the best stiffness
along a straight line path of end-effector within the
200x200mm? workspace.

1L STIFFNESS MODELING OF HYBRID SERIAL-PARALLEL

RoBOT

Since the robot consists of parallel mechanism and serial
mechanism in a serial manner, the Stewart structure can be
deemed as a lumped virtual link in view of serial robot, and
the stiffness of hybrid robot can be derived by taking account
of the serial joints compliance.

The schematic diagram of the hybrid robot is presented in
Fig. 2.

The coordinate x#ysz¢ is defined as the global frame,

located at a fixed point on the gear track, and all other local
coordinates are related to the global frame. XY*Z¢ is fixed

on the carriage base and can move along the gear track;
X£ygze is fixed on the screw nut and moves along the ball

screw; XEYEZE is fixed on the support frame, and rotates
around the Z¢ axis driven by the motor on the rotation table;
XgYgz¢ is the coordinate of the Stewart base and rotates
around the x# axis driven by the elevating part (crank-slider
mechanism); XEYEZE is fixed at the center of the end-

effector as the tool frame.

A.  Stiffness evaluation of Stewart structure

0 ¥F of ,TQ” 0f
o 1" joint” @ €&

Ball screw

T Gear track” Kinematic chain of robot

Fig. 2. Schematic diagram of hybrid robot

To evaluate the stiffness of the parallel mechanism, the
parallel limb is decomposed into the up joint in the end-
effector, the hydraulic limb, and the base of Stewart which
consists of bearing house and U-shape joint (Universal-joint)
(Fig 3).

The matrix structural analysis (MSA) is widely used to
calculate the stiffness of the frame-based structure [6] [7]. By
applying the MSA on the frame elements of bearing house
and U-joint, the corresponding stiffness matrices have been
calculated. Based on these results, the stiffness matrix of the

base joint of Stewart in the i’th limb, denoted by Kﬂ ;> can
be deduced by employing principle of virtual work [8]. The

up-joint in the end-effector is considered to be perfectly rigid
and the stiffness of the i’th hydraulic limb is represented

by k

For the purpose of analysis, as demonstrated in the Fig. 4,
let the coordinate frame X¥Y?Z# be attached to the Stewart

hy i+

base in the geometric centre, the coordinate frame xsyszs

be attached to the moving platform, and its origin be located
at the mass centre.

Hence, the stiffness matrix of the parallel mechanism in the
frame X§Y:Z§ is generated by taking account of the
deformations in the six base joints and hydraulic limbs:

K., =(J,, *|diag (K" *7, )" (1)

where J_ is the Jacobian matrix of the Stewart with

stw

K, =diaglk, , K, ]i=12.6

B.  Stiffness evaluation of hybrid robot
From Fig. 2, we can see that the hybrid robot is composed
of the Stewart, the elevating part and the carriage base.

br -y

(i) Bearri);grhouse (ii) U-joint (iii) Base joints of Stewart

Fig. 3. Base of Stewart

Fig. 4. Schematic diagram of the Stewart structure



Through the mechanism analysis, the elevating part is
considered as a crank-slider mechanism: the Stewart base is
regarded as the crank while the hydraulic limb is the actuator
of the mechanism. For convenience, the stiffness of crank-
slider mechanism dominated by the hydraulics driver is
transformed and lumped into a virtual rotatory spring which
is located at the crank joint Of and denoted by k,, . For the

deformations of rest joints in the carriage base, let k  be the
stiffness of the robot along the gear track in the x* direction,
k,, represent the stiffness of the ball screw in the y®
direction, and k,, denote the rotation table stiffness around
the z# axis.

Analyzing the kinematics of the robot results in:

(&

where ¥ e7is the deformation of end-effector, J the Jacobian
matrix of the hybrid robot in terms of serial manner, and A,

o7 .7
O A

the deformation vector of all joints A,=[A's d d, dy d, d]

Then, employing the principle of virtual work on the hybrid
robot joints leads to:

C=J*y'*J" 3)
where C is the 6x6 compliance matrix of the whole hybrid
robot, and  y=gigglK, k,, k, k, k,] is a 10x10
diagonal matrix of the stiffness of all joints. The stiffness of
hybrid robot is obtained as the inverse of the compliance
matrix: K=C"',

stw

III. INDEX OF STIFFNESS PERFORMANCE FOR HYBRID

REDUNDANT ROBOT

It is well known that the stiffness reflects the certain
relationship between the external force and the corresponding
displacement experienced. Numerically this property is
defined by a 6x6 matrix. However, it is rather difficult to
distinguish the stiffness performance in terms of matrix, since
it is not comparable by the means of vectors. An instinctive
way to evaluate the stiffness performance is the use of interest
elements inside the matrix. However, the individual element
only represents the relation between the force and the
deformation in a certain direction without considering the
coupling effects of other terms in the matrix.

The applicable approach for the stiffness performance
evaluation is to investigate the characteristics of matrix in the
form of scalar, i.e., the eigenvalues, the determination, the
diagonal terms as well as the condition number of matrix.
Among all these usually used indicators, the eigenvalue is
adopted as the most reasonable index in the application of this
paper.

To Interpret the eigenvalue of the stiffness matrix
geometrically, let the set of displacement vectors is
“spherical”, in other words, the magnitude of each
displacement vector is equal to unit length, as a result, the

corresponding set of force vectors is an ellipsoid, in which the
lengths of the principle axes are the eigenvalues of the
stiffness matrix while the related eigenvectors represent the
principle axes directions. Based on this point, the minimum
eigenvalue represents the minimum stiffness performance.
Since the stiffness is the most important aspect in the robot
performance to ensure the accuracy of the end-effector, the
minimum stiffness of the robot machine tool should be higher
than a specific value over all the possible body configurations
in the redundant robot. Thus, for a fixed position and
orientation of end-effector in the robot, the optimum stiffness
is defined by the maximum value in all the minimum
eigenvalues which are depending on the different body
postures. Mathematically, the optimum stiffness is described

by A, inEq. (6).

{/1]‘.}=eig(Kj),i=],2...6 4)
A’min, J = mln{ /1 /f} (5)
Apess =X Ay} (©)

In above equations, K j is the stiffness matrix of the

redundant robot, the subscript j denotes one of the all possible
body configurations (R) after the posture of end-effector is

fixed; {/1],. } is the set of six eignvalues of matrix Kj. and
ﬂ’mi[ J
eigenvalues of the stiffness matrix in current specified
configuration.

Therefore, for a given position and orientation (posture) of
end-effector, taking the configuration J, which is described by
the driving joints parameter, as the input argument in (6), the

represents the minimum value in the set of six

best stiffness performance can be obtained when /7.,,”,
reached the maximum. Consequently, the control values for
driving the joints can be obtained for the required posture in
the path of end-effector. While the stiffness performances
along the path of end-effector are optimized, the joints
trajectory is also deduced. In the following context, the

maximum is adopted as the optimality criteria so as to

best
get the best joints value for a prescribe end-effector
coordinate.

IV. STIFFNESS OPTIMIZATION VIA DIFFERENTIAL
EVOLUTION
Considering the properties (highly nonlinear, non-

differentiable) of the stiffness performance model obtained in
(6), the DE is a desirable choice to be used to search the
optimum stiffness performance since the advantages of DE
fulfill the requirements for solving the problems concerned
with this model optimization [9].

The basic DE algorithm steps can then be described as
follows in Fig. 5:



Firstly, initialize all the populations with random positions
in the search space and set the control parameters for the DE
algorithm (e.g. D, NP, F, and CR). Herein, the population
represents a set of driving joints values. Then check if the
termination criterion is satisfied or not (e.g. number of
iterations performed, or adequate fitness reached). If the
criterion is not met, the new population, produced by the
following algorithm: Mutation, Crossover and Selection,
would be taken to be compared with the old one by
calculating the cost values. Using this procedure, all
individuals of the next generation are as good as or better
than individuals of the current population. Repeat this process
until the criterion is reached.

A Input variables and objective function for DE
The configuration determination of the redundant robot

involves 10 driving joints parameter: as shown in Fig.6, let /,
represent the linear displacement of frame X?YZ¢ along the
gear track, [, the linear displacement of frame XEYSZE
along the ball screw, d; the rotation angular of frame

Xfygze around the Z¢ axis, @, the rotation angular of

frame X;Y$Z{ around the x¢ axis; for the parallel

mechanism, let hi (i=1,2...6) denote the length of Stewart

limb. The full six DOF of end-effector required by the task
space can be satisfied only by the Stewart, while the rest four
degrees are considered as the redundant freedoms. When the
position and orientation of end-effector are fixed, the Stewart
limbs length depends on the determination of redundant 4

joints values, namely /,,/,,d; and a,. It means that the

robot body configuration can be decided by the selection of a
set of redundant 4 joints values if the path of end-effector is
prescribed. For this reason, the independent parameters

ll ,lz ,a; and a, are selected to construct the population of

DE while the optimum stiffness performance A, is

regarded as the objective function and demonstrated by (7):

ﬂbesz :f(l]slzaa3,a4) (7)

Concerning the physical constrains in the robot joints, the

values of input variables in population (/,, /,, a5, a,) for

the DE are limited to be in the ranges of [0, 4m], [0m,0.5m),
[()_3(,()0] and [ 88”,-42"] respectively, and the initial values
of population are assigned by randomly picking up in
between the range boundaries.

In the practical application of this redundant robot
machine, when the path of the end-effector is given, we firstly
calculate all the 10 driving joints value at the beginning point
of the path (assuming located at the point A in Fig.6) subject
to the optimized stiffness performance by adopting DE
algorithm. We postulate that the robot (X #Y;*Z¢) has moved
to the point B. During the machining along the end-effector
path, the carriage, however, will be stopped on the track, and

| Initialize all the populations |

v

| Set DE control parameters |

Termination
criterion is met?

Producing new population by:
1. Mutation
2. Crossover
3. Selection

v

| Evaluate cost values

v

Generation=Generation-+1
Replace the current population

L]

Fig.5 Flow chart of DE algorithm
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Fig.6 Kinematic chain of hybrid redundant robot
the path of end-effector will be accomplished by driving the
rest 9 joints due to the lower position control accuracy on the
track under the external machining force. In this case, the
number of redundant freedoms is reduced to three, and the

population of DE is reduced to a set of parameters /, , d; and

a, . Therefore, the objective function of DE for the rest
points of the path is reconstructed as (8).

ﬂbest = f(lzsa39a4) )

In another word, for the first work point A in workspace,
the optimum stiffness performance is searched in the joint
space of 10 freedoms. Thereafter, the robot will be working
under 9 freedoms, the workspace excluding point A is
reached by driving /,,a;,a, as well as the Stewart limb 7,
subject to the best stiffness performance.

In order to apply the DE to optimize the objective function,
several critical issues need to be determined firstly. For the
control variables of DE, CR is assigned to be 0.7, F is equal
to 0.8 and NP is set to be 40 for the first optimization, 30 for
the rest optimization procedures. The standard deviation of
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the population (1.0E-5) is regarded as the termination
criterion.

B Optimum results

For the purpose of demonstration, the best stiffness
performance for a random point within the workspace is
investigated. Herein, postulate the point of end-effector
(frame x¢y£z#) located at the point A (Fig. 6) with the

coordinate of [7.5m,7.0m,0m,150°,0,-150°] in which the first
three entries specify the position of end-effector while the rest
three entries specify the orientation by means of Roll-Pitch-
Yaw angles in the global frame x#yszg. The convergence

process for searching the optimum stiffness is illustrated in
Fig 7.

It is observed that the DE reaches the convergence after
around 50 iterations. In addition, the best input parameters are
obtained as [ =18682m, 1,=0.3621m, a,=230.0206"

,a,=-74.9323" respectively. The length of Stewart limb

could be calculated by the inverse kinematics.

In following step, we extend the workspace from the
beginning point A to a 200x200mm? square and let point A
locate at the geometric centre of this area, the height of the
end-effector and its orientation maintain the same as what in
point A. Thereafter, applying the DE to search the best
stiffness with the objective function (8) over this specific
workspace, the optimum stiffness surface is found and shown
in Fig 8.

In Fig 8, the x axis direction is parallel to the track while
the y axis direction is perpendicular to the track. It is found
that the stiffness performance of point A is the best in the
200x200mm’ plane workspace, because the best stiffness of
point A is searched in the joint space of 10 freedoms while
the others are searched in the joint spaces of 9 freedoms due
to the fixed carriage position on the tack. The stiffness
decreases along both positive and negative directions of x
axis when the end-effector moves away from point A,
because the displacement of the end-effector along the track
is contributed mainly by the stretching of Stewart, and the
stiffness of Stewart becomes weaker if the limb stretches
long. The stiffness also decreases along the both directions of
y axis, but the change is much slighter compared with the one
in the x axis, because the displacement along the y axis is
implemented mainly by the ball screw which has much
smaller stiffness deviation than the hydraulic limb’s in the
Stewart.

V. TRAJECTORY PLANNING EXAMPLES

In the following example, the end-effector moves along a
straight line of 200mm length which is parallel to the track on
the xy plane in global frame ygyg z¢ (Fig 9).The speed of the
end-effect is set to 2mm/s. The middle point of the path is
selected as the optimization initial point under 10 joints
freedom, the coordinate of middle point is set to
[1_ 5m, 1.0m,0m, 150°,0,-150" ]’ with respect to the global frame.

5 Convergence of DE
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Fig.7 Convergence of DE for searching the optimum stiffness
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Although the optimization of joint trajectory begins from the
middle point of the path, in the practical machining process
the robot end-effector starts to work from one end of the line.
Adopting DE algorithm to optimize the stiffness performance
along the straight line-path of end-effector, the corresponding
joints trajectories are obtained and plotted in Fig 10.

From Fig.10(i), the trajectory of the first joint maintains
constant because the carriage base is fixed on the track after
the first optimization.
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Fig.10 Position trajectories of the driving joints in hybrid robot

VL CONCLUSIONS

Due to the redundant kinematics in the hybrid serial-
parallel robot machine, when the coordinate of the end-
effector is given, the robot body configuration is
underconstrained. Meanwhile, the stiffness of end-effector
varies depending on the body configuration over all the
possible body configurations. Taking the redundant driving

joints values as the input parameters in DE algorithm and the
best stiffness performance as the optimized objective, the
joints driving values for the robot are obtained. Repeating
such procedure along the path, the optimized joints
trajectories are finally plotted while the end-effector is subject
to the best stiffness performance along the machining path.

In this paper, if the end-effector path is prescribed, the
corresponding joints trajectories are deduced subject to the
best stiffness performance. However, such trajectory only
contains the position information for robot controlling,
because the stiffness performance only reflects the static
property of the robot. In order to control the robot in the
practical machining, the velocity and acceleration of the
driving joints are needed to be investigated. The future work
will concentrates on the velocity and acceleration as constrain
condition in the trajectories planning subject to the stiffness,
energy-efficient and time-efficient strategy [10] — [12].

The main contribution of this paper is to have proposed a
method for the controlling of kinematic redundant robot
machine based upon the best stiffness performance.
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Abstract

This paper proposes a stiffness modeling method for a novel 10 degree-of-freedom
hybrid parallel robot machine which consists of a parallel mechanism and a
movable serial basement. The stiffness matrix of the basic element in the robot is
evaluated by matrix structural analysis and the stiffness of the whole robot is
evaluated by employing the virtual joint method and the principle of virtual work.
The stiffness analysis of parallel mechanism is investigated by taking account of
both hydraulic limb translational deformation and the joint deformation. The
obtained stiffness model of the hybrid robot is analytical and can be used to
optimize the trajectory of machining.

1 Introduction

Stiffness is a very important property of the robot machine which can directly affect
the performance of machining. During recent years, parallel robots have been
prevailing in industrial applications for having higher structural rigidity compared
with serial manipulators. However, the stiffness of parallel robot cannot be finite
high.

The robot under study is a hybrid parallel robot machine named IWR [1] which
merges the advantages of both the serial and parallel mechanisms (Stewart
platform) as shown in Fig. 1. To investigate the stiffness matrix of the robot, several
approaches have already been proposed in the robot engineering, such as finite



element analysis [2], the matrix structural analysis (MSA) [3], and the virtual joint
method (VJM) [4]. In addition, the analytical method of calculating the Jacobian
matrix of the robot is also widely used.

A

/ ~
Figure 1: 10DOF hybrid robot in Lappeenranta University of Technology

In our study, the MSA approach is employed to calculate the stiffness of the basic
element in the robot, such as U-joint, bearing house, etc. It provides an analytical
stiffness matrix as a function of the structure posture according to the global
coordinate; the VIJM method combined with the principle of virtual work is also
applied to evaluate the stiffness of the structure, such as feet composed of basic
elements in the parallel mechanism.

2 Description of matrix structural analysis

The analytical stiffness model developed in this paper is based on matrix structural
analysis. In order to illustrate the application of the MSA on multi-beam structure,
the stiffness modeling of bearing house and U-joint in the foot of Stewart platform in
our robot is taken into account (Fig. 2).

(i) Bearing house (i) U-joint (iii) Foot of Stewart
Figure 2: bearing house, U-joint and foot of Stewart

For the convenience of analyzing, the bearing house, U-joint and the foot are
simplified into the frame structure described in Fig. 3.



(iii) Foot of Stewart

37% (i) Bearing house (ii) U-joint
7,

Figure 3: Schematic diagram of bearing house and U-joint in the foot of Stewart platform

The first step for applying the MSA method is to define the elements of the structure
and their nodes. Each element of the structure is defined by a number enclosed
with a circle, and its two nodes are indentified by two numbers.

In Fig. 3(iii), OoA is the base frame of Stewart platform, ABO; the frame of bearing
house including the U-joint shaft, and 0,03 the frame of U-joint. Firstly, we
decompose the bearing house and U-joint into separate beams in Figs. 3(i) and
3(ii), and then we can get the single stiffness matrix of each beam according to
application of MSA on single beam [3], finally we assemble all these stiffness
matrices according to their nodes connectivity by using superposition principle and
express in the local coordinate. Herein, the stiffness modeling of U-joint is stated in
Eq. (1) as follows:

F, Ky’ +Ky,® Ky’ Ky o] o] N o] A,
F Kzlz Ky + Ky o K244 o : o A,
Fs _ Kala o K333+K335 o K355 : o A,
Fol o Ky o Ko+ Ky' o ' Ko A,
Fs -0 QO _____ K& . Q___KeltKeao_Kgl _ |2
Fs o o o Ksas K557 : K555+K557 A

’ (@)

where vector F; is the external force exerting on the node i, A the corresponding
deformation of node i, O the 6x6 zero matrix and Kijn the 6x6 stiffness matrix of the
single beam.

In this example, the deformation of Beam O;t in the U-joint is not taken into
account, because the beam O;1 (U-joint shaft) is assembled into the bearing house
in the foot and considered as rigid.

Equation (1) is obtained under the assumption that the whole structure of the U-joint
is considered as a rigid frame. However, there are two rotational freedoms in the U-
joint and the force acting on Node 6 is always constrained in the plane which is
crossing the line of 0;"O¢" and perpendicular to the U-joint plane in Fig. 3.



Therefore, by employing the static condensation technique, further simplification on
Eqg. (1) is obtained as

FG:(Kzz_KnKnilKu)Ae 2

where Ki; stands for the left-upper matrix block stroke with the dash line in Eg. (1),
K12 stands for the right-upper matrix block, K»; stands for the left-lower matrix block
and Kz, stands for the right-lower matrix block.

In the same way, by using the static condensation method and substituting the
physical parameters of the U-joint into Eqg. (2) it gives

* A (3)

where F=[fy x fu_z]T and Ay=[dy x du_z]T represent the external force and the
corresponding deformation in Node 6 of U-joint in its own frame X;"Y;"Z;", and K,
stands for the 2x2 stiffness matrix of Node 6 in U-joint.

Similarly, by substituting the physical parameters of the bearing house, the stiffness
of the point b in the bearing house is calculated and expressed in the frame X1Y1Z;
in Eq. (4) as follows

F = K * Abearh (4)

bearh bearh

Where Foeam=[foearh_y foearh z Mboearh_x mbearh_z]T and Avearh=[dbearh y Obearh z Bpearh_x
Gbeam_z]T represent the external force and the corresponding deformation in Node b
of the bearing house in frame X1Y1Z1. The force fpeam_x and the moment Myearm_y are
equal to zero and suppressed in the equation since the force fpeah_x acting on the
base frame causes no deformation and the moment Myearh y does not exist around
the axis of the bearing house.

3 Stiffness modeling of parallel mechanism

To evaluate the stiffness of the parallel mechanism, the parallel mechanism is
decomposed into the basement frame, the bearing house in the foot, the U-joint in
the foot, the hydraulic limb and the up joint in the end-effector (Fig. 4). Among these
components, the basement frame is considered as rigid structure; the bearing
house and the U-joint comprise the foot of Stewart platform, and their stiffness



matrices are configuration-independent separately, but the stiffness of the feet of
Stewart platform is configuration-dependent as a function of the orientation of the
hydraulic limb; the stiffness of the hydraulic limb is also configuration-dependent as
the function of its length; the up-joint in the end-effector is considered as rigid.

Up joint

Limb

Beamnq house

U joint

Figure 4: Schematic diagram of the Stewart structure

3.1 Stiffness evaluation of foot in parallel mechanism

The composition of the foot by the bearing house and the U-joint is considered to be
in a serial manner. Herein, its stiffness is investigated by employing the virtual joint
method and the principle of virtual work. The kinematic chain of the foot is shown in
Fig. 5.

Figure 5: Kinematic chain of the foot in the Stewart

The hexagon in the figure is the basement of the Stewart, in which the frame
X4%Y4%2,% is defined as the local reference coordinate. Under the external force Fg
applied to the point Oz, the compliance of the foot will cause the point Os to
experience a twist [Ax' @q']" in terms of translational and rotational deformations in
the frame X,°Y,%Z,°. Applying the kinematic relationship in the foot results

A ft = [‘] u_dx ‘] u_dz ‘] bearh _dy ‘] bearh _dz ‘] bearh _ 6x ‘] bearh _ 6z ]* [A uT A bearh T ]r (5)



where A, and Apearh represent the deformations of the U-joint and the bearing house
and J; stands for the Jacobian of the i local joint deformation.
Employing the principle of virtual work in the foot kinematic chain leads to

cx Tl lea T o T % [KU]ZXZ OZXA * T T (6)
o B N e e T
where, 0 represents the virtual displacement (small perturbation) on the basis of the
deformations, Ky and Kpean represent the stiffness matrices of the U-joint and
bearing. Substituting the Eq. (5) into (6) and simplifying the result gives

Fo=Kg*Ay @

K, O,.]" .
S B XA

4x2 bearh (8)
where Jr is equal to [Jy dx Ju_dz Jbearh_dy Joearh dz Jbearh_6x Jbeatwigz]. For convenience,
the symbol Ky jis used to stand for the stiffness matrix of i foot in Stewart in the
later part of this paper.

3.2 Stiffness of hydraulic limb

The assembly of components in the hydraulic limb is deemed to be in serial, and its
stiffness varies depending on the cylinder stroke:

o a ©)

2

K, =
" (A*X+V,) /B, + A*xIB. +V, /B, +(Az*(l—x)+Vh)/BW+A2*(I—x)/BC+Vh/Bh

where A is the area, V the volume, x the cylinder stroke, and i the cylinder length.
Bw, Bc and By are the bulk modulus of water, cylinder and hose respectively.
Subscripts 1 and 2 denote the corresponding chambers of the double-acting
cylinder.

3.3 Stiffness evaluation of parallel mechanism

In Fig. 4, the coordinate frame X4°Y,%Z,% is attached to the basement in the
geometric centre. The coordinate frame B(Xs%Ys%Zs% is attached to the moving



platform, and its origin is located at the mass centre. By taking account of the
deformations in the feet and hydraulic limbs, the stiffness matrix of the parallel
mechanism is obtained by the same way as Eg. (8)

Ky = (g, *[diag [K, 1] * 3, 7)™ (10)

stw

where Jsw is the Jacobian matrix of the Stewart, and Ki=diag[Kny i Kt i].

4 Stiffness modeling of hybrid robot

The schema of the hybrid robot, shown in Fig. 6, is composed of a parallel
structure, a support frame, an elevating part and a basement.
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Ball screw

\ Gear track /

Figure 6: Schematic diagram of the hybrid robot and its kinematic chain

Kinematic chain of robot

Through the mechanism analysis, the elevating part is considered as a crank-slider
mechanism, the base frame of Stewart platform is regarded as the crank while the
hydraulic limb is regarded as the actuator of the mechanism. The stiffness of the
actuator is transformed into the local compliant spring located at the crank joint and
denoted by kes. The stiffness of the gear pair in the track is denoted by ki while the
stiffness of the rotation around Z,° axis is denoted by kes which is driven by an
epicycle gear. The stiffness of the ball screw is the sum of the nut and shaft
stiffness, denoted by ky».

Analyzing the kinematics of the robot results in
T T
[Ag 0 T =J*A,

5 (11

where [A%T @gT]' is the deforamtion of end-effector, J the Jacobian matrix of the
hybrid robot, and Aq the vector of each joint deformations Aq=[As Os dB4 dBs dy, dxa].



Employing the principle of virtual work on the hybrid robot joints leads to

_ -1 T
C=d*y7*] 12)

where C is the 6x6 compliance matrix of the whole hybrid robot, and y=diag[Ksw Kes
kes ky2 kxa] is an 10X10 diagonal matrix consisted of the stiffness of each joint. The
stiffness of the whole hybrid robot is obtained equal to the inverse of the compliance
matrix, K=C™.

5

Conclusion

This paper presents a stiffness modeling method for a hybrid robot machine. In the
built model, all the deformations of the foot joints in the Stewart platform are taking
into account. By applying the MSA, the VIM and the principle of virtual work, the
analytical stiffness of the robot can be achieved, and another advantage of this
method is the low calculation consumption.
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