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Abstract

The modern industry leans on the automation of its factories since human-machine
groups are prone to be more efficient than groups wholly comprised of one or the other.
Among the latest offering technologies, a new generation of industrial robots that don’t
need to be walled off from human and they are relied to work side by side in one
shared environment. Therefore, largest manufacturers of industrial robots offer optimally
designed manipulators which are mechanically flexible. Program the robot what to do is
the way for having better improvements on the robotic task and adapt it to any evolution
in working conditions.

Research advancements have enabled the robot to handle tasks that till now only
human could handle in the factory such as in robotic manipulation context. This later is
highly concerned with several industrial process such as assembly operations for loading
and unloading parts from an assembly line. When handling flexible load with the robot,
the accuracy of previous robotics tasks and sometimes even their feasibility may be
significantly limited by undesired motion-induced vibrations and deformations of the
manipulated object. These deformations have detrimental effects on the settling time,
the accuracy and the integrity of the operational process in a constrained environment.
The problem of avoiding the degradation of the flexible loads when they are handled by
an industrial robot is addressed in this thesis.

The flexural motion of the robot and the flexible load are the main errors sources
in the task positioning and load’s shape degradation. The dynamic precision improve-
ment for robotic manipulation tasks may achieved by using control design. On the other
hand, the kinematic redundancy is assisted in the control of robots to enhance their
performances and maneuverability. However, in the case of the redundant manipulators,
we demonstrate that the redundancy resolution can be exploit to compensate for the
motion-induced deformations. A feedback control approach based on torque optimiza-
tion is proposed for accuracy improvement of flexible redundant manipulators in which
the self-motion inherent in redundancy feature is exploited to damp out the vibration
while maintaining the end-effector posture. In the second part of the present work, the
robot’s task redundancy is used to handle the undesired deflection of the end-effector
and load deformations via a smoothing trajectory approach along with a deformations
compensation action which are integrated together in the design of the proposed feed-
forward control.

Keywords: Industrial Robots, Redundancy Resolution, Vibrations and Deformations
Control, Trajectory Shaping, Flexible Loads Manipulation, Flexible Robot Manipulat-
ors.



Résumé

L’industrie moderne s’appuie sur 'automatisation de ses usines, car les groupes
homme-machine sont plus efficaces que les groupes composés uniquement de I'un ou
I’autre. Parmi les derniéres technologies proposées, une nouvelle génération de robots
industri-els qu’ils travaillent cote a cote dans un environnement commun avec ’homme.
C’est pourquoi les plus grands fabricants de robots industriels proposent des
manipulateurs concus de maniere optimale et ils sont mécaniquement flexibles.
Programmer le robot est le moyen possible d’améliorer la tache robotique et de 'adapter a
toute évolution des conditions de travail.

Les progres de la recherche ont permis au robot d’accomplir des taches que seul
I’homme pouvait jusqu’a présent accomplir dans 1'usine. Par exemple dans un contexte
de manipulation robotique. Ce dernier est treés concerné par plusieurs processus indus-
triels tels que les opérations d’assemblage : le chargement et le déchargement de pieces
d’une line d’assemblage. Lorsque le robot manipule une charge flexible, la précision
des taches robotiques précédentes et parfois méme leur faisabilité peuvent étre considér-
ablement limitées par des vibrations et des déformations induites par le mouvement de
I’objet manipulé. Ces déformations ont des effets néfastes sur le temps d’excution, la
précision et I'intégrité du processus opérationnel dans un environnement contraint. Le
probleme d’éviter la déformation des charges flexibles lorsqu’elles sont manipulées par
un robot industriel est abordé dans cette these.

La structure flexible du robot et la charge sont les principales sources d’erreurs dans
le positionnement et déformation de la charge. L’amélioration de la précision dynamique
pour les taches de manipulation robotique peut étre obtenue en utilisant des techniques
de controle. Cependant, dans le cas des manipulateurs redondants, nous démontrons
que la résolution de la redondance peut étre exploitée pour compenser les déformations
induites par le mouvement de robot. Une approche de contrdle par rétroaction basée
sur 'optimisation des couples est proposée pour améliorer la précision des manipulateurs
redondants et flexibles, dans laquelle les mouvements internes sont exploités pour amortir
les vibrations tout en maintenant la posture de I'effecteur. Dans la deuxieme partie de
ce travail, la redondance est utilisée pour traiter la déviation indésirable de ’effecteur
et les déformations de la charge en utilisant une approche de lissage de la trajectoire
ainsi qu’une action de compensation des déformations qui sont intégrées ensemble dans
la conception de la commande proposée.

Mots-clés: Robots Industriels, Résolution de Redondance, Contrdle des Vibrations
et des Déformations,Planification des Trajectoires, Manipulation de Charges Flexibles,
Robots Manipulateurs Flexibles.
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2 CHAPTER 1. THESIS CONTEXT
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Figure 1.1: Industry evolution: Different technologies for industry 4.0.

1.1 ROBOTIC MANIPULATION SOLUTIONS

Since its introduction to the technology era, the robot invades quickly every active field
to respond to human life needs. Such as the manufacturing industry, space, health,
and so on. The industrial processes along with their applications requirements, such as
time optimal production and reliability, are in need of dynamic systems including robot
manipulators with a high level of dexterity to operate in sophisticated environments.

The human-robot interaction is the main challenge for this new industrial era, i.e.
the industry 4.0 [1], see figure (1.1). The current development of collaborative robot
manipulators which are dedicated to the interaction with humans reveals envisaged op-
erational scenarios for which humans and robots share the same work space. Either in
the industrial context for production or in the areas of personal assistance. Many norms
and charts have been introduced since, to guarantee the safety of the workers and the
quality norms [2].

The robotic manipulation is one of the widely used processes in manufacturing in-
dustry, in order to improve the production return on investments. Thus, solutions for
mobile robot manipulators (i.e. one or two manipulator arms on a mobile base) find a
particular interest. With many different types of robots in the market, the best choice
can be based on task specifications along with the cost. For example, the payload capa-
city, manipulating factor and the applicable force, these factors are presented in figure
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Joints Velocity 110 °/s 750 mm/s 1000 mm/s 70-180 °/s

Figure 1.2: Technical specifications for most used industrial robot manipulators.

(1.2) for most used industrial manipulators. One may note that after choosing the robot
based on the process characteristics, some specifications should be considered this time
to enhance the robot performance, where accuracy is one of the major concerns.

1.2 INACCURACY IN ROBOTIC MANIPULATION

The inaccuracy sources are multiple, but they can be differentiated into two categories,
errors due to mechanical design and errors due to the used control. The deformation in
a mobile manipulator could be treated separately, by assuming that the manipulator is
rigidly attached to a mobile robot, which is the generally considered case in practice. In
the following, we present the different potential factors which may affect the robotic task
accuracy: flexible structure of robot manipulator, mobile platform and flexible load.

1.2.1 Flexible manipulators

The robotic vision of the future paid more attention to flexible manipulators, which have
lightweight structure, low cost, high load to mass ratio and low energy consumption as
well as the capability of performing a given task with high speed. In addition to the
flexible compliance in human-robot interaction. All of these remarkable advantages of
the flexible manipulators compared to those of the conventional rigid robot manipulators
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Figure 1.3: Mechanical joint design of DLR lightweight manipulator.

make them the appropriate generation of robot manipulators for the advanced industry.

The robot manipulator consists of series of links connected by joints. However, the
presence of the flexible substructures induces an oscillatory behavior at the manipulator
end-effector, hence the accuracy deterioration and performance degradation. This error
depends on both the robot compliance and the externally applied force at its tool center
point (TCP) and/or along with its structure. The deformation is time-varying and
mainly differs in the work-space due to the changes in the manipulator configurations.
In this case, the TCP motion is influenced by both rigid and flexural motions which are
dynamically coupled.

1.2.1.a Flexible joints robot

In the case of flexible joints manipulator, the robot is characterized by rigid links and
flexible joints. The elasticity of the motor-to-joint transmission may be represented as
a set of simple spring-damper pair systems, where the spring is modeled as torsional
for rotational joint and linear for translation one [3, 4, 5]. The assumption on which
relies the linear elasticity is due to the small limited deformations in the joint where the
contributions of the nonlinear dynamic are neglected.

The motion transmission/reduction components makes the joint mechanically com-
pliant, see figure (1.3). It is preferably used to comply with physically environment
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contact for soft interactions. For example, the safe human-robot collaboration context
[2]. Omne may note that the flexible joints are subject to store strain energy due to
the energy transformation from kinetic to potential energy between the robot dynam-
ical inertia and the flexible joints. Many robotic tasks require considerably developed
joint-torques, which mainly excite the flexible structure in the joint leading to dynamic
vibrations at the end-effector.

For each of the flexible joints in the robot, it exists a force compliance between the
driven torque of the considered joint and its own oscillatory system. As a result, the vi-
bration could be controlled directly via the joint torques. Notwithstanding, the dynamic
system seems highly coupled and nonlinear, a simplified system could be considered by
neglecting both the inertial coupling between the links and the motors and the viscous
damping to achieve simple control as in [6]. Nevertheless, the nature of the flexible
structure holds an infinite number of Degree Of Freedoms (DOFs) which may influence
the control efficiency [7].

1.2.1.b Flexible links robot

The flexible links are made from resistant lightweight materials, assumed with uniform
properties. This particular structure has an enormous impact on energy saving, since less
power energy compared to the robot with heavy rigid structure could drive the resulting
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lightweight robot, see figure (1.4). The robot operational speed increases as well as the
payload-to-mass ratio [8, 9]. Remarkably, the flexible link manipulators attract many
applications in diverse fields. For example, robot with flexible long arms are the best
candidate in space applications to achieve a long reach in aim to assist astronauts. In
the low gravity environment, the robot may help to collect space debris and maintain the
space station and insure the supplying process [10, 11]. Overall, the flexible manipulator
is mounted on free floating spacecraft to extend its maneuverability [12]. In the medical
field, safe operations are guaranteed due to the robot compliance and the reduced inertia.
Although, the robot has intrinsically low stiffness features which may constrain some
of its functionalities. The flexibility distribution along each slender flexible link causes
generally positioning deterioration at the end-effector since it is too sensitive to the joints
motion. In the motion point of view, it may be resumed essentially in the link bending
along its length in transversal direction more than the torsional direction. As a result,
the flexible link can be considered as a cantilever beam [13]. Generally, the deflections are
negligible in the longitudinal direction of the link [14]. One may note that the external
forces introduced by the effect of the load may degrade considerably the manipulator
dynamic which inevitably excites more the vibration during the manipulation process
[15, 16]. Moreover, the brutally altered vibration provokes irregular movement in robot
joints which may eventually deteriorate the dynamical performances [17]. The deflection
model of the flexible link has an infinite number of DOFs because of the large flexibility
distribution [18]. This leads to under-actuated system since ordinarily a defined number
of driven actuators is assigned at each joint to control the end-effector pose. Thus the
control complexity of the manipulator increases in case of active damping control.

1.2.2 Mobile platform

The mobile platforms are adapted in large variety of fields depending on the use context.
For example, the logistic robots in warehouses, autonomous cars, the wheelchairs for the
elderly and disabled. The mobility solution is exploited as well in the manufacturing
factories in which the robot manipulator may be installed on the mobile platform for
the purpose to expand its work-space and manipulability. The mobility ability allows
the mobile robot to operate in different working contexts.

The conventional mobile robots platform, with one/two pair(s) of actuated wheels,
have limitation in term of manoeuvrability in order to execute certain tasks under
some kinematic constraints, such as obstacles avoidance. On the other hand, the omni-
directional mobile platforms offer more kinematic possibilities to the robot work-space
due to the special mechanical construction of its mecanum wheels, see for example [19].
Compared to the conventional wheels, the mecanum wheels are independently actuated.
They were invented by Ilon in 1975 [20]. The curved rollers are arranged around the
circumference of each wheel. The disposition of each roller axis should skew by 45° to
the concerned wheel axis. Thus, the Omni-directional platform has three DOFs in the
horizontal motion plane which allows it to move instantaneously in any direction by the
simple combination the velocity of the wheels without steering the wheels at all. In
addition to motion redundancy, the omni-directional mobile platform offers time-saving
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Figure 1.5: TC200 mobile Platform: 12 curved rollers on each wheel. Error quantification
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and less energy-consuming [19].

Commonly in the approach depicted in the literature, the mobile base and the ma-
nipulator are independently managed in terms of work-space trajectory. In order to
improve the productivity, the motions of the mobile base and the manipulator must be
coordinated. As a result, the mobile manipulator can be considered as a single sys-
tem with a high redundancy degrees. This potential advantage in time over the mobile
manipulator motion can be a helpful factor in improving the accuracy of the entire sys-
tem. However, the rigid motion of the mobile base is likely to deteriorate the dynamic
precision of the manipulator end-effector, in particular by causing vibrations, see figure
(1.5). Due to the curved structure of the rollers, it is unsuitable to execute smooth mo-
tions. The contact point between the wheel and the ground is too small so that it jumps
discontinuously from one roller to another during the motion. Thus, the sequential ro-
tation of the mecanum wheel induces periodic vibrations along the motion which may
limit the performance of the navigation algorithm [21]. In [22], kinematic simulations
on omni-directional wheelchair prototypes reveal that periodic vibrations are noticed
during the mobile platform motion along with the perpendicular motion axis, its amp-
litude is approximately within 1mm. Moreover, the lateral motion is likely to induce
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most of the vibrations compared to the straight motion. In [23], the author points out
that the shifting of the gravity center of the mobile robots may cause error in mobile
robot positioning, i.e. slippage error. The wheels velocity and the applied normal force
may deviate the platform center of gravity. For example, this may happen during the
simultaneously coordinated motion of the robot platform and the robot manipulator.
Besides to position errors, it can also lead to energy waste problems [21].

The vertical component of the motion-induced error is critical for mobile robots oper-
ations. Therefore, it can bring instability and deformations to the tool/transferred-load
at the end-effector of the robot manipulator. Different factors are related to the emer-
gence of these deformations during the mobile platform motion [24]. It is mainly affected
by the angular velocity, wheel alignment with the platform-body vertical axis, geometry
form including the gap due to the discontinuous contact point, flexible structure of the
platform body, see figure (1.6). One may note that the most contributed factor is the
contact surface since the mobile platform is so sensitive to the ground irregularities [25].
This error is considerably noticed during the platform motion, see figure (1.5).
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Figure 1.7: Example of deformable objects manipulation "car bumper', the motion-
induced vibrations can be presented by oscillatory system including the vibration modes.

1.2.3 Flexible load

In manipulation context, the intervention of workers is restricted because of the safety
issue or under other constraints. For example handling melted steel containers or any sort
of dangerous liquids. Therefore, the robot manipulator is assigned to handle different
sorts of loads which have either rigid or flexible body structure. The manipulation of
such deformable objects can be found in cars and aerospace industries for assembling
operations, such as cables or car bumper, see figure (1.7). Same as in daily life such
as for clothes folding. It is not qualified to manipulate flexible loads using algorithms
which are developed for manipulating rigid bodies, the deformation constraint should
be considered in aim to adjust the grasping and the transportation process for example.
Thus, the robot may achieve the desired pose which corresponds to the load tip or any
other reference point on the body structure. This includes the orientation for a given
angle or the form pose for a specific curvature.

Specific robotic manipulation should be addressed in case of deformable loads. The
load structure may be deformed under external actuated forces or those issued from the
robot dynamic itself at the gasping point where applied the actuated force. Therefore,
time-varying degradation on its shape compared to the original shape may occur. One
may note that not all deformed objects can regain their initial form, this feature may
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distinguish deformable objects into three main patterns. Based on the dimensional
deformation and physical properties, such as linear deformable objects such as beam
and rope. Two dimensional deformation, if the object degradation occurs in one plane
either on the contour or the surface. For example, the liquid sloshing in case of linear
transportation of liquid container. Three dimensional deformation, such as in case of
manipulating a piece of meat where the deformation are noticed in three directions of
the load. Same as any other flexible structures, the flexible load is an under-actuated
system which may inhere infinite DOFs number [26]. Along with the load positioning
and orientation control, the undesired deformation should be reasonably retained by
keeping the vibration amplitude bounded [27, 28].

1.3 PROBLEM DEFINITION

In the context of the robotic manipulation in factory, either the flexible structure inherent
in the flexible manipulators or the manipulated flexible loads are susceptible to induce
an oscillatory behavior as long as the load is moved in the free space which causes
uncertainty in the end-point position. This is critical in many robotic applications,
especially for some tasks with high speed and precision requirements. In view of the
previous points, the accuracy of the manipulation task with mobile manipulator can be
deteriorated due to three distinguished levels: mobile platform, robot manipulator and
deformable load. The impact of each one of these errors is progressively dependent on
the other one.

Moreover, the industrial applications especially and other distinct robotic manipula-
tion processes in general are in need of robot manipulators with extra maneuverability
and dexterity to operate in the most sophisticated and unstructured varying environ-
ments. The redundant manipulator is adapted for such situations, knowing that it is
able to execute the same task in several configurations since it has more DOFs than
those required to execute a specified task. This redundancy offers additional DOFs to
deal with many kinematic and dynamic issues related to the robot manipulators to en-
hance their performances. Nevertheless, this imply a long chain of robot structure with
potential free actuators which increases the robot flexibility.

The aim of this work is to develop control strategies in the context of mobile manip-
ulation in an assembly line environment (supply, positioning, machine loading). These
must ensure the dynamic precision of the positioning of the end-effector while minimiz-
ing the execution time in order to manipulate potentially flexible objects. On the one
hand, the accuracy improvement of the robot depends mainly on the reduction of the
end-effector deformations which are induced by the motion of the manipulator and/or
by the mobile platform. On the other hand, the manipulated flexible object may be de-
formed not only by the accumulated deformations from the robot but it can be affected
by the TCP trajectory profile as well. The present study aims to resolve two scientific
challenges by exploiting the kinematic redundancy of the robot. First, using the redund-
ancy of robot to resolve criteria related to work-space constraints. Secondly, the previous
resolutions will be exploited to define a proper trajectory for the robotic task while in-
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tegrating functional criteria related to a given task such as deformations reduction and
control torques minimization. One may note that the redundancy may have exciting
effect on vibration of the robot manipulation task due to the mechanical architecture
and the free-moving torques. Thus, the main contribution of this work is to enhance
the dynamic precision of the robot in the context of flexible objects manipulation by
exploiting these self motions.

In literature, controlling the vibrations turned out to be a practical approach, a vast
research on its control for manipulators is deeply analyzed in the state of art for both
robot system and robotic manipulation of deformable objects. For example those which
rely on force/torque sensors and referred to as state feedback control. Vibrations are in-
tegrated in the global control architecture. Either via robot-sensors data to updated the
joints torque command [29, 27] or by using numerical estimators to establish the control
law such as linear control PID [30], adaptative control [31]. Than the vision system is
introduced, the RGB-D camera is used to reinforce the force feedback control in aim to
handle complex manipulation contexts [32]. On the other hand, the vibrations control is
separated from robot control scheme in open loop architecture. The feedforward action
is exploited to deal with vibrations reduction of stable controlled robot system. This
can be achieved via 3D environment simulation to predict the deformation for given
maneuver [33]. In order to satisfy both the trajectory tracking and vibration damping,
the motion planning can be adapted to vibration reduction by exploiting the methods
of trajectory planification, such as smoothing trajectory generation using input shaping
strategy [34, 35].

With regard to the control approaches proposed in literature, the scientific contribu-
tion of this thesis addresses the exploitation of the redundancy resolution to reduce the
motion-induced vibrations and deformations for accurate and safe robotic manipulation.

1.4 CONTRIBUTIONS AND THESIS ORGANIZATION

Contribution 1: Vibration reduction control for redundant flexible robot
manipulators exploiting redundancy capacities

Both vibration reduction and task accuracy improvement for flexible redundant manipu-
lators, using the resolution of redundancy are addressed in this work. The exciting force
of flexural motion which is induced by the motion of the manipulator causes undesired
deflection at the end-effector. Based on an elasto-static model of the collaborative robot
which is kinematically redundant, the null space inherent in redundancy feature is ex-
ploited to damp out the vibration while maintaining the end-effector posture. In order
to exploit all the degrees of freedom in the null space, a feedback control design based
on torque optimization has been introduced using analytical method for the redundancy
resolution.

Article: Amine Rahmouni, Richard Bearee, Mathieu Grossard, Eric Lucet "Vibration
reduction method for redundant flexible robot manipulators'. IFAC 2020, Berlin.
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Contribution 2: Robot trajectory generation for flexible load transfer
under deformation reduction constraints

In this study we address the problem of reducing the elastic deformations and the resid-
ual vibrations of flexible loads when they are handled by a robot manipulator. During
the manipulation of the low-stiffness load, such as bumper or exhaust system in automot-
ive industry, large motion-induced deformations and vibrations may be induced. These
deformations will have detrimental effects on the settling time, on the accuracy and on
the integrity of the operational process in a constrained environment. The trajectory
shaping approaches, i.e smoothing filter or input shaping method are well-known solu-
tions for the suppression of the residual vibrations at the end of a rest-to-rest motion.
However, using trajectory shaping technique alone may not be sufficient to suppress the
static elastic deformations during the transfer phase of the object. Thus, the main contri-
bution of this work is to propose a two stages feedforward based approach that combines
trajectory shaping technique for vibrations reduction, with a deformation compensation
trajectory. The latter exploits the rotation space of the manipulator to mitigate the
flexural motion of the flexible load.

Article: Amine Rahmouni, Richard Bearee, Adel Olabi, Mathieu Grossard, Eric Lucet
"Robot trajectory generation for three-dimensional flexible load transfer”. IECON 2019,
Lisbone.

Contribution 3: Trajectory tracking with vibration constraints for multi-
axis motion

In the context of trajectory planning we propose a technique to improve the accuracy
of robot manipulators for multi-axis composed motion. As mentioned previously, the
manipulation of flexible loads and/or the inherent flexible structure of the manipulator
induce undesirable vibration at the load/end-effector level which result in motion in-
accuracy. The addressed study gives better insight into the ability of the jerk-limited
profile along the time synchronization to reduce the residual vibration and guarantee
a precise tracking of the prescribed trajectories. For online filtering shaper, a proper
compensation scheme has been put forwards in order to achieve a consistent synchron-
ization between the different axis trajectories of the manipulator. The effectiveness and
the feasibility of different approaches for industrial robot applications are evaluated.
Article: Amine Rahmouni, Richard Bearee, Mathieu Grossard, Eric Lucet "Jerk-limited
trajectory tracking with vibration constraints for multi-azis manipulators'. S-mart 2019,
Les karellis, Montricher Albanne.

Thesis organization

The thesis is organized according to the main contributions which are mentioned above,
see figure (1.8):

e Chapter 2 introduces the use of the redundancy resolution for precision improve-
ment of the robot manipulator with inherent flexible structure. First, the dynamic
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Figure 1.8: Thesis organization.

compliance between flexural motion and the robot control DOFs is analyzed to
quantify the dynamic error. The redundancy solution helps to damp out the time-
varying vibration in meanwhile the nominal trajectory is tracked precisely. This
solution reveals optimal configurations where the robot energy is minimized since
the torque optimization constraint is considered in redundancy resolution.

e Chapter 3 quantifies all sources of deformations of the mobile robot manipulator
and flexible load at the end-point of the manipulated object. The elastic deform-
ation and the residual vibrations are controlled via trajectory planning approach
using a feedforward scheme which is the combination of both smoothing shaping
filter and robot redundancy resolution. The approach robustness is considered and
discussed for accurate robotic manipulation in industrial applications.

¢ Chapter 4 focuses on issues about trajectory degradation for multi-axis motion
where the time delay of the shaping filter induces an asynchronized motion. The
feedforward scheme is adjusted by adding a compensation action on the filtered
trajectories. The main categories for synchronized motion are proposed depending
on the transitional error and the nature of trajectory planning, i.e. online or offline
scheme.



CHAPTER

A robot manipulator is a spatial structure which consists of n links connected by n joints
which are either revolute and/or prismatic. The joints are more likely to contain flex-
ible mechanism due to the compliant elements that form the motion transmission chain.
The links could be either rigid or flexible depending on the elasticity of the material. As
highlighted in the previous chapter 1 despite the advantages of using lightweight manip-
ulators in modern industry, the robot flexibility is subject to deteriorate the positioning
accuracy and add more constraints on the robotic task.

The exciting force of flexural motion, which is induced by the manipulator joint
motion, eventually causes deflection at the end-effector. In section 2.2, the dynamic
interdependency between the manipulator motion and the flexural dynamic system is
analyzed to better explain this phenomenon. For the sake of better performance, the
vibration control should be achieved without degrading the robotic task precision. In this
chapter, both vibration reduction and task accuracy improvement for flexible redundant
manipulators is addressed using the resolution of redundancy.

The kinetic redundancy allows the manipulator to achieve additional performances.
The fact that it is offering more DOFs compared with those which are required to execute
a given task leads to infinite configurations in joint-space to hold the same Cartesian
posture of the end-effector. In order to exploit all the degrees of freedom in the null
space, a feedback control design based on torque optimization is introduced in section 2.3
using analytical method for redundancy resolution. In section 2.4, the null-space motion
inherent in redundancy feature is beneficially exploited to damp out the vibrations while
maintaining the nominal trajectory of the manipulator end-effector.

14
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2.1 REVIEW ON VIBRATIONS CONTROL

Adjusting the mechanical structure of the flexible manipulator by stiffening its flexible
elements may overcome its flexibility at the cost of a lightweight manipulator. This
process eventually yields a high-inertia or complex rigid manipulator by increasing, for
example, the non-linearity in the physical model. Therefore, since controlling the vibra-
tions turned out to be a practical approach, a vast research and deep analysis on control
of the flexible manipulators is in progress to date.

In control design, the control of motion-induced vibrations should be considered in
addition to the control of manipulator motion. Depending on how the vibrations are
controlled, in general, two main approaches are distinguished in case of flexible redund-
ant robots. The first category integrates the vibrations analysis into the main control
algorithm of the robot motion. Characteristically, this combination works either for
linear or nonlinear control design. The second category uses the redundancy resolution
feature to carefully select the optimal configuration of the robot manipulator among all
other available solutions, so that the vibrations are optimally reduced during the mo-
tion and along the planned path. In the following sections, each category is underlined
through relevant examples in literature and illustrative control schemes.

2.1.1 Control-based approach

The control algorithm is designed in order to compute the input torques in the allowed
interval limits of the robot actuators to drive the flexible manipulator in a predefined
path whilst try to minimize the deformation of the end-effector. The specific structure
of the manipulator induces an unsteady motion along the end-effector path which results
from nonlinearly-coupled dynamic between the rigid body motion and the flexural motion
due to the elasticity of the flexible structure. Therefore, a compromise should be made
between the precision, or trajectory tracking, and steady motion preservation (vibration
reduction). The feasibility of this control is guaranteed by adopting the control theory of
linear and non-linear dynamic systems to extend it to the case of the flexible manipulator
in general.

The active control schemes are established based on nonlinear and linear control
design theory for dynamic systems, such as PID control [36], singular perturbation con-
trol [37], stable inversion control [38], adaptive control [39], intelligent control algorithms
[40], and so on. These control systems rely on the manipulator dynamic system and/or
are in need of feedback information from the system output signals which are provided by
sensors and/or numerical estimator, see figure (2.1). The linear control theory, such as
PID control, is used mainly for trajectory tracking while state feedback is implemented
in order to reduce the tip vibration. In [36], two control actions are merged, where Hy,
enfolds the PID controller to increase the robustness against the estimation uncertainty
of the identified system. An enhanced version is adapted to get comply with manipulator
configuration changes and stabilizes vibrations via adaptive sliding-mode, see [39]. The
computed torques control, which are deduced from the inverse dynamics, are exploited
to build the feedback linearization scheme, see [41, 42, 43, 44]. The state measurement
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Figure 2.1: Vibrations control schemes.

data are collected using sensors (accelerometers, and optical sensors) and/or by imple-
menting state estimator such as Kalman’s filter, Which is used to construct optimal
motion control, such as linear quadratic regulator (LQR) or linear quadratic Gaussian
(LQG) structures to actively control the vibration [45]. It guarantees the stability and
robustness in the presence of bounded uncertainty. The inverse-dynamics-based control
has been extended to the case of flexible manipulators, and so for the combination of
rigid and flexible states, by considering the constraint of minimizing the vibrations to
guarantee the system stability [46]. In [47], the control law is based on trained neural
networks for the friction compensation, this ultimately has non-negligible impact on the
actuation energy-wasting.

On the other hand, the open loop control generates a smooth trajectory from the
reference trajectory, which is modulated by pre-estimated frequencies of the flexural mo-
tion, in order to minimize the residual vibrations. The classical input-shaping technique,
which is introduced in [35], is designed for rest-to-rest motion within a previously-defined
time interval, with the aim of suppressing the residual vibrations by filtering the refer-
ence input. In [48], the trajectory is shaped by inverse dynamic analysis within optimum
speed, and the robustness is effectively approved by the sensitivity analysis for slightly
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damped dynamics. Since then, different shaping filters are developed and updated for
overall mechanical systems. For example, the damped jerk-limited profile in [49] is ad-
apted to the case of under-damped flexible systems. In addition, the exponential filter
in [50] increases the smoothness of the motion profiles regarding the injected trajectory.
The filter modulates/shapes the input signal without feedback measurement data from
the system dynamic. It avoids any complex calculation, since only specific parameters
of the flexural motion are required. The approach-proceeding relies on solving only a
set of linear equations. One may note that the system parameters’ variation and uncer-
tainties are handled by the closed loop block, which guarantees the trajectory tracking,
see figure (2.1). Therefore, the input shaping filter is generally combined with the closed
loop based control scheme to achieve positioning control and reduce vibrations of flex-
ible manipulators. The filter parameterization relies exclusively on the system dominant
mode and eventually depends on the robot configuration since the vibrations vary in
different motion directions. In [51], an adaptative algorithm is proposed to continuously
update the shaping filter parameters depending on the robot actual configuration. In
[52], linear control is combined with input shaping to increase the robustness of the
system. In [53], the input shaping is combined with feedback controller in such a way
as to monitor and improve the control performance, and insures the system stability
in front of unknown disturbances. Output-based shaping filter is proposed in [54] to
cope with the force reaction for different scale payloads. The robustness along with the
trajectory tracking is compared for two optimal linear controllers, LQR and PID. Since
the frequency characterisation of the flexural motion is unsteady, in [55], the adaptative
shaping filter is put forward to take over the variation of natural frequency by deriving
an algebraic identification after proceeding to the estimation step. Computing approach
is used in order to avoid any complexity related to the use of the dynamic model to con-
struct the control law, for example the genetic algorithm, the optimization algorithms
which employ tools such as fuzzy logic [40] and neural networks [56]. These algorithms
are adapted to fix suitable gains in feedforward block, feedback scheme or both.

2.1.2 Redundancy-based approach

The kinematic redundancy of redundant robots is highly investigated. In literature, this
internal motion is referred to as self-motion or null-space. The redundancy is used to
deal with different kinematic and dynamic issues related to robot manipulators, in order
to enhance their performances. For instance, in [57] and [58], the redundancy is used to
deal with obstacle avoidance and joints constraints respectively.

The conventional control schemes above were developed to be applied to both re-
dundant and non-redundant flexible manipulators. Little attention has been paid to
take advantage of the redundancy of flexible manipulators either for vibrations sup-
pression or for designing simple controller. Therefore, the redundancy application in
the control design is rare and few works have investigated this ability. For instance, in
[59], a control design in dynamic level for multi-priority control in redundancy space is
analyzed. In [60], the operational space control design is proposed for the redundant
manipulators, in velocity and acceleration levels.
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Figure 2.2: Vibrations control via redundancy resolution.

The joint motion is capable of affecting the vibrations since the dynamic of the
rigid body and the flexible parts of the flexible manipulator are highly coupled. This
ability may be used efficiently to achieve smooth motion without exciting the vibration
modes. The redundancy ability affecting the manipulator flexibility has been introduced
and examined in few works. The figure (2.2) depicts the general scheme of vibration
control via redundancy resolution for flexible redundant manipulators, in aim to find
optimal trajectory with minimal vibrations. In[58] and [17], the null-space of the joint
acceleration has been used to achieve an optimal joints motion so that the vibrations
are reduced. Nevertheless, the optimization algorithm consumes a considerable amount
of time and discussions regarding the potential impact of the configuration initialisation
case have not been presented. The self-motions switching are prone to result in unstable
joint motion, and in some cases the optimal solution for joints motion is irregular and
difficult to execute online due to the numerical complexity of large amounts of calculation
at every discrete point. In [62] and [63], authors have established a control design based
on the Jacobian null-space, which is used explicitly to damp out the vibration dominant
modes. It has been proven that the self-motion gets rid of the manipulator flexibility
effects only when the number of redundancy degrees is the same as the number of selected
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modes to be controlled. It maintains precise tracking of the end-effector trajectory, and
this is guaranteed as long as the the flexible redundant manipulator is not in a singular
configuration. Similarly, in [64], a flexural state estimator using force/torque sensor
is beneficially added this time to the control design to reduced the induced vibration
of flexible appendage in space robot. A numerical approximation on the redundancy
resolution has been made for simplification in practical implementation, which may
decrease the effectiveness of vibrations suppression and implies additional uncertainties.
In [65], the resonance-ratio control is designed to suppress the vibrations. The work space
observer is used to estimate the flexural reactive force, which is injected afterward in the
Jacobian null-space in addition to the joint local control. In spite of that, assuming that
the joints velocities are considerably small could be admissible only for low dynamical
maneuvers. Otherwise, it is not advantageous for other common motion ranges which
restrains the application of this approach, especially that the flexible manipulators are
chosen for their higher speed. In [66], the vibration reduction is guaranteed by resolving
the kinematic redundancy with the help of an additional constraint which is obtained
from vibration dynamics. This technique takes advantage of the task-space augmentation
approach which relies on the augmented Jacobian, where the flexural dynamics of the
induced vibration is considered as an optimisation problem. In this case, the joint’s
motion solution may become unfeasible surrounding the algorithm singularity of the
augmented optimization problem.

2.2 GENERALIZED DYNAMIC MODEL FOR FLEXIBLE
MANIPULATOR

2.2.1 Overview

Generally, most of control approaches rely on dynamic models of the considered ma-
nipulator. Therefore, the important step towards optimal performances and effective
control is to provide an accurate and practical model. For the flexible manipulator
modelling, three formulations are commonly used: Newton-Euler formulation, Lagrange
formulation and Kane’s formulation. The presence of flexible elements in the manipu-
lator structure inevitably implies highly nonlinear coupled dynamic models. The flexural
motion is explicitly dependent on the robot set-up configuration and therefore the rigid
body motion of the manipulator joints. In the case of the flexible-link manipulator, the
joints are supposed to be rigidly stable motion transmitters, where the link elasticity is
important.

The flexural displacement of the flexible link and the dynamic model of the ma-
nipulator could be derived simultaneously using a set of techniques depending on the
dynamic vibration theories, such as Euler-Bernoulli beam theory, and on the way in
which the continuous dynamic model is discretized. The flexibility distribution along
the link modeling leads to a complex, non-minimal system with infinite DOFs. Thus,
the idea of achieving an exact solution seems to be impossible since the robot manip-
ulator generally provides a few DOFs. This issue could be solved by discretizing the
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continuous system to a reduced-order model using truncated methods, such as assumed
mode, finite element technique and lumped-parameter, which are presented below. The
figure (2.3) presents a diagram which illustrates the modeling process for the flexible

manipulator.

For more details about the existing approaches and their analysis, the

reader is recommended to refer back to general reviews presented in [67, 68, 69] and the
references therein.

e Assumed mode: this method discretises the dynamic equations into a sum of
truncated sets of assumed modes to represent the link deflection with regular cross-
section [70]. The method provides a low order representative system where its
accuracy is proportional to the number of the considered modes. Therefore, it
should be a compromise between the accuracy and the complexity of the model.
However, the modal analysis is an interesting method when it comes to describing
the flexibility of the system, since it makes it possible to achieve good control based
on the reduced-order model. For example, in [71], the dynamic model of a two-link
flexible manipulator is reduced to a set of discretized subsystems using assumed
mode method for feedback control combined with neural network.
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o Finite element technique: it is widely used to numerically analyse the mechan-
ical structure. The order of the discretized model depends mainly on the number
of finite elements which used to discretise the flexible link; generally, the required
number is considerably huge. In this case the real time implementation for control
purpose is restricted, for which the reduction of the modal order is indispensable,
see [72]. For instance, in [73], the equivalent rigid-link system dynamic formulation
is combined with the finite element method to both considerably reduce the num-
ber of system DOFs and optimize the computational time. The finite-dimensional
system kept the motion of the robot smooth and fine. In [74], an established
comparison study between the finite element method and assumed modes for flex-
ible manipulator modeling using Lagrange dynamic formalism is proposed. An
additional number of differential equations is required to better approximate the
flexural dynamics which extend the calculation time. The linear method, i.e as-
sumed modes method, which relies on time-varying frequencies, is suitable for links
with uniform cross-sections. In contrast, the finite elements can handle easily single
or multi link with complex geometries using nodal analysis which is convenient for
no-uniform cross-sections.

¢ Lumped-parameter: this formulation assumes basically the flexible link to be
equivalent to kinematic chain of virtual joints, where at the tip of each one a lumped
mass is attached with massless linear spring for elasticity modeling [75, 76]. The
nonlinear lumped parameters are suitable for modeling the nonlinear regime within
spatial discretization of the flexible elements and can additionally ensure proper
optimal numerical solution. For instance an optimal pre-shaping input and joint
angles feedback for closed loop control is proposed for highly flexible manipulator
manipulation in [77]. The process requires less complex numerical calculation com-
pared to the finite-element approach. The lumped method is adequate for simple
model presentation and numerical simulations. This advantage can be exploited to
design robust controllers. For example, in [78], the PD control is proven to achieve
better control performance with comparison to the singular perturbation control-
ler. The bounded input and bounded output stability is guaranteed regarding the
payload variation. In [79], the Lyaponov criteria ensures the sliding surface stabil-
ity of the PID sliding mode controller which avoids the chattering phenomena and
achieve precise trajectory tracking.
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Figure 2.4: Schematic drew of single flexible link: (a) a simplified diagram, (b) planar
representation

2.2.2 Dynamic analysis

The dynamic structure of the flexible manipulator is the combination of both the joints
motion, i.e the motion of the rigid body, and the flexural motion, i.e the elastic deform-
ation in the flexible elements, which is depicted by n, rigid DOFs and n; flexural DOFs
respectively. The figure (2.4) exhibits the planar definition of the single flexible link
case, where the deformations are considered at the tip of arm.

Based on Lagrange’s formulation and assumed modes method, see for instance [17]
and [80], the dynamic model of the flexible manipulator with flexible links is generally
described by n dynamic equations of motion, where n = n, + ny is the total DOFs of
the system,

M(@®)©®+D(0O,0)0+K(@®) @=T+T (2.1)
where

e ©=Iq" q?]T € IR" is the generalized coordinates vector, ¢, € IR™ and ¢y € IR™
are respectively the joint coordinates vector and the elastic displacement coordin-
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ates vector;
o M(©) € R™™" is the global mass matrix;
e D(®,0) ¢ R™" denotes the global damping matrix;
o K(®) € R™™ is the global stiffness matrix;
e I' ¢ IR" is the generalized torques vector, which depends on the control torques;

o I' € R is the vector which aggregates the Coriolis, gravitational and centripetal
forces in addition to other nonlinear dynamics including the externally applied
forces and the non-conservative forces such as friction forces.

One may note that the flexible links of the flexible manipulator are modeled as
clamped base beams [80]. The dynamic model of the flexible manipulator is supposed
to be estimated by a numerical estimator or practically identified, see for instance [65].

In the process of Lagrange formalism, the dynamic of the flexible manipulator is de-
rived from the kinetic and potential energy balance and formulated into two set of time-
varying equations, which are differentiated via partial derivatives. They are related to
the rigid variables and the flexural variables of the conservative form of Lagrange’s equa-
tion [81]. Therefore, the dynamics of both rigid and flexural motion may be described
separately from (2.1) as follows

My G +T, =7 (2.2)

Mg, Gr + Mgy Gy + Dy g + Ky qf:ff (2.3)

where
o M, € R™*" My, € R"™ and My € IR™*" are block matrices of the global
mass matrix, where the subscript ”r” indicates rigid variables dependency and the

subscript ”f” indicates flexural variables dependency, or mixed dependency which
is depicted by indices "rf” and " fr”;

e 7 € IR™ is the control torques vector applied to the manipulator joints;
e I, € R™ is the non-linear dynamics in the rigid motion;
o I 7 € IR™ is the nonlinear force which is applied to the flexural dynamics;

e Dy € R and K; € IR"™" are respectively the damping and the stiffness
matrices of the flexural motion.

The equation (2.3) shows that the joint dynamic influence the flexural motion dy-
namic. As the flexural dynamic is not explicitly dependent on the control torques 7, it
is not possible to directly control the motion-induced vibrations. Thus, the deformation
may be handled through the implication of adapted profiles for joints trajectory. The
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distributed flexibility is non-minimum phase system where the number of flexural DOFs
is relatively bigger than the actuated joints, which algebraically implies that the matrix
My, does not have full rank. The reactive force which is aroused from the flexural efforts
is absorbed in the non-linear dynamics I, of the rigid motion depicted by (2.2). The
contribution of the reactive force is negligible compared to the algebric sum of other
forces in the manipulator dynamic.

In order to achieve a given optimal performance, the dynamic of flexible elements
is included in the generalised dynamic model of the flexible manipulator, and used to
design various controllers algorithms [8]. The control stability and the precision are the
main topic to handle in this case. To sum up, the flexural dynamics should be neutralized
without affecting the manipulator’s nominal motion.

2.2.3 Kinematic analysis

The end-effector position of the flexible manipulator, which is operating in n; dimen-
sional work space, is a function of both joint-angles coordinates and elastic displacement
coordinates as follows

L= f(Qran) (2'4)

where x € IR™ is the Cartesian position.
The kinematic model can be derived from (2.4) by time differentiation

&= Jrgr + Jrqy (2.5)

I = Jr('jr‘f—err—Finjf—l-jijf (2.6)

where J, € R™ ™ and J; € IR™*" are the rigid and the flexible Jacobian matrices
respectively.

From (2.3), one may notice that the flexural displacement cannot be controlled dir-
ectly by usual inputs the joints torques. Therefore, in the motion-planning process only
the nominal joints motion is considered to generate the desired trajectory for the flex-
ible robot manipulators, see [65] and [?]. In this case, the term (J¢dr + Jrdr) in (2.6)
is not considered in redundancy resolution. From (2.6), the dynamical resolution of
redundancy for motion planning in joint space is given by

& = Jyiy + Jrgr (2.7)

The flexible manipulator is called kinematically redundant if and only if the number
of actuated rigid joints n, is greater than the dimension of the operational work-space,
which is denoted here by n;. The degree of redundancy m in this case is defined as
m = n, —ng.

The relation in (2.7) is exploited to determine the joints trajectory for input reference.
Due to the kinematic redundancy, an infinite configurations of the manipulator are
valid for one given task positioning. Among all the possible configurations, one optimal
solution is carefully retained depending on the selection criteria. This is referred to as
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Figure 2.5: Redundancy resolution: (a) Classical definition in motion space, (b) Re-
dundancy resolution using torque partition.

redundancy resolution. The kinematic redundancy has been resolved differently through
various theories. The motion of the redundant manipulator is optimally mapped in
response to the performance requirements on top of the primary task.

In general, most existent methods for inverse kinematic computation are derived from
the pseudo-inverse Jacobian-based redundancy resolution [82, 83, 84, 85, 86, 87, 88, 89].
This tendency of using redundancy is found in most works in literature since it is a univer-
sally algebraic approach for defining the joint coordinates from the Cartesian trajectory
using the pseudo-inverse Jacobian matrix, i.e Moore-Penrose generalized inverse of the
Jacobian, for both non-redundant manipulator and redundant manipulator respectively.
The redundant DOFs of the null-space are integrally allocated to the secondary task
after executing the primary task.

The numerical solution for the inverse kinematic is introduced to obtain an ap-
proximate solution from non-linearity forward kinematic. A comparison between the
pseudo-inverse Jacobian method and different numerical approach is conducted in [82]
to evaluate the computational complexity in the solution of the iterative process, cost and
speed convergence, which are important factors for practical implementation. Weighted
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Pseudo-Inverse [84, 85, 89, 90] using inertia mass matrix is a promising approach to
obtain optimal task kinematics regarding the dynamic characteristics.

Contrarily to the inverse kinematic methodologies, the dynamic analysis in [91] is very
useful since it allows one to employ all the free redundancy DOFs without recalling the
pseudo-inverse Jacobian matrix. The driven torques are explicitly selected in accordance
with a given Cartesian trajectory acceleration. The factorisation calculation of input
torques are highly preferred in the real time implementation and motion control design,
where the torques are directly mapped to the driven actuators. Moreover, this approach
is valid for both flexible and rigid redundant manipulators. The figure (2.5) depicts the
diagram definition of the kinematic redundancy resolution for both conventional general
concept and the one which is based on the torques distribution which will be described
in the following section.

2.3 CONTROL DESIGN VIA REDUNDANCY RESOL-
UTION

2.3.1 Redundancy resolution

In the context of flexible manipulator control, the resolution of redundancy based on
the pseudo-inverse of the Jacobian matrix is usually used to determinate the reference
trajectory of joints acceleration. For example, in [17], the projected joints dynamic in
the Jacobian null-space is only devoted to damp out the vibrations. In this case, having
extra degrees of redundancy will be used to damp out effectively the vibration, i.e p
redundant DOFs to compensate for p flexural DOFs, but not to fulfil any additional
secondary task.

In this study, we investigate the use of the extra number of redundancy DOFs in
aim to perform more than one second task simultaneously. Therefore, another method
for resolution of redundancy, which is based on the manipulator dynamic analysis, has
been considered in the development of the proposed strategy to exploit all the available
degrees of redundancy, which is thoroughly analyzed in [91]. The joint torques are
used in the redundancy resolution, which is advantageous since they are the main input
variables to the manipulator controller.

Substituting (2.2) into (2.7), the end-effector acceleration can be rewritten as

i = J.MMN1—T,)+ Jrgr (2.8)
The following terms are defined for the convenience of the further study development,
9= J.M,! (2.9)
X = Jrgy — Jo M,,'T, (2.10)
The equation (2.8) then becomes

=0, +9.,7 + X (2.11)
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where the joint torques are decomposed into two sets, 7 € IR™, the task torques to
perform a given task, and 7. € IR™, the redundant torques which are extra torques
regarding the task. ¥, € IR™*" and 9., € R™*™ are matrices that form the matrix 9,
where the ith task torque 7; (respectively the jth redundant torque 7, ;) is associated
with the ith column of the matrix ¥, (respectively jth column of the matrix 9,,),
(t = 1,2,..,n) and (j = 1,2,..,m). The term y € IR™ aggregates all non-linear
dynamics.

At time instant t*, the joint coordinates (¢.(t*), ¢, (t*)) are generally known, as a
result the vector x can be determined, as a consequence, the mapping h given by

h:tv+—2 (2.12)

is affine and the admissible acceleration in this case are Z4. € D., where D, = {& =
h(T), $.¢ Tmini < Ti < Tmagzi, @ = 1,2,..,n,} where Tpyin; and Tpeqe, are, respectively,
the lower and the upper limit of the ith joint torque.

The analytical redundancy resolution at acceleration level is used to set up the pro-
posed approach. The algorithm combines both an alternative control design to feedback
linearization and a method for reducing the vibrations, in aim to improve the end-effector
accuracy.

2.3.2 Feedback linearization via redundancy resolution

The feedback linearization control approach is the combination of two imbricated control
loops. First, the inner-loop is constructed to ensure the system linearization. Then, the
outer-loop is designed to guarantee the control of the resulting linear system. This
control strategy is one of the robust schema for the manipulator control. The free m
redundant joint torques 7, ;, (¢ = 1,2, ...m) in the mapping (2.11) are used to cancel the
nonlinear dynamics, unlike the traditional feedback linearization control which exploits
all the manipulator torques for the same process. Analytically, that can be reached by
setting

91+ x=0 (2.13)

Since the vector x is in IR™, only n; torques from m available redundant torques are
sufficient to cancel completely the nonlinear term y. But if the redundant DOFs number
is less than the task dimension, i.e (m < n;), we can cancel x in only m preferential
directions. Furthermore, in the cases where there is an excess of redundant degrees
of freedom, i.e (n; < m), an infinite of the redundant torques combination can cancel
completely the nonlinear term y. In this study, the last case is analyzed. The forward
analyses have demonstrated that the additional (m — n;) redundant degrees are useful
to affect the flexural motion and eventually damp out the induced vibrations.

Considering the last case, the general solution for redundant torques that satisfies
the cancellation of the non-linear dynamics y is given by

7= =95 X+ (L — V) 97,)7e (2.14)
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where 9] € IR™*™ is the generalized inverse matrix of 9, , the resulting vector (I, —
297J; Y7, )7 € N(¥r,), where N(9,.) is the null-space of ¥,,, 7. € IR™ is an arbitrary
vector, I, € IR™*™ is the unit matrix.

After the linearization process has been achieved, the joint torques 7 and 7,, which
guarantee the system linearization, are determined by solving the equations in (2.11)
and (2.14) for a given end-effector acceleration %, providing that the matrix 9, is not
singular. One may note that the choice of torque sets 73 and 7, depends on various factors,
such as torque magnitude limits, for more details see [91]. After that, a conventional
linear controller can be used to guarantee the end-effector tracking.

The equation (2.14) is parameterized directly in arbitrary term, which represents the
torque null-space. This characteristic implies that the torques 7. has multiple solutions
depending on the projected self-motion. In the following analysis, we investigate the
possibility of the additional self-motion to reduce the deformations due to the flexural
motion.

2.4 METHOD FOR VIBRATIONS REDUCTION

2.4.1 Analysis of the flexural motion

The presence of the arbitrary vector 7. in (2.14) may generate an infinite number of

solutions for the redundant torques 7,.. This self-motion ability, which does not influence

the end-effector motion, may be used to adjust the joint motions and the flexural motion.
Substituting the joints acceleration ¢, value from (2.2) into (2.3) yields to

Mff (jf—|—Df(jf+Kfo=Ff (2.15)

Fy =T+ My M'T, — piry 7t — pir, 7y (2.16)

where Fy € IR"™ is the exciting force of the flexural motion, p, € IR™*™ and pu,, €
IR" ™ are blocks matrices of the matrix u € R™*™, where u = M, M.

The extended expression of the exciting force Fy, which includes the arbitrary vector
Te, is obtained by combining the two equations (2.14) and (2.16),

Fy=—pr (I =959, )1 +Tp+ My, M'T,

(2.17)
— Pr, Tt + MTﬂﬂ;X

Let’s consider that the damping matrix Dy is diagonalizable, then the modal analysis
of (2.15) will provide ny independent equations as follows

¢f + Dy ¢5 + Ky ¢ = Fur (2.18)
where Dy = diag(2&w;) € R, K, = diag(w?) € R, ¢ and w; are the ith
modal damping term and the ith natural frequency for (i = 1,2,..ny). ¢ = M,;qu €
IR™ is a vector that contains the mode coordinates, where M, € IR™*™ is the mode
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shape matrix. Fyy = M N 1]\/[ﬂTlF t, Fy € IR™ is the modal generalized force, where
M, € R is the modal mass matrix, My = MMM,

The arbitrary vector 7 is considered as a control optimization term that can be used
to damp out the flexural motion. The modal generalized force is a controllable force
via self-motion and it contains two terms: nonlinear term Fj;,, and control term Fjy .
which depends on the arbitrary vector 7,

FM,n = M(;lMZ : [ I':‘f + Merr_rlfr — KTt + /J’Tr,lgi;x ] (2'19)
Fure= —M(;lM;Z/J,TT(I — 95 07,)7e (2.20)

2.4.2 Flexural motion damping

To damp out the vibrations of the oscillatory system, the exciting force should be elim-
inated, and more than this, the system damping should be increased as well. Since the
self-motion can directly affect the vibration responses of the flexible redundant manip-
ulator as shown in (2.20), the arbitrary vector 7. could be chosen properly to increase
the damping of the manipulator vibration modes and suppress the exciting force, while
the desired end-effector position is tracked. The value of the control term Fj . in the
modal generalized force which satisfies the vibrations damping is given by

Fure = —Df; br+ Dy b5 — Frrn (2.21)

substituting this chosen term into the equation (2.18), the flexural motion system be-
comes

b+ DY dp+ Ky ¢ =0ny (2.22)

where, Dg = diag(2¢dw;) € P> is the desired modal damping matrix, &is the
ith desired modal damping, (¢ = 1,2,..nf). In practice, the damping ratio Dy is
negligible, a numerical estimator using torque/force sensors may be used to obtain the
flexural reactive force. Furthermore, the numerical differential value of ¢, o 7, may be
determined as well, see [64].

The value of the arbitrary vector 7. which satisfies the vibration reduction is the
solution of the following equation and that by substituting (2.19) and (2.20) into (2.21)

Ar, =B (2.23)
where,
A= =My M, (I-959,,) (2.24)
B=—M; My [T+ MpM,'Ty — i+ pr, 07 x )
+(Dy — D§) s

Finally, by extracting the damping action, the general control algorithm for the flex-
ible robot plant is completed. The diagram of the proposed control method is presented

(2.25)
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Figure 2.6: Diagram of the proposed feedback control (blue zone) with vibration reduc-
tion action (gray zone) for flexible redundant manipulator (red zone). Where 7(7, 7,)
is a torque vector which is composed by components combination of 7; and 7,.. 7. is the
control torque for the linearized system.

in the Fig. 2.6. The linearization action is going to reduce the control problem complex-
ity by using factorized analysis. Meanwhile, the feedback measurement could be easily
synchronized. The linear control is put forward to establish the plant stability and keep
continuously precise tracking.

2.4.3 Analysis of self-motion solution

In the relation (2.23), there are m unknown components of 7. with n; equations. The
solution of this system of equations depends on the rank (p) of the matrix A and the
augmented matrix [A B]. When the manipulator is not in singular configuration, p((I —
U 9;.)) = m—n.. In general, the matrix i, is full rank, p(u-,) = min(ng,m). Since
the matrix ML is full rank, p(MLur,) = p(pr,) = min(ny,m). The rank of matrix A
depends on the number of both the flexural degrees ny and the difference between the
redundant degrees and the task dimension m — n;. The first case considers (m —n;) >
ny, the redundant degrees are more than the flexural DOFs and p([A B]) = ny, there
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are infinite solutions 7. that can damp out the vibration effectively. The second case
considers (m —ny) < nyg, either m < ny or m > ny, we have p(4) = m —ny, if
p([A B]) > p(A) there are no solutions to the system of equations. But, on the other
hand, there are infinite solutions that minimize ||A7. — B||2 when p([A B]) = p(A), the
general solution 7 is given by

F=ATB+ (I - ATA)7ep (2.26)

where 7. o € R™ is arbitrary vector, AT € R™*™ is the generalized inverse matrix of A.
The self-motion solution 7 can damp out effectively the flexural motion. The equation
(2.26) shows that the solution of 7 still depends on another arbitrary vector 7o, which
means that there are many solutions that satisfy the vibration reduction. Thus, the
arbitrary vector 7. o may be exploited to design a secondary task for ensuring additional
performance criteria. In this case, generally, the additional ability can be used to avoid
singularities or obstacles, on promise of accuracy improvement for the flexible redundant
manipulator.

2.5 SIMULATION RESULTS

2.5.1 System description

To test and demonstrate the effectiveness of control strategy presented in this paper, 5R
planar flexible manipulator is used in numerical simulations, see Fig. 2.7. The first 4
links are supposed to be rigid and the last link is flexible. Since the planar manipulator
has five rigid DOFs n, = 5 and ny = 2 (since the end-effector rotation is considered to be
free), three degrees of redundancy are available, m = 3. The motion of the end-effector
is expressed in the origin reference frame (XY). In practice, the first mode has the most
contribution to the flexural motion than the other vibration modes. In the following
analysis, only the two first vibration modes of the flexural motion are retained, ny = 2.

The parameters of 5R planar manipulator are given as follows: the length of each
5 links is 1m. The rigid links have square cross-sections of 0.00045m? and density
of 8000K g/m3. The flexible link has a square cross-section of 0.000225m? with elastic
modulus of 69G Pa and density of 2700K g/m?3. All terms due to gravity in the dynamical
equations are null as long as the manipulator moves in a horizontal plane (XY). Without
considering any external forces, only the Coriolis force is retained in the non-linear term,
I,=cC (@), ©®). In this example, we set the two first actuators as task torques 7,1 = 7
and 72 = 9. The last 3 torques are considered to be the redundant torques ( 7,1 = 73,
Tro = T4, Tr.3 = T5). In addition, no limits on the joint torques have been taken into
account. The initial joint angles are ¢,.(0) = (80 — 145 120 —60 — 30)” degrees, with
null initial velocities ¢,(0) = (0 0 0 0 0)Trad/s. The desired velocity of the end-effector
is set to be null at the beginning and the end of the motion. The end-effector was
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Figure 2.7: Redundant 5R planar flexible manipulator.

controlled to follow a desired accelerations which has Bang-bang profile as follows

r T
0.1 0_45] m/ s* 0s <t <1.5s
r T
Za(t) = 9§ o 0} m/s? 1.5s <t < 3s (2.27)
r T
01 _0.45} m/s?  3s<t<45s

2.5.2 Results analysis

In the following, we analyze the effect of the agitating acceleration profile on the flexural
dynamic of the manipulator. The results have shown the responses of the system to
the proposed control approach for the two cases, i.e. with and without the utilization
of torque’s self-motion to damp out the induced vibration. In both cases, the feedback
linearization action is active, where the extra set of the torques is devoted to countervail
the nonlinear dynamics in the system.



2.5. SIMULATION RESULTS 33
-3
x10
I I l —Calse 1 I
........ Case 2

Eof —
S 4t ,
z
£
S 2t /‘\ i
8
&, [\ I\
“é Favae
=

oL

4L _

_6 1 ] Il 1 Il Il 1 Il

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (s)
Figure 2.8: End-effector deformations for both cases.
2.5
Figure 2.9: Motion configurations of the planar manipulator (solid black line: casel,

dashed red line: case2).




CHAPTER 2. VIBRATION CONTROL OF REDUNDANT ROBOT
34 MANIPULATORS

Case 1 (7 is null):

In this case, the self-motion is only computed to cancel the system non-linearity in (2.13).
It is possible to apply the proposed control algorithm because the degree of the redund-
ancy is greater than the work-space dimension. Besides, a conventional PD controller
at joint level is designed and then applied to the resulting linear system for maintaining
the end-effector position tracking. On the other hand, it is shown in Fig. (2.8) that
the end-effector deformations are non-negligible, since the end-effector vibrations have
not been reduced. The end-effector follows the desired trajectory with vibrations of
maximum amplitude equals to 6.6mm.

Case 2 (7. is not null):

In this case, 7 is calculated from (2.26). Taking into account the relation (2.26), the
self-motion is recalculated to get rid of the non-linearity, and to damp out the vibration
modes of the resulting flexural motion simultaneously. One may note that, the torque
magnitude of 7,, may become very large as the end-effector approaches singularity. As
shown in Fig. (2.8), the deformations of the end-effector are well reduced via self-motion.
Comparing the Fig.(2.10) with Fig.(2.11), it can be clearly seen that the self-motion
has been changed to take into account the additional task of reducing the vibration
deformations, see Fig. (2.9). The end-effector follows the desired trajectory with small
deformations (around 0.02mm of maximum amplitude).

The torque profiles are shown in Fig. (2.10) and Fig. (2.11). The actuator torques
of the two first actuators (7 and 72) are significantly larger than the other actuator
torques. This depends on which actuator torques are chosen as 73 or 7,.. Therefore, it
is preferable to have a large limit for the first two torques to develop sufficient energy
during the manipulator motion. The resulting torques in actuators 73, 74 and 75 in Fig.
(2.10) are slightly different to those in Fig. (2.11). This is due to the changing in the
self-motion solution with the purpose of damping out the vibrations.

The real time implementation of the proposed algorithm is feasible. Since the robot
state such as joint coordinates are generally measurable via implemented sensors, the
main challenge is to measure the flexural motion states. Nevertheless, that may be re-
solved using information derived from torque/force sensors to estimate both the flexural
reactive force and the modal coordinates following the estimation approach in [64]. Thus,
the discretization and the synchronization problem of data is avoided. Afterwards, the
robot model can be simultaneously linearized since the calculation can be factorized.

In the all previous methods presented in [17, 62, 63, 64, 65], the redundancy resolution
is used for vibration reduction only and none see the advantage of having more redundant
degrees specially in the case of the hyper-redundant flexible manipulator. The proposed
algorithm takes advantage of all redundant DOFs, first for controlling the manipulator
(feedback linearisation via redundancy resolution), and secondly to suppress the induced
vibrations of the flexible links. Moreover, no model simplifications are needed for control
design which ensures the reliability of the proposed algorithm. The vibration behaviour
is well treated compared to the previous articles, through the analysis, one can see
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clearly how the vibration are damped. The simulation result shows the effectiveness of
the proposed approach.

2.6 CONCLUSION

In this chapter, the self-motions of redundant flexible manipulators are exploited for both
designing a control algorithm and establishing a novel method for vibrations reduction
of its end-effector while tracking a given trajectory. The feedback control design takes
advantage of the extra torques to linearize the plant by eliminating the nonlinear term
in the motion dynamic as shown in section 2.3. In section 2.4, the damping action
is implemented through the modal analysis of the flexural motion. The self-motion
adequately helps to transform the vibration system to free over-damped system. The
main contribution is to combine the two control actions in one algorithm using the
redundancy resolution of the flexible redundant manipulator. This is a useful result of
interest and highly advantageous since the redundancy feature reinforces the optimal
functionality of the flexible robot to overcome its positioning limitation.

The effectiveness of this approach has been validated by the results of numerical
simulations in section 2.5. It has been shown that the self-motions have cancelled the
undesirable dynamics, besides, through the dynamic coupling between the rigid and
the flexural motions the vibrations of the end-effector have been reduced as well. The
redundant torques can compensate the nonlinear dynamic in preferential directions,
i.e three torques are needed to get completely rid of the nonlinear dynamic in three
translational directions of robot motion. Only one extra redundant torque is able to
damp out the fundamental mode of the flexural motion. In practical applications, only
the fundamental mode is retained for frequency analysis of the flexural motion, and
at most the second contributed mode could be added if the vibration magnitude are
really considerable. We may conclude that by adding additional redundancy DOFs
the vibration reduction may become more significant. The analysis of the self-motions
satisfying the vibration reduction revealed an additional ability which may be used on
promise of improving the kinematic and/or dynamic performances of flexible redundant
manipulators.

The robustness of the control approach relies on an accurate dynamic model of
the manipulator, and effective measurement and/or estimation benchmark to avoid any
sensitivity or dysfunctionality. Indeed, the practical implementation seems challenging
but some simplifications are feasible for real time manipulation. However, our interest
in this study is to exhibit the core of the problem investigation. In some cases the
frequency of the vibration could be out of the plant bandwidth frequencies limits, i.e
the vibrations oscillate too fast regarding the manipulator time response. The controller
may be unable to synchronise the control signals and thus unable to damp out the
vibrations. Nevertheless, the results of the numerical simulations are considered for
further development on real manipulator.

Once the deformations are accumulated and quantified for the whole mobile robot
manipulator system (mobile platform, manipulator, load), in chapter 3, we design a
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practical approach for accurate robotic manipulation in industrial application. The
open-loop vibration control is preferably chosen over the feed-back action in this chapter
for practical limitation.



CHAPTER

During the manipulation of a low-stiffness load, such as a bumper or an exhaust sys-
tem in the automotive industry, large motion-induced deformations and vibrations may
occurred. These deformations will have detrimental effects on the settling time, on
the accuracy and on the integrity of the operational process in a constrained environ-
ment. In addition to the quality degradation of the manipulated assembly parts which
is eventually going to increase the production cost, any mishandling may endanger the
security condition of the employees near the robot within the context of human-robot
collaboration.

This chapter addresses the problem of the robotic manipulation of deformable objects
to guarantee both soft robotic manipulation and safe collaborative environment. The
errors of the robot can be quantified along with the load deformation as concluded in
the chapter 2. Therefore, the main aim of the present work is to reduce the elastic
deformations and the residual vibrations of flexible loads when they are handled by a
robot manipulator. In section 3.1, we introduce the related works and the main control
strategies to handle the load deformation during the robotic manipulation. Section 3.2
introduces the formalism of this present work and the mathematical modeling.

The trajectory shaping approaches, i.e. the smoothing filter or the input shaping
methods, are well-known solutions for the suppression of residual vibrations at the end
of a rest-to-rest motion. It is the outcome of the study previously given in section 3.3 to
conclude on the influence of the trajectory shape on the motion-induced deformations.
However, using trajectory shaping technique alone may not be sufficient to suppress the
static elastic deformations during the transfer phase of the object. Thus, in section 3.4
we propose a two stages feedforward-based approach that combines trajectory shaping
technique for vibrations reduction with deformation compensation trajectory. The latter
exploits the null-space of the manipulator to mitigate the flexural motion of the flexible

38
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load. The effectiveness of the proposed algorithm has been verified analytically in section
3.5 via the sensitivity analysis of the control design and then conducted experimentally
on industrial robot in section 3.6.

3.1 INTRODUCTION

3.1.1 Related works on robotic manipulations of flexible objects

The robotic manipulation is highly concerned by an exigent production process with
several industrial tasks including assembly operations, loading and unloading parts from
an assembly line or a machine, and the safe manipulation more specifically in the physical
human-robot interaction. These factors should be respected in aim to build a reliable
and a flexible new generation of factories to satisfy the highly demanding consumption-
markets. The optimal profits could be reached not only by reducing the consumed
energy but also by respecting the quality standards of the products. The final product
is mainly the outcome of multiple production processes, starting from the designing
and then the manufacturing of the product until the assembling and the packaging
stages. The robot tends to manipulate a large selection of pieces and parts in different
production stages. One may note that some specifications should be concerned due to
the mechanical structure of the manipulated objects, which can be physically rigid or
flexible. When handling a flexible load at the robot tip, the accuracy of the previous
robotic tasks, sometimes even their feasibility, may be significantly limited by undesired
motion-induced vibrations and deformations of the manipulated object.

Many works on flexible objects manipulation have been done in different industrial
contexts. The flexible objects may be categorized into separated sets based on their
mechanical properties, such as compliance, strain and compression strength. For ex-
ample three different sets are proposed in [92, 93]: linear, thin and lump objects. The
flexible objects with highly deformed structure are referred to as soft object. In other
point of view, they can be classified based on their shape and dimensional deformations
(beam-like, planar, 3-D volumetric objects) [94]. The industrial robotic manipulation is
totally different from human-like manipulation [95]. For example, the clothes manipula-
tion is a critical case because of their thin-shell and non-linear deformations which are
issued from imposed geometric and kinematic constraints [96, 97, 98]. In [98], the mesh
of 3-D models is used to collect the necessary database in aim to predict the optimal
trajectories to fold /unfold garments from/to a desired pose. The manipulation pipeline
includes the visual recognition for the pose estimation at first stage before performing the
robotic manipulation. The performance of the approach depends mainly on the quality
and the analysis of the database. Therefore, the optimization algorithm such as deep
learning may enhance significantly the manipulation scenario in practice. For example
the ropes and clothes manipulation [99]. The mobile manipulation of flexible objects
is introduced as well for domestic service robots within the context of human-robot co-
operative manipulation [100]. Similarly the human-like movements in the manipulation
of flexible objects is adapted, see [101]. The transportation of the liquid container is



CHAPTER 3. REDUNDANCY EXPLOITATION FOR THE ROBOTIC
40 MANIPULATION OF FLEXIBLE LOADS

Figure 3.1: Industrial context of mobile robot manipulating a flexible car bumper.

susceptible to provoke oscillations and irregularities on its surface which is referred to
as sloshing effect, see for instance [102, 103]. The sloshing waves are caused by the
force resultant of the acceleration profile and the gravity. In [103], the liquid surface
behaviour is depicted by spherical pendulum system to construct an adapted trajectory
for the transfer of liquid containers with minimal sloshing.

In automotive and aerospace industries, the robotic manipulation of the manufac-
tured parts in assembly plants and production lines involves flexible materials, such as
a bumper and plane-wing panels, see figure (3.1). These particular parts are essentially
made from light weight materials such as aluminium, plastic and carbon fiber panels.
Their deformation behaviour according to one motion plane is presented by the first
modes of the vibrations (the most sensitive during displacement) which are preponder-
ant, and classically can be denoted by an equivalent mass-spring system [104]. This
case of study is practically less complex compared to soft objects with high non-linearity
due to the friction, hysteresis and unpredictable parameters variation. For example in
[105], the stiffness of large-structure parts in aircraft manufacturers may induce posture
uncertainties during the assembly process due to the non-uniformly contact force, which
is distributed over the panel surface. Such flexible parts with unchanged shape in the
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natural and recovering states integrate generally specific and uniform stiffness proper-
ties. Thus, the modeling becomes effectively simple and coherent, and the deformations
control may conduct to better results in practical applications.

3.1.2 Review on deformations control

In practice, the positioning and the manipulation of flexible objects is restrained by
the issues related, for a major part, to the sophisticated modeling and eventually the
deformations control complexity. The physical contact resulting from the interaction
of the manipulated object with its environment adds more geometric constraints to the
system, i.e. the applied force at the end-effector and the external forces applied on the
object such as gravity and friction. The existing methods can be coarsely divided into
three main categories: physics-based model control such as the state feedback approach,
vision-based techniques, and empirical approach such as the open-loop.

3.1.2.a Feedback control

The state feedback approach is generally based on the use of extra force/torque sensors
to measure the vibrations of the flexible object. In [29], a vibration control scheme is
synthesized based on the feedback of vibration which is measured by the force sensor.
The control is established by integrating the vibration control into the controller of the
robot wrist joint. In [27], authors proposed a velocity field tracking-control scheme using
proportional integral force feedback to transport and manipulate a deformable material
with the mobile manipulator. The object-state feedback aims to set the deformations
in tolerable range. In [106], an example of path planning in biomedical applications is
treated, where the visual feedback based control is used to adjust the cells orientation in
fluid flow via micro-pipette and to optimally compensate for external applied forces. In
[105], the robot system integrates the data processing of the force sensor in the closed
loop to establish an admittance control of large flexible panels, the end-effector force of
the manipulator is adapted to comply with the applied force along the contact surface
of the panel during the assembly process of the aircraft wing. The high-speed robot
motion can be exploited to reduce the dynamic complexity of flexible objects to an equi-
valent linear model in aim to simply generate a feasible and optimal motion profile [107].
The rope dynamic is simplified under high constant robot speed, where the model-based
deformation control is practically achieved regarding the dynamic constraint and the
neglected dynamics [108]. In [109], the nonlinear dynamic is firstly descritized and then
linearized it around the origin which allows to build a robust controller for the linear
system. This is helped to design the linear controller for deformable objects positioning,
such as PID [30]. In [110], a fuzzy control is proposed and compared with PID controller
based on the force/torque data acquisition to reduce the vibrations due to the manipu-
lation of flexible linear object. Nevertheless, the variation of the elasticity proprieties is
inevitable and mainly depends on the trajectory form and the object hysteresis mechan-
ism properties which are underlined in [111]. In [31], an adaptative control algorithm is
proposed for manipulating flexible rubber objects, included the robust control law based
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on sliding mode approach and Lyapnov function guaranteed the stability performance
and the robustness against impedance parameters switching. Advantageously, the ad-
aptative sliding mode is used for the position-based control to damp the vibrations of
deformable linear objects in [112]. The dynamic model is divided into actuated and
under-actuated sub-systems using linear transformation. In [113], author proposed an
approach for cooperative manipulation of a complex pendulum-like objects. The ac-
celeration and torque signals are used in the closed-loop control via measured contact
forces. The proposed adaptive control for energy injection is based on the estimated
natural frequencies. In the other hand, the motion control algorithm with minimum en-
ergy manipulation can be achieved by resolving an optimization problem by taking into
account the deformations and the collision avoidance in the the cost function as in [114].
In [115], the kinematic of a flexible object is decoupled into a rigid body motion and a
flexible motion which represents the deformations using clamped-free model, where the
PD controller is used in the close-loop control for vibrations suppression. As shown in
figure (3.2), the necessary information to build the control algorithm can be obtained
from different feedback signals, such as force sensors, torque sensors and vision system.
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3.1.2.b Vision-based control

The fusion of vision and force feedback for the control of highly deformable objects is
sometimes necessary for complex system manipulation [32]. In [116], the motion dynamic
model of flexible object is predicted using deep neural network which is based on RGB-
D camera as the sensor data feedback. The time-series torques are introduced in the
backpropagation algorithm to generate the input torques command for flexible objects
manipulation, see figure (3.2). This strategy is referred to as the vision-based manipula-
tion [117]. The flexible object manipulation can rely on the vision system without using
any physical simulations or modeling, only by employing an optimal post-processing and
recovering phases [118]. In [119], a model-based vision system for robotic manipulation
of ropes is presented. The self-supervising learning algorithm is used to estimate the
object dynamic model. For practical applications, a method which produces training
data for aim to plan a trajectory with reduced state spaces is presented in [120]. It is
used forward for neural network architecture construction of deformable objects [121]
such as force control based on neural networks for vibration damping [122]. In [123],
visual-servo control for the position and shape of a deformable object with unknown
compliance parameters is proposed. The data are collected from the both end-effector
motion and object’s deformation measures, then Gaussian process regression is used for
learning object model. A comparison study which is conducted on different methods of
reinforcement learning methods is presented in [124, 125], and similarly for deep neural
networks in [126]. In [127], authors proposed a mass-spring modeling technique to con-
struct a two-dimensional quadra-angular mesh of cloth, where the particles are connected
by one or more different virtual springs: structural, shear and bending spring. The first
stage simulation is conducted to compute the change of the particle position for predict-
ing the deformation and finally estimate an optimal path for the robot manipulator. In
[128], authors tend to embed the mesh of the clothes structure to reduce the model order
based on admissible solution of physical loss terms. Through the robotic manipulation,
the mass-spring modeling approach is implemented to identify the stiffness properties of
the flexible structure similar to living plants [129]. In [130], an adaptable system of a
combined pipeline is proposed including vision, physical modeling, prediction and learn-
ing for an optimal real-time manipulation of flexible objects, such as peg-in-hole and
putting-down on flat surface actions. The object recognition and localization problems
with a new hybrid pipeline are handled in [131]. In case of mobile robotic manipulation
of deformable objects, in [132], the deformation cost function is estimated using Gaussian
process regression, while the force sensing identifies the parameters for the compliance
model by acquiring the contact force to predict the upcoming object pose.

In general, the flexible objects have complex and non-uniform properties which could
make it hard to use the systematic-modeling approaches [133, 134, 135]. In addition,
the numerical or analytical modeling approaches such as finite elements are suitable for
numerical simulations but difficult to incorporate into the robot controller in practical
tests. The efficiency of the state feedback approach may be primarily limited by the
technical and economic viability of adding extra sensors.
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3.1.2.c Open-loop control

From an open-loop point of view, the feedforward control is mainly designed to predict
an optimal trajectory based on the pre-acquired information on deformation proprieties.
In [33], the vision-based technique takes advantage of the 3D environment simulation
to physically make prediction for the manipulation of deformable linear objects. In
[98], the deformations minimization problem is resolved using vision system to build an
optimal trajectory from a given cloth pose. Before proceeding to the manipulator motion
planning, the model-driven is used in feedforward control for pose/object recognition,
i.e. to find the match between the actual object pose and one from formerly existing
database. The auto-regressive with the exogenous stochastic is introduced in [136] to
simply model the robot-beam system. The control algorithm is consisted of a feedforward
block which integrates an adaptative PID controller and a feedback control for the robot
system to optimize the force applied to the flexible metallic beam and reduce the residual
vibrations. The study shows low sensitivity to the measurement noise and the parameters
uncertainties. In [137], the feedforward control which is based on the object parameters’
identification is used along with the high-speed visual feedback control by which the order
of dynamic model is reduced in aim to easily generate an adequate smooth trajectory.
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The input shaping technique is a well-established method to suppress motion-induced
residual vibrations, see for instance [34, 35]. This technique turned to be a robust and
effective algorithm in practical applications, where only the natural frequency and the
damping ratio of the contributed flexural modes are required [138]. The deformations of
the flexible objects body with uniform properties can be characterised by set of dominant
vibratory modes, which may be used afterwards for the open loop control, see figure (3.3).
For example to design appropriate filter shaping [133, 139, 140, 141]. In [139, 140, 141],
the oscillatory behavior of a liquid container during motion is interpreted as a spherical
pendulum. Shaping filter is used to suppress the oscillatory behavior of the liquid, and
the trajectory of the robot is adapted by introducing a tilting compensation value to
compensate for the deformation during the motion. The simplicity of such control is
advantageous for the industrial applications. It is feasible to apply such a control only
when considering a finite number of natural modes such in the case of beam-like deformed
objects.

3.2 LOAD DEFORMATIONS MODELING

In this work, the manipulation of flexible object with the shape-recovering property is
considered. The soft objects are excluded in this case. The translational displacement
task of a flexible object with n DOFs serial manipulator (n > 6) is retained for the
following development. The robot manipulator is kinematically redundant for the pre-
vious 3D task and among the remaining extra DOFs, the orientation in 3D space will
be used in the proposed methodology for the elastic deformation compensation. In the
case of linear transfer, the deformations due to twisting and extension of the load are
ignored, only bending deflection is maintained for the geometrical representation of the
load-shape curvature. Thus, the modeling passes from complex to linear model form-
alism. This can be reached by regrouping the system vibration modes in the modal
representation.

The flexible object to be manipulated is assumed to be submitted to dominating
modal deformations. In practice, the flexural motion of a near-linear object, i.e. with
a main deformity axis, is dominated by the first bending natural frequency in the two
transverse directions. For the sake of simplicity, figure 3.4 demonstrates the planar
definition of the problem for one bending deformation. One may note that the flexural
motion in the other plane can be handled using the same approach. The flexible load
is supposed to be rigidly grasped by the robot gripper at the robot Tool Center Point
(TCP). Its position is noted Py.,. The contact point robot-load undergoes, permanently
during the motion, the resulting force from robot driven torques.

In the following, the elastic deformation of the object is considered. The pure flexural
motion of the object tip, noted w(t), is assumed to occur in robot motion direction only,
i.e. Y, axis, where no axial deformation is considered. Hence, the coordinates of the
object tip, noted P, can be expressed in the TCP frame Ry, with the origin point Py,
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Figure 3.4: Parameters definition: robotic manipulation of a cantilevered object with
one dominating bending motion.

as follows

Py = (31)

Ricp

with [ and w are respectively the length and the flexural deformation of the object.

The dynamics of the points Py, and P, in the fixed absolute frame are submitted
to the same rigid-body motion imposed by the robot TCP trajectory. The evolution
of the position P, results from the sum of the previous rigid mode with the elastic
deformation w(t). Noting yep(t) and yep(t) respectively the position of the points Py,
and P, in Y}, direction, the deformation w(t) can be written as

w(t) = Z/ob(t) - ytt:p(t) (3.2)

Considering now small variations of the deflection angle, noted 6 in figure 3.4, the
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approximated deflection angle of the object can be expressed by the following expression

t
0(t)" “’g) (3.3)
The dynamic vibration of the object tip, which occurs only in Y}, direction, can be
modeled by the following general second order equation in continuous Laplace domain

Yob(s) w?

Yiep(s) w2426 w-s+s2

(3.4)

with s is the Laplace operator, w and £ are respectively the natural frequency and the
damping ratio of the considered bending mode. Substituting (3.2) and (3.4) into (3.3),
the dynamics of the deflection angle 6 can be written

1 2.6 w-s+s?

9(8):_7'w2+2'§‘c«)-5+52'thp(S) (3.5)

which leads in time domain to the differential equation

00+ 25 000) + 5 00) = 22 ()~ g Bralt) (36)

lew Clw

As a consequence, the deflection angle for the considered bending mode will be driven
by the acceleration and the velocity of the robot TCP in motion direction (Y}, axis in
the example above). In the same way, the TCP acceleration along Z,, direction may
induce vibrations of the first bending mode around Y}, axis.

The shaping filter approach can practically be the privileged solution to get rid of
the vibrations in (3.6) over the feedback state technique, since the states signal recon-
struction requires complex architecture. Thereafter, the relation between the trajectory
form and its impact on the induced vibrations is discussed in the next section. The
conventional limited-acceleration profile is used as referential for the comparison study.

3.3 TRAJECTORY PLANNING FOR VIBRATIONS RE-
DUCTION

3.3.1 Motion laws and motion-induced vibrations

The trajectory can be interpreted as the admissible solution for a mathematical problem
with kinematic constraints (on position, velocity, acceleration, jerk, ...) which is defined
in time interval [t; t;11], see (3.7). The trajectory is mainly constructed from one of
the two principle categories: polynomial and trigonometric or it can be a combination
of both, see for instance figure (3.5). Each law is characterized by its acceleration and
deceleration phase.

Q=Q() tefty tiv],j €N (3.7)
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1. Polynomial: the problem expressed in (3.7) can be numerically resolved using a

polynomial with (n, + 1) terms, n, is the highest power which is also equivalent
to the number of the kinematic constraints. Moreover, it defines the degree of
smoothness regarding the induced vibrations from the injected trajectory.

Q(t) =co+cr-t+--+cp, t" (3.8)

where ¢; € IR for ¢ € IN, i.e. ¢ =0,1,...,n,p, are the polynomial coefficients.

Many trajectories can be driven based on the polynomial degree. For example, the
linear trajectory for constant velocity, the curved trajectory for constant accelera-
tion or constant jerk and so on for snap and higher derivatives. The acceleration
and snap limited trajectories are presented in figure (3.5). In [142], optimization
techniques are presented and analysed their impact on the robot’s kinematics and
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dynamics, the distinguished criterion arising from the system itself or imposed by
the task are considered such as minimum time and low energy consumption. One
may note that the degree of the smoothness is increasingly proportional to the
polynomial degree. The higher-degree polynomial allows to consider additional
constraints. Practically, it is coherent to minimize the amplitudes of the deriv-
atives of the position profile throughout the movement for better homogeneous
motion. The simple linear trajectory with discontinuous velocity could not be fa-
vorable for practice applications owing to the fact that the impulsive acceleration
are not supportable by the robot actuator. One may note that the discontinuous
acceleration profile may induce deformations along the executed trajectory for sys-
tems with mechanical elasticity, such as in the case of flexible robot and/or flexible
transported-load. Such an effect is more noticeable for minimum-time motion ex-
ecution, where the required acceleration and the velocity values are considerably
high. In [143], for smoothing purpose, the time-optimal constrained trajectory is
constructed by controlling the jerk profile where the cubic splines are exploited
for parameterization. Obstacles avoidance, joint limits and motion-duration are
included in the cost function as well. In [144], roots multiplicity are employed to
determine the coefficients of higher-degree polynomial in aim to build smoother
acceleration profiles with minimum jerk. Nevertheless, numerical difficulties for
coefficients identification are inevitable. Moreover, the algorithm consumed-time
should be considered. In [145], a dynamic approach for cubic polynomial curve is
optimized using the Golden-Section method and under the pseudo-velocity consid-
eration. The trajectory is implemented online in industrial robots for the exper-
imental validation. In [146], the multi-points trajectory generation is addressed.
A numerical polynomial interpolation is used in between the adjacent path points
to insure a continuous connection. On the other hand, the numerical computation
between two successive points are more susceptible to influence the smooth motion
quality compared to trigonometric functions.

2. Trigonometric: the trajectory is constructed in this case from trigonometric
functions (sine, cosine, ---) which has the propriety of non-null continuous time-
derivatives in the time interval [¢; t;;1], algebraically this class of functions belong
to C° class. For example, the harmonic trajectory in which the acceleration
and the position profile are proportional but with priorly inverted sign, see for
instance the sinus-acceleration profile in figure (3.5). The acceleration profile is
discontinuous at the time interval limits ¢; and ¢;,1. Therefore, the cycloidal and
elliptic trajectory are proposed, which present a continuous jerk profile to insure
smoother motion.

Q(t) = f(sin(t),cos(t),t) (3.9)

This kind of trajectory has an infinite continuity out of the commutation points.
In [147], a synchronized and jerk-bounded trigonometric S-curve profile is built in
joint space, where the jerk takes sine wave form. In [148, 149], a trigonometric
splines trajectory generator for robotic arms is proposed in the joint’s space traject-
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ories using fourth-order trigonometric splines. Smooth and time-optimal S-curve
trajectory using polynomial and trigonometric model combination is proposed in
[150]. The trigonometric and Polynomial functions combination are also used for
mobile robot application [151]. In [152], an algebraic and trigonometric splines are
merged to generate a continuous trajectory for robot manipulators.

. Other trajectory profiles

The trajectory profile essentially depends on the chosen application which can be
a combination of the elementary trajectories presented above. In [153, 154, 155],
an offline planning is suggested to handle the case of multiple constraints includ-
ing those of the payload. In [156], the weighted sum of jerk and the execution
time terms are considered in the cost function. The resulted trajectory is optim-
ally minimized and then validated experimentally on an industrial robot in [157].
An optimal trajectory is assigned by properly selecting the desired criteria such as
continuous function with continuous derivatives and optimally minimum values for
the acceleration or jerk. In [158], the quintic and cubic polynomial equations are
merged to provide smooth and continuous motion trajectory to drive the knee joint
in aim to replicate the walking cycle of normal human walking on an exoskeleton
prototype. In [159], the global minimum-jerk is solved in a minimax optimiza-
tion problem via the interval analysis. The proposed cubic splines trajectory con-
verges with considerable precision. Some motion laws are surely less complicated
to implement in real time applications. For example, the minimum execution-time
trajectory is preferred in point-to-point motion such as pick-and-place task [160].
The bang-bang profile is suitably assigned for this purpose. The linear motion,
i.e. trapezoidal velocity, is supported by parabolic/polynomial blends for more
smoothness. On the other hand, the polynomial trajectory is privileged for precise
trajectory tracking satisfying smoothness criterion. In addition, it is convenient to
reduce as much as possible the amplitude of the acceleration to avoid significant
stress efforts that may trigger the vibrations. Therefore, smooth acceleration pro-
file should be considered in the limit of the system frequency bandwidth. Other
methods can be found in literature, such as trajectory planning based on radial
basis functions [161]. One may check the general reviews for more detailed ex-
planation of the existing optimization algorithm for the trajectory planning in
[162, 163].

Comparison study

There is an evident interaction between the motion law and the induced vibrations,
the effective motion-duration is also affected by the trajectory form. The two main
comparisons are the following:

1. Motion-induced vibrations: The impact of the motion law on the vibrations for

a given system can be quantified via the temporal representation or by analyzing
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Figure 3.6: Graph of motion-induced vibrations, i.e dynamic error (Qres(t) — Q(t)), of
polynomial and trigonometric trajectories

the frequency spectrum. For this aim, the induced vibrations during and after
the displacement time are compared to reference profile, i.e. the standard bang-
bang profile, see figure (3.6). The dynamic error is given by w(¢) in (3.2). One
of the first things one may notice is that the vibration maximum amplitude is
proportional to the acceleration profile, and it is important after abrupt variations
in discontinuous points. Discontinuous acceleration profile induces larger vibration
compared to smoother profile which is the case for the bang-bang acceleration.
The polynomial acceleration form of the snap-limited profile is smoother than the
sinus-acceleration profile, where the residual vibrations which are induced by this
later are considerably larger compared to those of the polynomial trajectory. The
vibration behaviour is more notable in the acceleration, i.e. inertial level. This
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Figure 3.7: Residual vibrations graph of polynomial and trigonometric trajectories in
function of the dimensionless time (T—i)7 where T’y is the motion duration and 7, is the
vibration time period.

can be explained by the fact that the velocity and the position are obtained by
means of integrator. This low-pass filter tends to eliminate the modes with high
frequencies, where less high frequencies modes implies smoother motion. Figure
(3.7) shows the vibrations analysis for a given reference trajectory @Qr, where the
vibrations percentage rate is calculated as follows

g@g(w(t))

Qref

ggf%(w(t))

Qref

The vibration percentage is given with respect to the width of the displacement,
i.e. as function of dimensionless time which is determined by the ratio between
the final time and the vibration time period (;—i), see [164]. This representation
offers a better insight to the comparative study on the performance of the different
motion laws. The dimensionless time-ratio is fixed by both the covered distance
and the acceleration limitations because of the system and the actuators limits.
The bang-bang profile presents a small acceleration module despite the discon-
tinuities, i.e. induced-vibrations. On the contrary, continuous profile is tend to
have a larger amplitude of the acceleration such as a high order polynomial and
cycloidal trajectories, see figure (3.5). It can be seen that the residual vibrations
are significantly reduced for movements of a duration greater than 3 or 4 times the
time period of the preponderant vibratory mode (7). The vibrations spectrum

Residual vibrations percentage.
(3.10)

Maximum vibrations rate during the motion.
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Figure 3.8: Position trajectories which are issued from polynomial law (acceleration-
limited profile and snap-limited profile) ;trigonometric law (sinus-acceleration profile).

is notably mitigated using the motion law of harmonic type, and it is nearly van-
ished for a displacement of 4 times 7}, in case of the snap-limited trajectory input.
This confirms the fact that the higher polynomial order trajectory is the less resid-
ual vibrations are induced. In literature, the trajectories which are derived from
Fourier expansion are developed for a better compromise between the minimum vi-
brations and minimum acceleration amplitude optimization problem, nevertheless
the numerical solution is complex and not practical for real-time implementation.

2. Kinematic constraints: The form of the trajectory significantly determines the
motion duration and the induced-vibrations. However, keep in mind that the
softer the motion law is, the longer the movement becomes. This phenomenon is
demonstrated in figure (3.8) where the colored zones indicate the necessary time to
achieve the reference position @Q,..s: the faster one is the acceleration-limited profile
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(blue zone) followed by the sinus-acceleration profile (additional red zone) and the
snap-limited profile (additional yellow zone). The profile with large terms implies
a motion profile with minimum acceleration amplitude. On the other hand, the
smoothness criterion will be more privileged despite the augmented kinetic energy.
It may be of interest to consider the compromise between different optimisation
criteria.

To sum up, the continuous trajectory inevitably affects the motion duration and the
induced-vibrations. One may note that the chosen motion law should respect the ac-
tuator limitations, such as thermal conditions and kinematic restriction. Therefore, it
should be tested first on simulation before eventual implementation since the computed
trajectory risks to be inadmissible by considering several optimization criteria on robot
kinematics. The vibrations can be reduced if only if the system energetic spectrum is
low at the natural frequencies. For this reason, the trajectory can be adapted in case of
polynomial trajectory via the polynomial degree and via the natural period in case of the
trigonometric trajectory. The jerk/snap profiles offer the possibility to achieve a better
compromise, respectively, to reduce the residual vibrations and optimally minimize the
motion-duration compared to the bang-bang acceleration profile. The discontinuities in
the bang-bang acceleration profile are undesirable for mechanical system with elasticity,
while the jerk constant profile has low acceleration and continuous profiles. However, a
proper filter such as input shaping technique may be designed to smooth the motion of
a given acceleration profile. The jerk-limited profile is a well known shaped profile for
industrial applications. Its performances can be adjusted to intend significant vibrations
reduction by adjusting the jerk-time to be equivalent to the time period of the dom-
inant vibration mode. Consequently, if the frequency changes its performance will be
degraded. Nevertheless, the duration of the effective motion is reduced, independently
on the frequency variation.

3.3.2 Jerk-limited trajectory

The input shaping scheme [34] can be explained as a sequence of impulses such as finite
impulse response (FIR), called shaper, which are convolved with the desired trajectory
to suppress or reduce the residual vibrations at the end of point-to-point motion, see
figures (3.3) and (3.10). Some of the vibration suppression properties of input shaping
technique can be directly found in some trajectory patterns. The input shaping method
has been extended into multiple approaches to accommodate parameters uncertainty for
more robustness, and to minimize some cost functions as well as to respect the dynamic
constraints of the system [165]. For instance, in [166], authors propose a finite impulse
filter-based trajectory generation for vibration reduction. The jerk-limited profile is
obtained by convolving acceleration-limited profile with a moving average filter FIR
[167]. This type of trajectories is mainly used to compute optimal trajectory profiles
for industrial robots [167, 49]. The jerk time, i.e. the acceleration slope time, can be
explicitly linked to the vibration caused by a dominating flexural mode. Hence, the
jerk-limited profile can be seen as special combination of the smoothness property of
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polynomial profiles and the vibration reduction property of basic input shaping. In
[168], an algorithm is suggested to generate motion law with a jerk-limited trajectory
profile in aim to damp out the vibration based on the FIR filter-based approach. Bearee,
in [49], has introduced the damped jerk-limited profile to take into account the damping
coefficient of the flexible motion, which is critical parameter in many dynamic systems.
The author improved the conventional jerk-limited profile by introducing asymmetry
segments, and that by defining non-equal FIR filter coefficients. Biagiotti, in [50], has
generalized the previous approach to exponential online-filter profile and thus a new
adapted FIR filter coefficients have been determined to suppress the induced vibration
for under-damped flexible motion.

We recall that the dynamic model of the manipulated object in the previous example
is a second order system, which is presented in (3.6). Its excitation input force F,, is an
affine combination of the robot kinematics (TCP acceleration and velocity) along (Yyp)
axis as follows

0(t) + 275 0(t) + é 0(t) =F, (3.11)

The trajectory shaping approach for vibration compensation of such an oscillatory
system is well established method. In this context, the vibration reduction can be
achieved by several types of shaping filters. In this study, the jerk-limited profile, which
is available in most robot controllers, is used for the joints trajectory. Moreover, since the
robot manipulators have been the main subject for the modern industry, we investigate
the feasibility and the consistence of the jerk-limited profile to enhance the motion
and the accuracy of the robotic tasks. The figure 3.9 describes the acceleration profile
for a rest-to-rest motion using jerk-limited pattern compared to the motion with simple
acceleration-limited pattern. The jerk-limited profile implies a trapezoidal or a triangular
acceleration profile and that depends on the chosen time intervals. If the jerk time is
less than the half of the acceleration time interval than it generates trapezoidal velocity,
else it can be triangular velocity. As in the bang-bang acceleration profile, the kinematic
constraints, initial and final values of the trajectory have to be considered to shape the
acceleration-limited profile for a suitable rest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>