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Abstract

In many applications, the use of slender and light flexible structures has increased due to the
requirement of more energetically efficient structures. This kind of structures is easily prone
to vibrate due to external forces or due to forces generated in the inner structure during the
movement. One objective of this work is to generate models of flexible-link structures:
cantilever beam, one flexible-link robot and two flexible-link robot; which include rotational
actuators, piezoelectric actuators, and different kinds of sensors (acceleration and
deformation). The models are obtained under a classical mechanics approach of Lagrange
Euler energy balance; the assumed mode method is used to approximate the flexibility of the
elastic components. In the model formulation, new rotation angles are introduced in the distal
joints and the joint inertia is separated according to this new kinematic consideration. Some
parts of the resulting model involving integral terms are calculated using symbolic
programming software; whereas other parts are implemented and calculated dynamically
during simulation. The resulting models are programmed in Matlab/Simulink subjected to a
novel verification methodology and then validated experimentally in a platform constructed
for the implementation. The second objective is to develop, from simplified models of the
flexible-link structures, robust controllers for joint tracking and active vibration suppression.
Therefore, robust control is used with two basic purposes: to face the model uncertainties due
to the discrepancies between the models and real systems and to suppress the vibration of the
flexible-link structures. Three control strategies are proposed: Dual loop control approach,
decentralized and centralized Lyapunov model-based sliding mode control approach. The
values required for the implementation of the controller are obtained from the formulated
models. The controllers were implemented in a dSPACE rapid prototyping control card and
the experimental results show the effectiveness of the proposed control strategies in terms of

joint tracking and vibration suppression.
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1 Introduction

Robots are built to help in different kinds of tasks which could be repetitive for human beings
or require considerable force with dexterity. These tasks can also take place in hazardous
environments. Normally the manipulators, industrial robots, are heavy and stiff in order to
provide enough force and to meet the accuracy requirements at the tip of the robot. These
robots move at speeds much lower than the fundamental natural frequency of the structure.
An alternative is the use of lightweight flexible-link manipulators because they have many
advantages such as lower energy consumption; requirement of smaller actuators. Likewise
they are more maneuverable and transportable, they have less overall cost and higher payload
to robot weight ratio. Normally these structures have to be made up of slender members in
order to reach a bigger workspace then the robot becomes more flexible. High operational
speeds induce relatively high inertial forces that deform the flexible link and makes the
structure prone to vibrate; also the position control or the actuators can be an internal source
of excitation. Moreover, external sources of vibration are machinery operating nearby or
collisions of the structure.

In addition, the dynamics of flexible-link robots is much more complicated than the
corresponding rigid-link manipulators. A higher number of degrees of freedom (DOF) is
required to model its behavior. Further complications arise due to highly nonlinear nature of
the system. The system has a distributed flexibility along the links which result in partial
differential governing equations. Not only the distributed flexibility nature of the dynamics is
a complication, but also the moving boundary conditions at the tip of the flexible links
connected to the next link are major difficulties.

Indeed, unwanted vibrations and the difficulties that arise in modeling must be overcome, and
then flexible-link robots will gain more space in industrial environments. The modeling issues
have been treated with different discretization techniques in order to truncate the order of the
model. With the discretization the partial differential equation are turned into ordinary
differential equations which makes the problem bearable. The models developed can be used
for simulation purposes and for controller calculation to attenuate unwanted vibrations.

From the control point of view feedforward and feedback techniques have been applied in this
kind of structures. Feedback control techniques require knowing accurately the dynamic
properties of the robot and the trajectory has to be known in advance; it introduces limitations
due to the uncertainties present in the model and a possible influent change in the boundary
condition related to the configuration. On the other hand, feedback control techniques have
been applied in a centralized and decentralized fashion, but when the control strategies is
noncollocated the closed loop system has an unstable zero dynamics. Hence, elastic vibrations
of light weight links must be considered in the design and control of the manipulators with
link flexibility. It is interesting to develop control strategies that were able to deal with the
aforementioned aspects.

1.1 Motivation

Flexible-link robots have low stiffness which causes structural vibrations simultaneously with
robot movements, complicating the overall motion. The structural dynamics of lightweight
flexible structures is strongly affected by the addition of masses (actuators, sensors, etc.). For



the majority of experimental studies the rotational actuator under feedback techniques is not
capable to reduce significantly the unwanted vibrations.

Active vibration control (AVC) technique is a feasible countermeasure to attenuate the
vibration produced during the motion and when the final kinematic configuration is reached.
There are many possible electroactive materials to be used for AVC purposes such as
piezoceramics, shape memory alloys, electrorheological fluids, polymer biomaterials and
magnetorestrictive materials, this list will increase with the development in materials science.
Piezoelectric ceramics are effective distributed strain actuators as well as sensors due to their
high stiffness, good linearity, ease of integration, low temperature sensitivity, and relatively
low noise. For this reason, piezoelectric materials are commonly used as actuators in smart
structures. These materials can be easily incorporated into the flexible-link robot structure
either embedded or bonded; these materials are light and do not change the (uncontrolled)
dynamics of the system significantly.

Flexible-link structures are involved in fields such as space robotics, overhead cranes, long
arm manipulation and flexible object handling; anywhere the stiffness of the structure is
limited. A potential application of very light flexible-link robots is the interaction with human
beings, because they with appropriate sensors and very low inertia could be inoffensive for
the user. Flexible link-robots will gain more participation in certain applications in the near
future as an alternative to industrial robots and parallel robots. The former are heavy and
bulky with all the related consequences. The latter they could be light, but their workspace is
reduced.

The mathematical models obtained for robotics structures are always approximations; the
development of a model for a flexible-link robot introduces uncertainties because the models
must be truncated. This truncation avoid modelling high-order dynamics. Then the
controllers, to be designed considering the previous model, need to be robust with respect to
the neglected dynamics and possible variation in parameters.

This work aims developing models for different flexible-link structures, where the AVC
controllers for these structures are model based. The proposed controllers use, on the flexible
links, piezoelectric actuators and piezoresistive sensors. In order to face high-order dynamics
and uncertainties a model-based robust complement is proposed.

1.2 Objectives

Considering the potential of flexible-link robot the present work propose the development of
models and robust control strategies that provide position tracking and active vibration control
in flexible-link serial structures. The structures object of this study are: cantilever beam, one
flexible-link robot and two flexible-link robot. All the structures are provided with patch
piezoelectric actuators bonded on their surfaces and the robotic structures are provided with
rotational actuators.

In order to reach the main objective, the development of analytical dynamical models is
performed using a recursive kinematic formulation following the Lagrangian formalism to
obtain the equation of motion. The obtained models are verified with a novel systematic
proposal. The models are validated in a suitable and versatile experimental platform that was
built to test the structures under study. Different model-based robust control strategies are
formulated, implemented and its performance is evaluated experimentally.



1.3 State of the Art

The modeling and control of flexible robotic structures has been done since the middle of the
70s, the pioneer is Prof. Wayne Book of Georgia Tech Institute, where he proposed the first
model approach for this kind of structures. Dynamic modelling of flexible-link robotic
structures has been the focus of many researchers [1]. Unlike conventional rigid robots, the
elastic behavior of flexible robots makes more difficult their model formulation. One of the
most important characteristic of the flexible manipulator models is the bigger influence of low
vibration modes than the higher ones on the system dynamics. Nevertheless, this high order
dynamics, which is not considered directly in the controller designed, may give rise to the
appearance of bad system behaviors. The flexibility of the links leads to oscillatory behavior
at the tip of the link, it makes the regulation problem or tracking trajectory a difficult task that
requires complex closed-loop control. Two main problems complicate the control design for
flexible manipulators: the high order of the system (theoretically infinite) and the
nonminimum phase dynamics that exists between the tip position and the input (torque
applied at the joints and output the position of the tip robot).

1.3.1 Robot Modeling

In the model formulation of rigid robots, the equations of motion can be described by ordinary
differential equations; these equations of motion can be implemented directly for simulation
or control purposes. Otherwise for flexible-link robots, during the modeling process due to the
continuous nature of the link and their distributed mass and flexibility arise partial differential
equations involving spatial and time dependency. For implementation, simulation and control
purposes this kind of equation are commonly avoided. Then spatial discretization techniques
are applied with the objective of separate the spatial-time dependent variables in a
combination of spatial dependent variables and time dependent variables. In the literature
basically three approaches can be found: assumed mode method (AMM), finite element
method (FEM) and lumped parameter method (LPM).

In AMM approach the flexible element is considered to take predefined forms (shapes of
vibration or eigen functions) which are related to each mode of vibration of the structure. The
final deformation results as the sum of the modes multiplied by their correspondent
amplitude. Here a separation between the time-dependent variables (amplitude or modal
variable) and space dependent variables (mode of vibration or space variable) is performed.
This method was proposed by [2]. In the AMM formulation, the link flexibility is represented
by the truncated finite modal series, in terms of spatial mode eigen functions and time-varying
mode amplitudes.

This method has been used in flexible robots modeling [3-6,8-10]. The way boundary
conditions and trial functions are chosen play an important role in model for simulation. For
instance, if clamped free boundary conditions are chosen it results in an identity block in the
input matrix for the input torques and joint variable direct measurable [3,5,6]. Pinned-pinned
boundary conditions lead to ease in specifying the arm tip and have been used in trajectory
control, it introduces a small change in the lower block of the input matrix [11-13]. In
[4,6,7,9,10,14-20] have been reported that if the inertia of the joint is much bigger than the
inertia of the link, if there is a control loop closed in the joint or if there is a gearbox between
the actuator and joint, the clamped condition yields better results compared to pinned
boundary condition. They also reported experimental verifications. An interesting equivalence
of these two cases is reported by [13]. In [15], also stated that when pinned boundary



conditions are assumed, this boundary condition tends asymptotically to the clamped
boundary condition.

The FEM has not been often employed for use in the design of controllers for flexible-link
robot manipulators [1,3,8,21]. Nevertheless, it is an useful tool for the design of mechanical
structures, especially in the design of robotic system itself [22]. In the FEM, the boundary
conditions and changes in geometry and physical properties can be accounted in a
straightforward way. This advantage has been used to derive closed-form equations of motion
and for the analysis of controllers [22-30]. This method has been also mainly used for the
dynamic simulation of flexible robotic structures with complex geometry [31-34]. Here the
model of each link with distributed flexibility is discretized in smaller elements, the behaviors
of the variables under study are assumed to have certain local distribution in each element
(shape function). In this method, each flexible link is considered an assemblage of a finite
number of elements, where every element is a part of a continuous member of the robot. The
displacements are compatible and the internal forces are in balance at certain points called
nodes, the entire link is compelled to act as one entity. The displacement at any point of the
continuous element is expressed in terms of finite number of displacements at the nodal points
multiplied by polynomial interpolation functions. The equations of motion for the overall
robotic system are then derived by first deriving the equations of motion for a typical element
and then suitably assembling the individual elements’ equations of motion.

Finally, LPM has been seldom used in modeling of flexible-link robotic structures. Here the
system is considered to have discrete components with their mass and inertia located in points
along the flexible element. In the case of the beam the mass is assumed to be concentrated and
there are virtual springs at virtual joints to emulate the flexibility of the whole element. This
modeling technique assumes as many fictitious joints as necessary to appropriately describe
the deflection of a flexible link. Each nonactuated fictitious joint is also accompanied by a
linear spring to restrict the joint motion and represent the flexibility. If the vibrations of a link
in different orthogonal planes are considered separately (two laterals and one longitudinal
vibration) and each is represented by a pseudoprismatic joint, then it can be said that this
method models the first mode of vibration in each direction. Furthermore, three
pseudorevolute joints may be added to represent the effect of rotational vibrations. An end-
effector deflection prediction scheme in terms of the geometry-dependent “influence
coefficients” was developed by [35]. In [36] this model was used for identification of
inaccessible oscillations in n-link flexible robotic systems. In [37] the model of a single
flexible-link was developed where a separation of the dynamic model terms that depend on
the geometry of the link from the terms that depend on the lumped masses of the link was
performed. The lumped parameter model is the simplest one, but the manipulator is modelled
as spring-mass system, it often does not yield sufficiently accurate results.

Several works have been developed in the control of flexible-link robotic structures, a brief
review of some of them is presented. There are multiple possibilities of criteria for
classification, for example: modeling technique, separation according the speed of the system,
kind of control strategy, kinematic configuration, etc. Here the research is classified according
the kinematic configuration of the flexible-link robot i.e. one flexible-link robot and two
flexible-link robot.

1.3.2 Control of Flexible-link Robots

The different approach employed in control of flexible-link robots are presented according to
their kinematic configuration. Here it is restricted to robots with rotational joint with one and
two flexible links.



One Flexible-link Robot

The case of one flexible-link robot has the advantage that it can be approximated to a linear
system under certain assumptions. For instance if Coriolis and centripetal effects are
neglected a linear representation can be obtained and linear control techniques applied.

Under the AMM, different control strategies have been proposed. In [38] feedforward input
shaping techniques are proposed where a feedforward term that convolves in real time the
desired reference input with a sequence of impulses to produce a vibration-free output. The
delay times of the prefilters are adapted to match the system’s natural frequency.
Experimental results for a single flexible link are presented to verify the technique. Also in
[39] a controller design is proposed, it is based on the use of a conventional rigid body robot
controller and the use of a closed loop shaped-input filter to reduce the nonlinear vibrations of
the flexible link. The controller is proposed for different kinematic configurations and it is
tested experimentally.

In [40] an approach of vibration damping qualified for application to any kind of flexible
robot even without an analytic model is presented. It uses a passive design for decentralized
actuator control. The actuators of the robot are controlled to act like virtual passive
mechanical spring-damper elements and the damping of the eigen modes is increased by pole
placement technique.

Robots with link flexibility and joint flexibility were addressed in [41], feedforward model-
based control law is shown, also it is suggested that with a complementary feedback standard
proportional-derivative (PD) controller the performance of the system can be improved.
Simulation results using the software FLEXARM were shown for a two-link robot.

In [42] a modified Lyapunov-based proportional-integral-derivative (PID) controller was
implemented. For joint positioning the PD part was used and for the flexibility an integral
element was used having as input the deflection of the tip of the link, the control strategy was
validated experimentally.

Singular perturbation approach (SPA) proposed by [43] was used in [44,45] to separate the
dynamic model of the flexible robot in slow dynamics (joint dynamics) and fast dynamics
(flexible dynamics), joint tracking is achieved through a linear sliding mode controller (SMC)
and the link is damped with a linear quadratic regulator (LQR) controller then the control law
is the sum of both control signals; it was experimentally validated without considering any
payload.

In [46] a flexible-link robot with an additional translational DOF is presented; a nonlinear
control scheme based on partial feedback linearization was implemented experimentally,
which incorporates a lead zirconate titanate (PZT) actuator as a secondary input to the system.
PZTs were also used for AVC in [47] where SMC was used for joint tracking and for AVC of
perturbation induced by a fast movement was used positive position feedback due to its
spillover insensitivy; in this work for the attenuation of chattering effect a dead-band in the
switching control is used. Results were given only in simulation.

Computed torque is a method commonly used in rigid robots, [48] proposed it to be used in
flexible-link robots, one torque for the rigid part and one for the flexible part and a relation
between these torques was established using sliding mode technique, also an adaptive version
is proposed to face parameter uncertainties. Simulation results were shown.

A modified PID is utilized in [49] to solve the problem of achieving an accurate tip position
of a flexible-link manipulator, the controller is made up of a PD for the joint and an integral
term including the vibration of the tip, the error signal is reformulated in terms of the tip



position related to the joint variable. Tip position is estimated through shape of vibration and
strain gage measurement. Experimental results were shown.

In [50] a controller based on the nonlinear state dependent Riccati equation is proposed. Here
is also stated that it can not be calculated online, then a gain-scheduling LQR according to the
states is proposed for the rejection of vibration assuming that the Lyapunov function is an
explicit function of the states. The effectiveness of the proposed control strategy is proved
experimentally.

In [9] a decentralized controller was proposed for a one flexible-link robot provided with
piezoelectric actuators. Joint tracking is performed via a model-free PID controller tuned with
the Ziegler-Nichols method. For the AVC a dual loop with a second order SMC for the
flexible link is proposed and implemented. The experimental results showed the effectiveness
of this approach.

Under the FEM, to the best knowledge of the author, not much research can be found. This is
due to the fact that the controller calculated from FEM models tend to be rather complex and
can not be implemented online. In [27] a simulation algorithm characterizing the dynamic
behavior of one flexible-link manipulator is developed using finite difference methods. A
graphic environment in Matlab/Simulink is presented where several open-loop and closed-
loop control strategies such as PD and PID can be incorporated in the simulations.

A model for dynamic simulation purposes is presented in [30], the model include the
possibility to apply two bending moments to emulate a piezoelectric actuator. Three
controllers are available: active force, P and PD. The robot model with the control strategies is
validated experimentally.

In [51] a SMC for tip trajectory tracking is proposed. Here a modification in the sliding
variable is introduced by adding a corrective term to the desired angular trajectory, this term
takes into account the angular deviation of the tip by changing the sliding variable and
introducing a PID complement in order to accelerate the convergence. The governing partial
differential equations of the links are solved via finite difference method. Simulation results
are shown.

Under the LPM different control strategies have been proposed. In [52] an AVC is proposed
using an actuator bonded along a flexible pointing system (similar to a one flexible-link
robot). Two methods for the generation of trajectory based on the model of the structure are
presented. The resulting trajectories are supposed not to excite the modes of vibration of the
flexible structure and the continuous piezoelectric actuator is used to increase the damping.

Backstepping control strategy is utilized in [53] to obtain tip point tracking of position and
velocity. The authors took advantage under certain assumptions of the LPM which results in a
model in strict feedback form. According to the control design the controllers require joint
acceleration and tip point acceleration. Three backstepping controllers, two robust controllers
and adaptive were developed and tested in simulation.

In [37] a control scheme is proposed that minimizes the effects of the friction in the joints.
The control scheme is composed of two feedback nested loops, a PD inner loop to control the
motor position and an outer loop to control the tip position. The controller for the tip position
loop is composed of feedforward and feedback terms. A limitation of this method is the
necessity of achieving a motor response faster than the vibrational modes considered in the
model of the link. Experimental results are shown.

An approach for the use of PZT actuators in a flexible robot was presented by [54,55]. The
combined control scheme is composed of a PD controller for the position of the joint and a



command voltage applied to the PZT actuators for vibration damping. The command voltage
employees linear tip velocity feedback, which makes the scheme easy to implement. The
system is modeled using AMM but the stability is proven with a LPM. [54] presents only
simulation and [55] makes a complement evaluating the influence of the PZT location and
presenting experimental evaluation.

A hybrid controller with a dual loop is presented in [19], in this work a combination of
continuous-time controller with discrete-time controller is used. Joint tracking is performed
using a PID controller with feedforward gains and tuned with the Ziegler-Nichols method.
The flexible-link model is obtained from a black-box identification process considering it as a
cantilever beam then a H_ was calculated for the AVC loop. The controller was tested

experimentally.

Two Flexible-link Robot

Once the flexible robot has at least one distal link its model turns into high nonlinear
formulation. The influence of distributed flexibility on modelling and controller design has to
be well understood to attain the design objectives. In the two flexible-link robots the influence
of Coriolis and centripetal effects is more important in the dynamic behavior of the robot in
control design than for the one flexible-link robot. The review is also organized according to
the modeling technique.

Also for two flexible-link robots the modeling approach most widely used is AMM. There
have been some attempts of linearizing models of multilink flexible robots, this can be done
in the case of low speeds and very small deformations [17,18]. In [17] the dynamics is
linearized for the whole robot workspace assuming very low joint speeds, an observer-based
state-feedback is proposed. This strategy is proposed as a complement to the positioning
controller. The proposed controller was tested experimentally. In [18] is proposed the use of a
PD controller for the called “fine motion” with the model linearized in an operating point
assuming all the time derivatives equal to zero. As long as for the “gross motion” an adaptive
model following algorithm which is a Luenberger observer and a combination of state
feedback and PD controller with time-varying gains. Simulation results are shown.

Input shaping techniques have been also applied to this kind of structures. In [56] the
advantages and disadvantages of this control strategy for a two flexible-link robot are
discussed, the most important aspect is the low robustness to model uncertainties and its low
performance for big movements. Then decentralized PD controllers are suggested to
overcome the drawbacks. Susequently in [57] good experimental results for the previous
control strategy are shown.

Feedback linearization was utilized in [58]; the flexible-link robot was considered as a rigid
robot for the model formulation and subsequent feedback linearization, then the control
signals from augmented nonlinear PD controller are convolved with input shaping prefilters to
avoid the excitation of the resonance frequencies of the structure. The proposed controller is
capable to attenuate some of the nonlinearities due to Coriolis and centripetal effects.
Experimental results for this proposal are shown. An extension of this work is presented in
[59] where an adaptive complement is added to account payload changes then the nonlinear
joint controller is adjusted and the frequencies of the prefilters as well.

Inversion-based nonlinear control is presented in [12] for accurate trajectory tracking. Here it
is stressed that the adoption of clamped boundary conditions at the actuation side of the
flexible links, allows considerable simplification with respect to the case of pinned boundary



conditions. The proposed control strategy is a nonlinear state feedback compensation term and
of a linear feedback stabilization term. The proposed controller is tested in simulation.

SPA was used by [60] to divide the dynamics of the flexible system and calculate a composite
PID controller. For the slow sub-controller, a PD controller with disturbance observer is used
and for the fast sub-controller, modal feedback PID control is utilized. An analysis of the
influence of parameter was conducted, some guidelines were established for the tuning
process. Experimental results are shown.

In [61] the dynamics of the system is split using SPA, then a dual loop is proposed. The slow
dynamic is treated as it were a rigid-link robot, an additional robust decomposition is
performed and the changes in mass matrix, Coriolis, stiffness, damping, gravity and/or
friction then compensators are calculated for each model uncertainty (assumed to be bounded
and partially due to link flexibility). The fast dynamics is taken from the SPA formulation and
approximated to be linear and a standard H_ controller is calculated for each link. The

control strategy is tested experimentally.

Hybrid PD PID controllers are presented in [62,63]. In [62] a hybrid collocated PD and
noncollocated PID controller designed for joint tracking and vibration control, respectively. In
the PID loop the feedback signal is the acceleration at the tip of each link. Then the control
law for each joint is the sum of the control signal of each controller. This decentralized
model-free control strategy was tested in simulations. An extension is presented in [63] where
the authors propose a complement to the previous controller to enhance its performance.
Simulation results show better performance index including this modified P-type learning
algorithm.

A decentralized approach has been utilized in [64], where augmented SMC have been
calculated for a two flexible-link robot. The robot is subdivided in one flexible-link
subsystems; this has the advantage that they require just local measurements and a possible
extension to the multilink case is straightforward. The parameters of the controllers are
calculated to minimize a functional in terms of the joint errors and modal variables. The
controller was tested in simulations.

AVC techniques are applied in [65] where a two flexible-link is provided with PZT along the
links for acting and sensing purposes. The joints are regulated via an augmented nonlinear PD
controller and the links are approximated as linear elements and a frequency varying LQR
with frequency-dependent weightings is used in the AVC loop. Preliminary experimental
results are shown.

In [66] an AVC is proposed with the use of continuous PZT bonded along the links. The
system dynamics is decoupled using SPA, the slow dynamics is linearized via computed
torque method; fast dynamics is influenced by the PZT and the control law uses joint error as
feedback signal. The authors suggest that as long as the applied voltage can vary along the
link, therefore virtually “all” the modes of vibration of the structure can be damped out. The
controller was tested in simulations.

An AVC model-free controller is proposed by [67]. The developed controllers are based on
the basic energy-work relationship, in order to avoid the problems of model-based methods
such as truncation and spillover. Two kind of PD-based controllers for the rotational actuators
and PZT are proposed: decentralized and centralized. Nevertheless, a model is formulated
under Lagrangian formalism and AMM to simulate the robot and test the proposed
controllers.



A decentralized controller was proposed in [10] for a two flexible-link robot provided with
piezoelectric actuators. Joint tracking is performed via model-free PID controllers tuned with
the Ziegler-Nichols method. For the AVC a dual loop with a second order SMC for each
flexible link is proposed and implemented. The experimental results showed the effectiveness
of this approach.

FEM is not the common choice for designing controllers is flexible-link robots, nevertheless
some works can be found in the literature. In [25] a direct dynamic model for the flexible-link
robot was developed, after discretization the DOF are joint variables and elastic DOF of the
links resulting from the discretization of their elastic transformation rotation matrices. For
controller calculation the rigid dynamics is linearized then computer torque method is used.
Active damping is achieved through an LQR with full stated feedback. The closed loop
system is tested experimentally.

In [68] a flexible-link robot is modeled using FEM. A PD based fuzzy logic control strategy is
also developed to reduce the end-point vibration, the control strategy is collocated and
decentralized. A genetic algorithm is used to optimize the rule base of the fuzzy logic
controller. A coupled fuzzy control strategy is proposed to improve the performance of the
system. Results are shown in simulations.

Also neural networks have been applied to flexible-link manipulators as in [69]. The FEM
model is formulated assigning one element pro link. A nonlinear control law is calculated for
the rigid dynamics whose stability is verified. Then an additional joint controller based in
neural networks is employed to bear with the effects of link flexibility (uncertainties). The
control strategy was tested in simulation.

Other similar kinematic configuration has been also subject of study, two-link flexible robotic
structures with the first link rigid and the second link flexible [70-74], the robots are modeled
under lagragian formalism and flexibility with AMM. In [70] small angular displacements are
considered of the joints. A decentralized approach is proposed for each link, then a set of local
subsystem to be controlled is formulated using only local measurements and the influence
(coupling) with the previous link is considered an uncertainty. The control proposed for each
link is a PD with feedforward velocity. The control strategy was experimentally validated. A
similar system was utilized by [71], here a two stage control strategy is proposed. The inner
loop is based on a nonlinear feedback law derived from the asymptotic expansions which
results in a PD controller with joint acceleration feedforward. The outer loop is a frequency
weighed LQG to compensate the nonmodeled dynamics. The controller was validated
experimentally. Stable model inversion control has been proposed in [72], control strategies
are proposed to avoid the instabilities caused by the zero dynamics when the tip trajectory
tracking is formulated. As countermeasure three stable model inversion controllers using
numerical methods based on approximate nonlinear regulation, frequency domain learning
and time domain learning are proposed. The effectiveness of the control strategies was tested
experimentally. In [73,74] an optimal trajectory based on the flexible dynamic subsystem is
calculated, this optimization can reduce the excitation of the mode of vibration and the effect
of the uncertain vibration. A SMC is proposed for the slow subsystem and implemented to
overcome the influence of error modeling in the optimization process. The trajectories
resulting from the optimization showed a high overshoot for the second joint. The controllers
were validated experimentally.

Regarding LPM for two flexible-link robots, the mass matrix of such models is supposed to
be diagonal or semi-diagonal, which is advantageous for calculations such as a matrix
inversion. However, assigning spring constants for the pseudo-joints is not straightforward,
and therefore, such models are rarely used for dynamic analysis of flexible manipulators [75].



1.4 Contribution of this Research

Considering the state of the art this work presents some interesting contributions. In this work
are presented dynamic models of the structures under study which are modular and its
formulation and implementation differs from previous approaches in the sense how the model
is stated. In this work, the model after performing the energy balance is separated into integral
terms and algebraical terms. The integral terms are calculated via symbolic software which
are subsequently integrated as embedded function in Matlab/Simulink where the algebraic
terms are also implemented. It makes possible to monitor or follow the single contribution of
all the element of the robot and verify its influence in the whole structure. The models
obtained here are direct dynamic models. In the model formulation are included the actuators
and sensors available in the experimental setup.

Another important point in the model formulation of flexible-link robots is the inclusion of an
offset due to the link support at the joint, it is commonly neglected. Here it is included to
obtain a better approximation to the reality and the whole models are formulated including
these additional transformation matrices. For the two flexible-link robot in the model
formulation the inertia of the second joint (distal joint) is divided into two parts, the inertia of
the relative fix joint and the inertia of the relative rotating joint. In the distal joints angular
position and velocities of each part is considered separately. The existing models do not make
any distinction about this aspect.

A novel methodology for the robot model validation is proposed to verify if the model is
correctly implemented. The vector of Coriolis and centripetal effects is calculated through two
different ways and then is compared, also two independent mass matrices are also compared.
Some model structure properties are also considered to verify the correctness of the resulting
models.

Here different control architectures are presented, ranging from decentralized controllers to a
totally centralized controller. Dual loop controllers have certain similarity with the singular
perturbation approach, but the controllers are much easier to implement. As long as the
presented Lyapunov model-based controller consider a reduced-order model of the whole
flexible structure, then the truncation and uncertainties are compensated with the sliding mode
complement, it reduces the robot settling time by increasing the links damping and joint
tracking.

1.5 Outline of the Dissertation

Three control strategies with sliding mode complement are presented in this work: dual loop
approach and centralized and decentralized Lyapunov model-based approaches for joint
trajectory tracking and AVC of the flexible-link robots. Additionally a control strategy is
proposed for a cantilever flexible beam

This work is organized as follows. In Chapter 2, the models of the flexible beam, one flexible-
link robot and two flexible-link robot are developed applying the Lagrangian formalism and
AMM to discretize the flexibility of the links. The models including actuators and sensors are
subjected to verification and experimental validation. These models are used for the controller
calculation of the next Chapter. In Chapter 3, a short theoretical background of SMC is
presented then the three previous mentioned control strategies are developed and details of
their architecture are given. The controllers obtained in Chapter 3 are validated with
experimental results in Chapter 4. The conclusions are given in Chapter 3.
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2 Modelling of Vibrating Structures with
Flexible Links

In this section three structures are going to be addressed, the complexity is increasing
progresively. First a flexible cantilever beam, second a single flexible-link robot and finally a
two flexible-link robot. The robots studied here are provided only with rotational holonomic
joints. The verification and validation of the models is done following the approach proposed
by [76]. Each model to be obtained is a conceptual or theoretical model, this model is
implemented and subjected to verification (assumption, approaches and implementation) and
finally the model is validated.

PHYSICAL Confirmation
SYSTEM \
/ 7 . A
y ‘ Modeling .
/ \
/ \
1 \
\
' \
Simulation
Dy MATHEMATICAL
Validation
Outcomes [ MODEL
k ;
1
\ / I
\ Software /
* . Implementation ,
\ /
COMPUTER Verification

MODEL

Figure 2.1: Model verification and validation process [76].

The verification process begins with the exhaustive revision of the model obtained
analytically, taking into account the algebraic properties of the resulting model (symmetry,
anti-symmetry, diagonally). Then the model is implemented using informatic tools as Maple
for symbolic calculations and Matlab for simulations. The model should be explicit to provide
a clear understanding of dynamic interaction and coupling effects, to be useful for control
design, and to guide reduction and/or simplification based on terms relevance. The model
should be complete that it is simple enough (e.g., finite- versus infinite-dimensional) while
inheriting the most relevant properties [6]. Finally, the implemented model is subjected to
validation contrasting the results of the simulations with the measurement of the real system,
being both of them tested under the same conditions.
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2.1 Cantilever Beam

The first element to be studied in this work is a cantilever beam bending in the horizontal
plane, because until the final complex system the beam model is involved. Deflection in
beams has been widely studied, in this work the model for the beam proposed is based on the
Euler assumptions for pure bending. Development of the beam modeling is briefly reviewed
here. Beams can be composed in an infinite number of small elements, a local equilibrium is
established and the equations of motion for the differential element are integrated along the
continuum. For the sake of completeness, first the static case is addressed and then the
dynamic case. As starting point, the following Euler-Bernoulli assumptions are taken into
account [77]:

e Cross-sections are plane and normal to the neutral axis remain plane and normal to it
after deformation.

e Shear deformations are neglected.
e Beam deflections are small.
e The material is linear elastic according to Hooke’s law

This continuum domain is modelled using partial differential equation due to the dependency
on location and time. The beam under consideration is shown in Fig. 2.2, it extends from
x=0 to x=1[ and it has a flexural rigidity E/ which could be a function of x. For
convenience the first part of the modeling is performed with a Newtonian approach and the
second part with Lagrangian approach.

Figure 2.2: Bending beam.

2.1.1 Beam under Static Conditions

The equilibrium equation can be obtained extracting a small element with a differential
thickness dx (see Fig. 2.3). All the acting forces and moments are illustrated, i.e. shearing
force V', bending moment M , distributed load ¢, .

12



M V V+dV M +dM

dx

Figure 2.3: Body free diagram for an infinitesimal beam element.
The balance of vertical forces provides
V(x)+q.(x)dx=V(x)+dV(x)=0, 2.1
from this the distributed load can be stated as

q.(x) 2.2)
dx
The balance of moment with respect to a point located in the right side of the element
2
—%—M(}C)—V(x)dx+M(x)+dM(x)=O, (2.3)
neglecting dx” term, the shearing force can be stated as
V(x)= aM () : (2.4)
dx

The normal stress distribution in pure bending is assumed to be linear, taking the value of 0 in
the neutral axis and maximal in the extreme fibers as it is shown in Fig. 2.4.

2~

max

N5

max
Figure 2.4: Distribution of normal stress in the plane yz.

The bending moment is calculated integrating axial stresses across the transversal area
M(x):—j o (x)zdA. (2.5)
A

Under the assumption of pure bending, Hooke’s law can be expressed as

13



o .(x)=FEe(x). (2.6)
The axial strain can be expressed in terms of the axial displacement field

du(x)

s(x)=———=.
(x) R

Under the assumption of Navier for bending, the infinitesimal axial displacement is related to

the infinitesimal rotation of the differential element
du(x)=-zdf(x) . (2.8)

2.7)

Z,W

Figure 2.5: Navier assumption.

For small transversal displacements, the rotation of the element is related to the transversal
displacement (see Fig. 2.6). Then the following approximation is done

W) o). 2.9)

X

tan(d(x)) =

dx adw

Figure 2.6: Rotation of an element of the beam.

The kinematic relation between the axial strain and transversal displacement is obtained

2
£(x) = du(x) :_dﬁ(x) z:—d ng) .
dx dx dx
Bending moment and shear force can be expressed in terms of the transversal displacement

w(x)

(2.10)

M(x)=—[E&(x)z dA, 2.11)
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M(x)= jEd M) 2y, (2.12)
M(x):Ed WE") [z aa, (2.13)
=j22 arAj1 (2.14)

M(x) = E]dzw(x) (2.15)
V(x)=EI d3w(3x) : (2.16)

where E is uniform across A i.e. the beam considered in this research is made up of one
isotropic material.

2.1.2 Beam under Dynamic Conditions

In the previous analysis an expression for the inner bending moment and shear force are
obtained for the static case. For the case of vibrating beams all the variables depend also on
time, then the ordinary differentiation turns into a partial differentiation

2
M(x,r)= E1 20D (2.17)
3
V(x,t):E]aL’f’t). (2.18)
X
Then the force due to the inertia of the elements
2
p, dx I (2.19)

or’
In the Fig. 2.3 force due to the element inertia has to be included, then the vertical force
balance

2
V(x,0)+q.(x,0)dx —V (x,t)—dV (x,t) = p, dx% : (2.20)
2
_4. (x’zt)dx —M(x,t)-V(x,t)dx+M(x,t)+dM(x,t)=0. (2.21)
Inner shear force and bending moment can be written as
dV(x,t)= de , (2.22)
ox
aM (x.1y = M0 4 (2.23)
ox
then
2
AACR) dx+q_(x,t)dx = p, dx% , (2.24)
Vi = M0 (2.25)
Ox

Substituting (2.25) in (2.24)
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B 0*M (x,t) O’ w(x,t)
ox’ or
Then the relation between moment and transversal displacement (2.17) is substituted in (2.24)
to obtain the equation of motion in forced vibration
O*w(x,t O*w(x,t
) 852 ) (4 )_ q.(x,t). (2.27)

For the case of free vibration ¢q_(x,¢) =0 therefore (2.24) turn into

vq.(n0)=p, (2.26)

+El

2 4
o O w(x,t) +Ela w(x,t) _0

’ 2.28
or> ox’ 2
2 4
0 w(;c,t) 20 W(f’ 1) _ 0. (2.29)
ot ox

where

c= \/E (2.30)
P

With the modelling approach used along this work, the links i.e. beams are assumed to be
subjected only to free vibrations. Additionally, they are considered to be clamped at one end,
the reason of this is explained in section 2.2.1. Then including a tip load, the geometric
boundary conditions are given by

wix,0)|_, =0, (2.31)
ST (2.32)
ox |-
and the natural boundary conditions by
2 2
g0l 4 oD (2.33)
ox” |, dt ox |,
3 2
g e, AW (2.34)
ox’ |, dt o

In order to approximate the transversal displacement the AMM proposed by Meirovicht [2],
where the time dependency and special dependency of the transversal displacement of the
beam can be separated in order to transform the partial differential equation into an ordinary
differential equation to obtain an »-dimensional model i.e. n flexible modes are taken into
account

W)= Y 40) 4,0). (235)

where ¢, (¢) the time-varying variable related to the spatial assumed mode shape ¢ (x). The
procedure is done considering one DOF, but at the end it could be extended for more degrees
of freedom. With this separation of variables (2.35) then (2.29) can be solved as follows

2 4 2
c d ¢l£x) - _ 1 d quz(t) =q= a)Z , (2.36)
¢(x) dx q,(t) dt
where a = @’ is a positive constant, then (2.36) can be separated in two equations

dz% (1)
dt’

+0'q, (=0, (237)
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d'¢,(x)

4
——-f"¢(x)=0,
where
gl PO
Y EI
The solution of (2.37) is a function of the form
q; (1) = el .
Meanwhile the solution of (2.38) is a function of the form
¢ (x)=Ce",
where C and s are constants. To derive the auxiliary equation
S4 _ﬂ4 — 0 ,
with roots in s, =+/ and s, =+ j#, then the solution of (2.38) is
¢(x)= cl,ieﬂ"x + cz,iefﬂ"x + c3,,.ejﬁ‘x + c4,,.e*jﬁ"x

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

where ¢ ;, ¢,,, ¢;; and ¢,, which are calculated from the boundary conditions. Therefore

(2.43) can be expressed as

$.(x) = ¢, sin(B.x) + ¢, cos(B,x) + ¢y, sinh(B.x) + ¢, , cosh(S,x) .

The natural frequencies of the beam can be calculated from (2.39)

‘EI
o= |PEL
P

In order to calculate f, the boundary conditions are modified according to the AMM

9:(9, (x)‘x=0 =0=4, (x)‘x=0 =0,
o4,(x)
ox

On the other hand the first natural boundary condition turns into

=0.

x=0

=0=> ¢i’(x)

x=0

g5 (1)

EI(x)|_ 45 () =~J, 4/(x)|_, dn(0).
considering that
Gu(0) _ EI
5 (?) P
therefore (2.48) can be expressed as
J
¢l."(x) T B —pgzﬁi’(x) o= 0.
) e
The second natural boundary condition turns into
EI4"(x)| _ q,(0)=m, ¢, (x) _ 4 (D),
then considering (2.49), (2.51) turns into
m
¢"(x) _, + 5 ?Wﬁi (x)_, =0.
1
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(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

2.51)

(2.52)



With each boundary condition substituted in (2.44) can be stated; for the first boundary
condition (2.46)

¢, +¢,; =0, (2.53)
for the second boundary condition (2.47) | |
¢, tc,; =0, (2.54)
for the third boundary condition (2.50)
—c o sin(Bl) —c,,p, cos(Bl) +c, p sinh(B1) + ¢, . p, cosh(B1)
~B ¢ cos(B)+ Bl ¢, sin(Bl) - BJ ¢, cosh(S]) , (2.55)
—ﬂprcM sinh 81)=0
for the fourth boundary condition (2.52)
—c,; o, cos(B) + ¢, o sin(Bl) + ¢y, p, cosh(B1) + ¢, , p sinh(S])
+Bmc;sin(Bl)+ Bmc,, cos(Bl)+ Bmc;, sinh(S]) : (2.56)
+Bm.c,, cosh Bl)=0
Then a linear system of equations is formulated from (2.53), (2.54), (2.55) and (2.56)

Cui 0
w| 2|0, (2.57)

Cs, 0

Ci 0

where

W, =W =W, =w,, =1, (2.58)
W, =W, =Wy, =w,; =0, (2.59)
iy, = peos(Blytm, f, sin(B1) (2.60)
Wy, = plsin(,Bl.l)erp,Bi cos(Bl) , (2.61)
W5 = plcosh(ﬂ,.l)ﬁLmp B sinh(f1) , (2.62)
W, = psinh(B1)+m, B, cosh(Bl) , (2.63)
W, =—psinh(B1) - B°J cos(Bl) , (2.64)
Wy, ==peos(BD+5J sin(B]) , (2.65)
W, = psinh(B1)-SJ cosh(Bl) , (2.66)
Wys = plcosh(ﬁl.l)—ﬂprsinh(,Bil) . (2.67)

The parameter S, for each mode of vibration arises from the nontrivial solution of (2.57) i.e.

det(W) =0, therefore the following transcendental equation is obtained

m.J B+ picos(Bl) cosh(B1)— p B’ J sin(S]) cosh(B1)
+m,p, B, cos(B1) sinh(B1) - mpJp,chosw[l) cosh(f1) . (2.68)

+p1ﬂi3Jpcos(,Bil) sinh(B1)—m, p B, sin(S1) cosh(B1) + pl=0
The solutions of (2.68) can be obtained numerically and with g =[ B ... ,Bn]T the natural
frequencies @, of the beam are obtained using (2.39). To calculate the constants
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¢;;i=1.4" j=1.n the components of f are substituted for each mode of vibration.
Nevertheless, the third and fourth linear equations are linearly related. Then an additional
condition is required, it is related to the orthogonality of the modes of vibration

l
IO P §,(xX) ¢,(x) dx+my, §(1) §;(1) + J;, §/(1) ¢(1) = my5, (2.69)
where & is the Kronecker delta symbol. At this point all the ¢, can be calculated.

As next step for the deduction of the beam equation of motion some kinematic relations are
defined

pl(x,t)=[x w(x,t)]T, (2.70)
p(et)=[0 w0, (2.71)
'n@)=[l w0], (2.72)
(@) =[0 w.0)] , (2.73)

where the sub index . indicates that the term is evaluated at the endpoint of the link i.e. x =/
(see Fig.2.7). Here the position of any point along the deformed beam p,(x,7) and the
position of the tip of the beam 'r,(¢) are defined to calculate the Lagrangian, which is defined
as the difference between the kinetic energy and potential energy of the system

L=T-U. (2.74)

x w_ (1,1)

Figure 2.7: Kinematic relations for cantilever beam.

The kinetic energy is made up of the contribution of the link and payload

=1+ ]I) , (2.75)
1 I, T .
T, =§pl.[o p,(x,t) p(x,t)dx, (2.76)
1 AU B
]I) ZEmP II’ZT lrz +5Jpwe(t) . (2.77)

All the systems considered in this work move in the horizontal plane i.e. there is no gravity
involved in the analysis. Therefore potential energy is only due to elastic deformation

2
1 1 &°w(x,t)
Regarding potential energy, it is important to mention that the potential passive energy added

to the system by including the stiffness of the piezoelectric patches can be neglected (see
Appendix A.2).

The previous equations can be reformulated as
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T, =%pl [ .0y ——p, [ [Zqﬁ ()4, <r>] dx (2.79)

];:%m W (t)+ J W’ (t)——m [Zw)qm] +=J (Zml)q(t)j (2.80)

U=%EIJ-;(Z¢I."(X) qi(t)j dx . (2.81)
i=1
Then the n Lagrange equations to be satisfied are
ia—.L—a—L: , i=1.n. (2.82)
dt 8qz aql

Because the potential energy has no dependency on the modal velocities the first term of the
Lagrangian is reduced to

doL _d 8T d oT,

dt 8q T dt Oq dt 8q

The potential energy does not depend on the position. The second term of the Lagrangian is
reduced to

(2.83)

oL __ou (2.84)
6‘][ 6%
Substituting (2.79) — (2.81) in (2.83) and (2.84)
TR KD ICHIOES (:89)
6T
%a— ¢C,Z¢c, §,(0)+J, ¢CZZ¢C, §,(0). (2.86)
a—% = El jo ¢,."(x); () q,(2) dx . (2.87)

The first modes of vibration have the bigger amplitude; therefore the model is truncated in the
second mode of vibration i.e. n=2. Then the equations take the following form

d a1

i 34, S p [ 20 G0+, A0 (1), (2.88)
jt 2T pzf $,(x), (x)dx ql(t)+p,j @2 (x)dx §, (1), (2.89)
lesz = (m i + 7,85 )i () + (m b + T B8l ) 61, (2.90)
th = (s + 000 )6 00+ (mohs + T 83 ) 4, (1) (2.91)
ZU :(EI [! "z(x)dx)ql(t)+(EI [ g (x)dx)qz(t) (2.92)
S—U = (EI jol #()¢, (x)abc)q1 )+ (EIJ. "2()6)(,56)q2 ) (2.93)
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d oL oL

— =1 i=12, 2.94
a5 o " 259
doT d T, au
g, diog, oq | [f

! vo%h 2.95
d ot d o, ou M (299

dr 0g, dt og,  oq,
After some simplifications the equation of motion in standard form can be stated

Mi+Kq=f (2.96)
where

m, = p J.(j @ (x)dx + mp¢ezl + Jp¢e'12 =m, (2.97)

my, = p [ GBI+ mg g, + T By =0, (2.98)

my, = [, I )+ m g, + T 4 =0, (2.99)

My = i O+ s+ T g2 =m (2.100)

k= EI[ 4 ()dv=m o (2.101)

ki, = EI[ f)f@)dx =0 , (2.102)

ky, = EI[ G0 (x)dx ~ 0 (2.103)

ko = EI [, 47 () =m o5 (2.104)

The stiffness matrix K is diagonal due to the orthogonality of the modes of vibrations [78].
Continuous structures show a structural damping due to friction in its microstructural
particles, and then there is an energy lost from kinetic energy to thermal energy. The passive
structural system damping can be assumed to be proportional [77,79,80]

MG+Kq+Dg=f, (2.105)
1
D=2¢(KM): . (2.106)
It can be stated in this manner, considering that
M =diag(m,) , (2.107)

m:[—MﬂK —MID}B}_L‘;M;} : (2.108)

The physical system is of the type M-K-D, but the solutions to the eigenvalue problem are
obtained during the calculation of the resonance frequencies (M-K system). According to [81]
this can be done as long as the following equality is fulfilled

(M'K)(M'D)=(M"D)(M'K). (2.109)

In the case of a cantilever beam the resulting system is linear, then it is possible to transform
(2.108) into a continuous-time state-space representation

X = Apx+Bpu

D (2.110)
y=Cx+D.u
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2 2nx2 2 2
where xeR™, ueR", yeR’”, 4 eR™", B eR™™, C, e R"™™ D, e R"™

xzm, @.111)
q
I
A= L 2.112)
"MK -M"'D
0
B - {Mi, 2.113)
u:[ﬂ, (2.114)
f=By,, (2.115)
and
C,=1,D =0. (2.116)

The matrix B, € R™ performs the conversion in the piezoelectric actuators from voltage v,
to applied bending moment as it was shown in Appendix A.1.

B, =[c(¢/0e:) - 4(x,)) T(#05)~81x,))] - (2.117)

For implementation purposes the flexible variables are defined in term of deformations as

follows

_ql -1 &

=y . (2.118)

_‘12} [82}
Assuming y is a constant non-singular matrix and it is defined by

L, A, (2.119)

W =1 7 ! " ' ’ .
1 Z{Co (5

where x, and x_ define the location of the deformation sensors (strain gages) along the
beam (see Fig. 2.8)

—

e

Strain gage Payload

. ] -

81

5y

Figure 2.8: Location of the sensors along the beam.

The beam under study has the dimensions given in Tab. 2.1 and their first two modes of
vibration and their spatial derivatives are shown in Figs. 2.9 and 2.10. The sensors are located
away from the nodes of deformation (¢"=0) in order to get information of the two

considered modes of vibration.
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Table 2.1 Physical parameters of the cantilever beam

Parameter Value Complementary information
Material Aluminum DIN AlMg, F22
[ 0.31 m
m, 0.059 kg
El 1.6333 Nm?
A 0.002 m
m, 0.060 kg
5 2
J » 1.84x10 kg m
xsl 0.015 m
xs2 0.175 m
) 0.1876 kgm’
(X)) 27.6856 !
'(x,,) 11.6153 m’!
7 (x,,) 245.7602 =
y(x,,) -207.5059 m’!
2
1
E o
<
-1
) . s .
0 0.1 0.2 0.3
x [m]

Figure 2.9: Modes of vibration of the beam.
First mode (black), second mode (blue) and undeformed beam (gray).
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Figure 2.10: Spatial derivatives of the modes of vibration of the beam. Left: first derivative, right: second
derivative. First mode (black), second mode (blue) and undeformed beam (gray).
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In order to observe the influence of the inertial parameter in the resonance frequencies of the
beam a parametric sensitivity analysis [82] was done, where the mass and inertia of the
tipload vary from the values given in Tab. 2.1. The dimensions of the beam are considered
taking into account the dimensions of the complete robotic arm i.e. its dimensions correspond
to the first flexible link. In Figs. 2.11, 2.12, 2.13 and 2.14 results of this analysis are shown.

f i [Hz]

2 3 Fraction of J
Fraction of mp :

Figure 2.11: First resonance frequency of the beam under different tipload values.

f, [Hz]

2 3 Fraction of Jp

Fraction of mp

Figure 2.12: Second resonance frequency of the beam under different tipload values.
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Figure 2.13: First resonance frequency of the beam under different natural boundary conditions.
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Figure 2.14: Second resonance frequency of the beam under different natural boundary conditions.

From this results can be seen that for the first resonance frequency the beam is dominated
exclusively by m_, where J has practically no influence. It is due to the slenderness of the
beam, where p, IO ¢ (x)dx+m ¢ >J . On the other hand the second resonance frequency
is slightly influenced by J because the slope of the second mode of vibration at the tip of the
beam ( ¢, ) is not as small as for the first mode.

2.1.3 Model Verification

According to Schlesinger [76], the implemented model must represent the conceptual or
theoretical model as close as possible. From the implementation of orthogonality condition
for the modes of vibration, a modal representation for the flexible coordinates is obtained.
Therefore the mass, damping and stiffness matrices are diagonal (see (2.97-2.107)), after the
implementation it is fulfilled. Also the elements of the stiffness satisfy the condition

k.= m@. . It is shown with a numerical example using the default values given in Tab. 2.1.

The matrices of the equation of motion considering a modal damping of
& =0.0035" &, =0.045 for the aluminum are given by
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M:{ml 0}{0.059 0 } (2.120)

0 m 0  0.059
ma? 0 135 0
K=|"" = 2.121
[ 0 mla)zz} { 0 13229/ ( )
0.5
| 26 (km) 0 700197 0 2122)
B 0 26 (k 05 | 0 2.5144 |’ ’
52( 2,zm1)
()] _, 27.6856 245.7602
= S - . 2.123
[ () } [11.6153 —207.5059} (2.123)

The correspondence of dynamic behavior between the implemented model and the conceptual
is illustrated in the Fig. 2.15.

Conceptual
Model

;s QU } , i» @,
Implemented
Model
Transient
Eigenvalues Response

( State-space w J
L Representation J

Figure 2.15: Suggested verification sequence for the beam model.

The model can be verified establishing a state-space representation, calculating the
eigenvalues of the dynamic matrix and finally calculating the damping and natural
frequencies. On the other hand, the implemented model can be simulated and from its
transient response the natural frequencies and damping are obtained. The state-space
representation matrices are

0 0 1 0

0 0 0 1
A = 2.124
P 12286.2 0  -0.3347 0 ’ ( )

0 224220 0 -42.6167

= 2.12
B, 0.0218 |’ (2.125)

0.0709

1000
Cp—{o Lo o}’ (2.126)
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and

0
D, = {0} . (2.127)
The eigenvalues of 4, define the dynamic behavior of the system and are given by

~0.1673 +47.8136i
| -0.1673-47.8136i
Py =1 2213080+ 473.04i
—21.3080—473.04i

From s, =-w/, tiw+1-&, the natural frequency and damping for each mode can be
calculated. Values are shown in Tab. 2.1. The next step in the verification of the model is the
simulation of the free response of the beam and from the time evolution of the modal
variables the damping factors and natural frequencies can be calculated for a final
triangulation. Damping factors (&) are calculated from the logarithmic decrement (o)

(2.128)

5=iln(ﬂ], (2.129)

nc xAZ
1
&= —— (2.130)
5
I+ —
o
According to the low values of damping factor for aluminum, which are &<<1, can the
damped frequencies assumed to be practically equal to the resonance frequencies, i.e.

0, =0\1-& ~o,. (2.131)
In Fig. 2.16 is shown the time evolution of the modal coordinates when are subjected to the
initial conditions x(O):[8.42-1074 2.12-10° 0 O]T.

-3 -6

x 10 x 10
1 2
0.5 1
= 0 =0
S S
-0.5 -1
-1 : : : : -2 : : : :
0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]

Figure 2.16: Free response to initial conditions for the beam (simulation).

Taking into account eight cycles (n, =8 ), the logarithmic decrement for the first and second
mode in transient response are 6, =0.022 and 6, =0.283, respectively. Damping factors and
natural frequencies are given in Tab. 2.2.
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Table 2.2 Summary of model beam verification

Parameter Theoretical- value State-space Transient response
o, [rad/s] 47.81 47.80 47.18
w, [rad/s] 473.52 474.00 473.31
S 0.0035 0.0035 0.0035
S 0.0450 0.0450 0.0449

Tab. 2.2 shows similar values for the parameters are obtained through different procedures.
From this can be concluded that the model is correctly implemented because there is
correspondence between the theoretical model and its implementation.

2.1.4 Model Validation

In order to verify the quality of the proposed model, the behavior of the beam is studied when
it is subjected to some initial condition different from zero and when the beam is subjected to
harmonic signal through the piezoelectric actuator. It is important to mention that the initial
conditions are the same of the simulations, then simulation model and physical system can be
compared.

The beam is described in Fig. 2.8, in a first experience the beam is subjected to a static force
at its free end, it generates deformation on the beam the values of ¢,(0) and ¢,(0) are
different from zero. The force has a magnTitude of 0.225 N, which generates as initial
condition x(0)=[8.42-10’4 2.12-10° 0 0] . This force is removed, and then the free
vibration occurs. The numerical description of the implemented model is given in the
previous section. The implemented model is also subjected to this initial condition. In
Figs. 2.17 and 2.18 the time evolution of the flexible variables of the beam is shown.

-3 -6

x 10 x 10
1
0.5
= 0
SY
-0.5
-1 ' ' '
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]

Figure 2.17: Free response to initial conditions for the beam.
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2.18: Free response to initial conditions for the beam (zoomed).

The damping factor 0.0035 for the first mode is obtained applying (2.129) and (2.130) to
q,(¢). The first natural frequency is obtained plotting the energy density spectrum of the
signals generated from the strain gages, it has a value of @, =7.70 Hz (48.38rad/s) this value

is read from Fig. 2.19.

“"2 15 “"9 6

= =

E 10 E 4
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Frequency [Hz] Frequency [Hz]
Figure 2.19: Energy density spectrum of the signals from strain gages. Sampling time 1 ms.
The amplitude of the second mode, as well as the amplitude of the second flexible mode, is in
this case very small i.e. the influence (amplitude) in the transient response is very small. In
order to show the second mode vibration & and acceleration at the tip are plotted using
logarithmic scale for the vertical axes (see Fig. 2.20).
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Figure 2.20: Energy density spectrum of the signals from strain gage and accelerometer. Sampling time 1 ms.

A small peak appears in the left figure, but it its due to the frequency response of the signal
processing filters. The free response is also compared, the damping factor is read from the

Energy of g [y strain s2]
Energy of Accel. [ms 2 52]
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free response of the beam as well as from an experimentally identified model and then the
damping factor of the implemented model is calibrated accordingly. In Fig. 2.21 can be seen
as result of this both free responses show similar behavior.

50 50
) =
E E
@0 2
= =
W W

-50 - - - - -50 - - -

0 1 2 3 4 5 0 5 10 15 20
Time [s] Time [s]

Figure 2.21: Free response &, of model (gray) and beam (blue).

Nevertheless, the second mode of the beam as well as the second mode of the implemented
model can be excited by means of one chirp signal sent through the piezoelectric actuators.
The chirp signal used has amplitude of 0.2 Nm and covers a range of frequencies from
0.001 Hz until 100 Hz. In Fig. 2.22 the behavior of the chirp frequency and the response in

deformation of the beam (black) and model (gray) to the same chirp input signal.
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Figure 2.22: Linear frequency evolution (left) and deformation response strain gage 1 (right).

Regarding the second resonance frequency, which is measured in the response to the chirp
input signal, the beam shows a frequency of @, =71.74 Hz (450.76 rad/s) on the other hand
the model shows @, =75.38 Hz (473.62 rad/s) .

In Tab. 2.3 the frequency values are compared, there is a small discrepancy of 1.19% for the
first mode and 5.71% for the second mode. It can be a result of the additional mass and inertia
included by the accelerometer cable or inaccuracies in the estimation of tip load inertia. On
the other hand, the bigger discrepancy appears in the second mode of vibration, but it has a
very small influence in the transient response which means that this discrepancy introduces a
negligible error.

Table 2.3 Comparison between natural frequencies of model and beam.

Parameter Theoretical value Measured value Error (%)
o, [rad/s] 47.80 48.38 1.19
, [rad/s] 473.52 450.76 5.05
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2.2 One Flexible-link Robot

As next step, a robot with a rotational DOF provided with one rotational actuator and one
flexible link is considered. The model is based on the beam formulation presented is the last
subsection; substantial changes in the Lagrangian are introduced due to the rotation of the
system in the horizontal plane and some additional assumptions are taken into account.

2.2.1 Equation of Motion

The modeling process is performed by dividing the robot arm in four parts: link, piezoelectric
actuators, deformation sensors and the rotational actuator. Again, some assumptions are
considered for the modeling of the single flexible-link robot, i.e. there is no change in the
link’s length, absence of longitudinal stiffening, the predominant and only considered
deformation is pure bending, uniform density and flexural rigidity along the link and there is
no presence of gravity due to the shape of the robot workspace.

As first step to obtain the model is to establish the kinematic relationship between the
different frames of the robot. The frames located as proposed by [3,6] where the link starts at
the point of rotation (see Fig.2.23). A rotation matrix A, is defined for the change of
orientation from frame O XY, to O, XY,

Teos(q,) —sin(g,)
4 ‘Lin(qo cos(q,) } (2.132)

OO’OI XO

Figure 2.23: Frames for the flexible-link robot without shoulder.

The robot arm considered in this work is provided with a shoulder to fix the flexible link to
the joint shaft (see Fig. 2.24), therefore a vector 'r., referred to O,X,Y,, is defined from O,

to the end of the shoulder where the flexible link begins and a new frame OX,Y, is located
The position of an arbitrary point along the deformed link is given by

px)=r+4"p(&), (2.133)
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Figure 2.24: Frames for the flexible-link robot with shoulder.

where ! p,(X,) is the position of an arbitrary point along the link referred to the frame ()15(1\?1 .
It could be done because the axes of both frames are parallel. Therefore the absolute position
p,(x,) and velocity p,(x,) are defined as

r.=A4'r., (2.134)
p(x)=4 (lrc + 1?1(921)) =4, lpl(ycl)a (2.135)
PO =4 "pE)+ 4 " p(E). (2.136)

Details about the calculation of these vectors are given in Appendix B.1. The point and
apostrophe denotes time and spatial differentiation, respectively. The deflection of the link
w(x,,¢) 1s defined with respect to the called “shadow link” or not deformed link. The
transversal displacement at the free end of the link is defined by

w, (1) =w(X,,0)|__, - (2.137)
The vectors required for the energy analysis are given by
I T
'r.=[00, 0], (2.138)
pE) =[5 w0, (2.139)
n=4"r.+'%), (2.140)
'r="r.+'F,, (2.141)
and
'E =1 w)] (2.142)
The absolute angular velocities of frames O,X,Y, and (A)I)A(IY1 are given by
&, (1)=¢,(1), (2.143)
6, (1) = ¢, () + W (0).. (2.144)
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The one flexible- link robot is modeled following the Lagrangian dynamic formalism. The
Lagrange function

L=T-U, (2.74)
which is calculated from the kinetic and potential energy for each component of the system.
The total kinetic energy (7") of the structure is the sum of the kinetic energy of the hub, the
link and the payload, it is given by

T=T,+T+T, (2.145)
where
T, =%Jh g’ (2.146)
1 .
]I :Epl.[opl (xl)pl(xl)dxl’ (2'147)
I . 1 .2
T, =5mpr2Tr2+§Jp (g, +W.)". (2.148)

The robot has its workspace in a horizontal plane; hence gravitational force has no influence
on the energy balance. The potential energy is due to the flexibility of the link and it is related
to the profile of transversal displacements by

2 - 2
UzlEIJ.ILGLXZ"t)] s, . (2.149)
2 Yol Ox

The energy associated to the deformation of the piezoelectric actuator is considered negligible
with respect to the link. Rigid-link robots are modeled with a set of ordinary differential
equation (ODE) while flexible-link robots with a set of partial differential equations (PDE)
due to its distributed flexibility. For simulation and control design purposes, an approximation
to obtain ordinary differential equations must be done. The link is considered as a beam,
whose movement is governed by

2 4
1 d W(;c,t) gy @ W(f’t) _0, (2.28)
ot Ox

and the boundary conditions for the solution of the partial differential equation are assumed to
be of the fully constrained type (cantilever beam). This assumption is made in modeling of
flexible links, where clamped-free boundary conditions are used to determine a mathematical
model of the link (beam) as long as either the joint has a large inertia compared with the link
or there is a gear reduction with a high reduction ratio [15] or a feedback position control loop
with a large gain is closed around the joint [6,16]. In this direction [18] states also that the
mode shapes of the links quickly converge to the mode shapes of clamped beam under joint
variable feedback control for even low values of feedback gains of interest. The boundary
conditions are defined in the same manner as for the cantilever beam, taking into account the
new coordinate frames

w0, _, =0, (2.150)
CLLLCTTL)) 2.151)
Ox, f=0
O’ w(x,, 1) d’ | owx,,t)
X =l t % X =1
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=m d—z(w(fcl,t)

I %)
4ol dt

WX, ,1)
o7

It 1s important to remark that the structure of the equations of motion and the assumed modes

depend on the boundary conditions used, which is a critical choice for these models. Assumed

mode models are further described in [4,6,7]. To obtain the aforementioned ODEs from the

PDEs an approximation is made, performing a separation between the spatial-dependent and
time-dependent variables, which has been already presented as AMM [2]

(E1)

) (2.153)

W0 = 245 4,0). (2.154)

where ¢ are the assumed mode shape functions and ¢, are the flexible modal coordinates.

Theoretically there are infinite numbers of DOF, but for practical considerations, such as
boundedness of actuating energy and limitation of the actuators and the sensors working
frequency range, it is more reasonable to truncate this number at a finite one n [83-85].
Therefore the model is truncated in the second mode, additionally in experimental studies
[86,87,88] where system identification for cantilevered beams was performed, just the first
two modes of vibration have considerable amplitude. The mode shape functions are assumed
to have the form

$.(X,) = ¢, sin(B.x,) +c,, cos(B.X,) +c;, sinh(B.X,) + ¢, cosh(S.X,). (2.155)
The conversion of the boundary conditions in terms of shape functions and the calculation of
resonance frequencies for a similar case is explained is section 2.1.2 from equation (2.44) to
(2.68). The resonance frequencies for the link are given from the solution of

mpJPﬂl.4 + plcos(B1) cosh(B1l) - plﬁprsin(ﬁil) cosh(f1)
+m,p, B, cos(B1) sinh(B1) - mpJp,chos(ﬂ,.l) cosh(f.1) . (2.156)
+p,BJ cos(B1) sinh(B1)—m p B, sin(B]) cosh(Bl)+ pf =0
The orthonormalization condition
ﬂ P ¢(X) ¢_/(’El) dx, + m, (1) ¢_;'(1)+Jp /(1) ¢_/'(l) - mld‘f > (2.157)
is formulated as the same condition as for the cantilever beam to obtain the ¢, ; constants of

the mode shape function. With the expression for each mode shape the Lagrange function can
be calculated. Additionally, the following change of variables is introduced

g (1) = q,(1), (2.158)
gp, (1) = q5(1) . (2.159)
Then finally the equations of motion are determined using the Euler-Lagrange equation
d oL oL
—— =1, i=1l.n. (2.82)
dt og, g,

For this robot one rotational DOF and two flexible degrees of freedom are considered,
therefore

n=n,+n,=1+2=3. (2.160)
According to the dependency on each generalized coordinate, (2.82) can be reformulated as
follows
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dotr, doh dol,
dt 0q, dtoq, dt oq, P
oT oT !
ia;-ki 'p—aT‘— "+8U = £l (2.161)
dt oq, dtoq, 0q, 0q, 0q, 1\
dor, d o, of oT, ou| -
| dt 0qy dtOq; Oq; Oq;  0qy
here f,,f, and f, are the generalized forces, which are: motor torque and the bending
moments provided by the piezoelectric actuators, respectively. The relationship between the

components of (2.161), kinetic relationships and physical parameter is shown in
Appendix C.1, this equation can be written in a standard form

M(q)g+cq.9)+Kq=f, (2.162)
where M(q) is the mass matrix, c¢(q,q) is the vector of Coriolis and centripetal effects and
K is the rigidity modal matrix. Also proportional structural damping for the link is included,
adding a damping modal matrix D. Then this equation is transformed to obtain the direct
dynamic model of this robot

G=M(q)" (f —c(q.9)—Kqg—Dq), (2.163)
where the component of the symmetric mass matrix are
my =+, em e p [ ! (2.164)
= (1400, g+, + o[, 5 (B, (2.165)
= (1400, gy + I o+ [ 5 ), (2.166)
My, =m0 p [ 4G AT =m,, (2.167)
My =Moo + T8 8ok 21 [, GG, <0, (2.168)
myy=m s+ T 9%+ [ 4G T, =m,. (2.169)
Also the component of the vector of Coriolis and centrifugal effects
o =(2mp1r2T H2p [ ol dfcl)q'l, (2.170)
& =~y (0, + $udots )+ 41 #E)dE, +-- .
0.0 4G GG | |
& ==, (fhatts +426,) + 0., 6B )T+ 017
0.0 )G | |

The stiffness matrix is calculated via

K =EI diag[jo’(mj dle i=1.3, (2.173)

~2
OX,
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where ¢, (x,) =0 and as result of the orthonormality condition this matrix turn into

0 0 0
K=0ma 0 | (2.174)
0 0 ma

Furthermore, the passive proportional structural damping for the link can be introduced
[77,79,80]

D=2¢ (diag[(k[,iml )% B i=1.3, (2.175)

then the damping matrix can be written as

0 0 0
D=0 2¢ (kmm,)% 0 . (2.176)
1
0 0 28, (ky5m, )?

The vector of generalized coordinates includes in its first component the moment resulting
from the difference of the motor moment and the friction moment.

The model for the piezoelectric patch has the same form as long as it only depends on the
mode shapes, piezoelectric and mechanical properties and substrate, perfect bonding is again
assumed. Then second and third components of f are provided by the piezoelectric actuators
whose model is calculated in Appendix A.1. Therefore the vector of generalized coordinates
is given by

f=B, {Tm (t); -T(fg% (t))}’ (2.177)
where the input matrix is
1 0
B,=|0 ¢(4(%,)-¢(,)) | (2.178)

0 E(¢2’ (ipi2 ) - ¢2' (ipiI ))
Due to the assumption that the link can be considered as a cantilever beam [6-16], the analysis
performed in the cantilever beam of the section 2.1.2 is the same for the link of this robot and
the modes of vibration as well. The dimensions of the link considered here have the same
dimensions and payload of the beam previously studied (see Tab. 2.1). Then the results of the

analysis of the influence of mass tipload and its inertia are in consequence the same (see
Figs. 2.11-2.14).

2.2.2 Model Verification

This proposed process is performed in order to know if the robot model in correctly
implemented, and to know if the physical assumption approximate to the reality. This process
can also be used for the two flexible-link robot.
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Figure 2.25: Proposed verification process for the flexible-link robots.

Verification of Calculations

In this stage the whole energy balance and the Lagrange-Euler approach was exhaustively
reviewed. Unfortunately, here due to the non-commutativity of matrix multiplications the
calculation could not be performed using symbolic software directly (i.e. Maple). For this
reason the models were developed manually to take advantage of the orthonormality of the
rotation matrices for simplifying some terms. Additionally, if the models are formulated until
this point manually, then later the number of flexible modes to be considered can be
introduced using the AMM approximation. The symbolic software was used to calculate the
entire integral elements related to the distributed flexibility.

Comparison between analog components of the model

There exist similarities between the elements of the equation of motion (2.161) and they can
be used to verify the model. These Lagrangian elements are related to the kinetic energy of
the flexible-link and to the mass or body located at the extreme of the link. The first one
considers kinetic relations of successively elements along the link, while the second one
considers kinetic relations of concentrated masses at the tip of the link. This can be expressed
as

oT
dor_dot, o179
dt 0q, dt oq,
and
oT
ﬂ ~—F (2.180)
dq;, 0q,



As a demonstration of this a pair of analog terms are showed

d oT . ! - e Lo
za_l = Q]pljo lpl (xl )T lpl (xl)dxl + qul.[o x1¢1 ('xl )dxl +..
t 0q, , (2.181)
.o l ~ ~ ~ . l ~ . ~ ~
930 _[0 X,0, (X, )dx, +24,p, _[0 lpl('xl)T 11’1 (X,)dx,
d oT . —= e
Eﬁ_'p = I:mp lrzT 1r2 + Jp:"]l + |:(l + 0101 )mp¢el + Jp¢el:|q2 +...
q, . (2.182)
[(Z + 0161 ) m,9., + Jp¢erz } Gs + 2mp 1"zT 1’;2 49,
The similarities are
1pl(fcl) ~ 1r2 , (2.183)
% ~1+0,0,, (2.184)
$(X)~d.,, (2.185)
$ (%) ~d,, (2.186)
and
/ ~ ~
m ~p, jo f(3)d5, . (2.187)

In (2.181) does not appear any similar term of inertia, but this is due to the Euler assumption
of neglecting the rotational inertia of the elements of the beam (flexible link). Besides inertia
terms, the similarity is fulfilled between (2.181) and (2.182). Nevertheless, it can be
completely verified in Appendix C.1.

Symmetry of Mass Matrix and Stiffness Matrix

Considering that the mass matrix must always be symmetric positive definite i.e.
M(q)=M"(q) and M(q)>0, consequently the matrix is nonsingular and its inverse exist.
From the Lagrange formulation the mass matrix is obtained, here a verification or debugging
can be done by comparing each element of the triangular upper part with its counterpart in the
lower part as follows

N b
m, =m,, = (l+ 101)mp¢e1 +Jp¢'el+p1_|.0 X,¢,(x,)dx, , (2.188)
N b
m, = nmy, :(l+ 1Ol)mp n +Jp¢5'62+,olj0 X4, (x,)dx, , (2.189)
and
m,y=my, ~0, (2.190)

the last elements are zero due to the orthogonality conditions. Here also can be verified that
the last two elements of the diagonal are given by

my,=m;=m, (2.191)
this is also due to the employed orthogonality conditions. Considering the links as linear
elastic solids, the stiffness matrix is symmetric; K =K' then k; =k, . This is the Maxwell’s

Reciprocity Theorem. In this research no elasticity at the joints is considered, therefore for the
first variable ¢, no flexibility is defined. Then the stiffness matrix can be calculated through

two different ways
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K=[0 EI[ 4G5, EIf #GEGE (|0 mal 0 [ (2192)

! SN AN~ N g L s s gm )
0 EI.[O ¢1"(x1)¢2 (xl )dxl E[J-O ¢2 2 (xl )dxl 0 0 m1 @,

It can be also verified numerically using the physical parameter given in Tab. 2.4.

Table 2.4 Physical parameters of the one flexible-link robot

Parameter Value Complementary information

Material Aluminum DIN AlMg, F22
[ 031 [ m

m, 0.059 | kg

EI 1.6333 | Nm’

4 0.002 | m

m, 0.060 | kg

J, 1.84x10° | kg m*

X1 0.015 | m

J, 1.458x107 | kg m’

o 0.1876 | kgm

@1 0.050 | m

(X)) 27.6856 | m’"

(x,,) 11.6153 | m"

(x,) 2457602 | m

J(x,,) 1207.5059 | m”

The mass matrix depends on the vector of generalized coordinates, therefore for verification a
vector of generalized coordinates must be assumed ¢ = [1 0.1 0.05]T . Then substituting it in
the mass matrix (2.164) — (2.169), where the obtained matrix is

0.0252857 0.0237674 0.0013723
M(q)=|0.0237674  0.059 0 . (2.193)
0.0013723 0 0.059
As expected the symmetric characteristic of the mass matrix is verified, also the orthogonality
conditions in elements (2,2), (2,3), (3,2) and (3,3) are satisfied. Regarding the stiffness matrix,

it does not depend on generalized coordinate vector. Considering the assumed modes and
physical parameter of the robot the matrix is given by

00 0
K=|0135 o0 |. (2.194)
0 0 13229

Here also due to the orthogonality conditions and due to the modal formulation for the link
the stiffness matrix is diagonal.
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Verification of Natural Frequencies

Natural frequencies of the link can be calculated independently in different steps of the model
formulation. From the physical parameter and from the solution of the eigenvalue problem
(2.156), the natural frequencies of the considered modes can be calculated. Using these
values, boundary conditions, AMM and the Lagrange formalism; then equation of motion
containing the stiffness matrix is obtained from the terms related to energy of elastic
deformation. Therefore, the natural frequencies can be calculated from this stiffness matrix.
From (2.192) can be formulated the natural frequencies

0.5

l ~ ~
EI{ 4 (%,)d,
o =| —2 : (2.195)
m
and
I[¢2 0.5
EI[ ¢ & )d7
w,=|—02 (2.196)
m

In Tab. 2.5 are shown the values of natural frequencies obtained independently from the
model formulation.

Table 2.5 Comparison of natural frequencies of the one flexible-link robot
Parameter Value from (2.156) Value from (2.192)

o, [rad/s] 47.81 47.83
, [rad/s] 473.52 473.51

The values of the frequencies match; it means the model with its assumption has been, at least
in this part, correctly formulated.

Implementation in Matlab/Simulink

For simulation the model was implemented in Matlab/Simulink to solve the equation of
motion of the robot. The model was divided in two parts, kinematic relationships and dynamic
relationships. The first one contains relations between position and velocities of the
components of the robot (continuous and discrete). The latter embraces mainly the relations
coming from the Lagrange-Euler equation; it also subdivided into two parts: relations for
discrete components (rigid parts) and relations for continuous components (flexible links). All
the terms related to the flexible links result in integral forms, which are calculated using
symbolic software and then implemented in Matlab/Simulink as embedded functions. The
implementation of this dynamic direct model is illustrated in Fig. 2.26.
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Figure 2.26: Scheme for the implementation of the model for the one flexible-link robot.

Using this implementation, other strategies can be used to perform additional verification of
the robot model. It is important to mention that also this Matlab/Simulink model and its
symbolically calculated elements were subjected to an exhaustive debugging process.

Comparison between components of implemented and analytical
model

Another performed test is to compare the response of some parts of the implemented model
with their counterparts completely analytically calculated; this is another way to verify the
correctness of the implemented robot model. For this purpose, the implemented model is
controlled at joint level with a PID controller to follow a joint trajectory (see Fig. 2.27). The
variation of the mass matrix according to the flexible variables is very small, for this reason
the determinant of the mass matrix of the implemented model and from the analytical model
are compared (see Fig. 2.28). It can be seen that both curves match, therefore the mass matrix
does.
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Figure 2.27: Joint trajectory.
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Figure 2.28: Determinant of mass matrix. Black: numerical, gray: analytical.

Also the components of the vector of Coriolis and centripetal effects for the implemented
model are calculated evaluating (2.170)-(2.172) or can be analytically calculated from the
mass matrix using the Christofel coefficients [6]

nA(Oom. 10Om,.
c = Lty S 2.197
l ZZ[% 2 e qu% (2.197)

j=1 k=1

For the same joint trajectory the time evolution of the components of vector of Coriolis and
centripetal effects is shown in Fig. 2.29. The components of the vector were calculated

independent and the two vectors match.

x10*

\]
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0

Figure 2.29: Components of vector of Coriolis and centripetal effects. Thinn lines: numerical, thick lines:
analytical.
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With the test performed it can be stated that the model is correctly implemented and that the
implemented model correspond to the proposed conceptual model.

2.2.3 Model Validation

In order to shown how accurate the implemented model emulating the behavior of the real
system some experiments have been done. The robot and the model were subjected to
different inputs i.e. a bang-bang signal at joint level and to a chirp signal in the piezoelectric
actuators. This procedure is also applied for the two flexible-link robot.

The transient response is compared by sending as control signal a bang-bang torque signal, of
the form shown in Fig. 2.30. The maximum and minimum values are chosen to be greater
than the maximum and minimum values of the friction model experimentally determined in
section Appendix D. With this input signal a transient behavior is induced in the one flexible-
link robot.

0.4
0.2
El
Z 0
\\.E
0.2
040

0 0.5 1 1.5 2
Time [s]
Figure 2.30: Bang-bang input signal for the servomotor.
This torque signal induces a joint movement which is mainly influenced by the joint friction
(see Fig.2.31), after the static friction is defeated the joint moves. The final position differs

from the initial because this friction model is a nonlinear discontinuity affected by the
direction of movement.

0.02
0.01
T 0
‘— -0.01
-0.02
-0.03

0 0.5 1 1.5 2
Time [s]

Figure 2.31: Joint displacement for bang-bang input signal in the servomotor.

The response of the robot to this joint input is shown in Fig. 2.32 in terms of deformation near
the clamped end of the link. The damping factors used for the two considered modes were
taken from experimental system identification performed on a clamped beam with the same
boundary conditions as is suggested in [47].
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Figure 2.32: Deformation at the base of the link for bang-bang input signal in the servomotor.
Gray: model. Blue: real system.
In Fig. 2.33 are shown the energy density spectra of the measured deformation, the main
frequency components for the model and the real system are 47.16 rad/s (7.50 Hz) and
47.93 rad/s (7.62 Hz), respectively.
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Figure 2.33: Energy density spectrum for deformation at the base of the link for bang-bang input signal in the
servomotor. Sampling time 1 ms. Left: model. Right: real system.

The robot and its model are also subjected to a linear chirp signal, their responses are
compared. With this not just the first mode also the second mode of the link as well as the
second mode of the implemented model can be excited by this chirp signal. The signal used
has amplitude of 0.1 Nm and covers a range of frequencies from 0.001 Hz until 100 Hz. In
Fig. 2.34 the behavior of the chirp frequency and the response in deformation of the link
(black) and model (gray) to the same input signal are shown.
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Figure 2.34: Linear frequency evolution (left) and deformation response strain gage 1 (right).
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The responses are similar, nevertheless the discrepancy in due to neglect some component
whose inertia is difficult to evaluate (basically cables). But this model uncertainty can be
overcome with a robust control strategy which is one objective of this work.

2.3 Two Flexible-link Robot

The development of the model is similar to the previous robot and has as important support
the beam model. Some equations are to be taken directly from the one flexible-link robot. In
this section the modification to the formulation of [3,6], it was previously presented but here
is generalized for n links and then particularized for the case under study.

2.3.1 Equation of Motion

Direct kinematic modeling of robots with a workspace restricted to a plane can be formulated
in terms of displacements (vectors) and rotations (matrices). On the other hand, for robot with
a three dimensional workspace [3, 13,113] propose the use of homogeneous transformation
matrices. In the classical modeling approach for robots there is an inertial frame and frames
located at each joint and at the tip of the robot or end effector, see Fig. 2.35.

Normally in the literature links are assumed to begin at the axis of rotation of the joints link
[3,6,16,89-91], when a physical prototype is built it is not always true. For instance, clamps
are required in distal links for fixing purposes and they introduce displacement from the
rotation axis that need to be taken into account. The frame assignment is done following a
methodology similar to the one proposed by Denavit and Hartenberg [93]. The frame
assignment for an n-flexible-link robot is shown in Fig. 2.36.

Additional frames are located at points where the rigid clamps end and flexible links begin,
they are identified with the symbol ~. Therefore, four frames are defined at link i. The
transformation between frames (X,,Y,) and (Xi,i.) is a translation, then an additional
vector referred to frame (X,,Y,) is also defined

iy = [ﬁ OT . (2.198)

The absolute position of one point along the link and at the endpoint are given by
p=r+W'p, (2.199)
na=r+W'r,, (2.200)

respectively. ' p. and ‘r,, are the position of the afore mentioned point but referred to frame
(X.,Y,) are stated as

' (2.201)
=1+ T =[ 00,41 w, | (2.202)

Here W, is the cumulative transformation from inertial frame to frame (Xl.,Yl.), which is
defined recursively as

W =W_E, A, (2.203)
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Figure 2.36: Frames for n-flexible-link robot with shoulder.

A represents the change in orientation due to the rotational joint located in Z,

[cos(q,) —sinq,)
4= Lin(q,-) cos(q,) } (2-204)

The matrix E, , represents the influence of the elastic deformation of the previous link i-/ in

the orientation of link i as follows

| _ow (5,0
ox, |._ 1 —w,
E = S P R (2.205)
ow,(%,,1) . w1
a)’Z’-i %=l

And the last required kinematic relation is the orientation of the defined frames (X,,Y,)
along the link

i i—1
a, =) q,+Y W, i<ng+l. (2.206)
j=1 k=1

In the case of intermediate joints a new angle has to be defined ¢, this angle represents the
absolute rotation of frame (Xl. , Yl)

&, =) q,+) wy 1<i<ny, (2.207)



this distinction is required later for the energy balance, because the joints have a relative fixed
(attached to the end of the previous link) and a rotational inertia which includes the inertia of
motor gear. Details for the calculation of these elements and its time derivatives are given in
Appendix B.2. Applying the previous approach the frame assignment is shown in Fig. 2.37

After explaining in general terms some kinematic relations the particularization for a robot
with two flexible links follows. First, the vectors associated to the first link are the same from
(2.133) to (2.143). As mentioned in the intermediate joint appear two angles and two angular
velocities instead of one i.e. &,, @,, @, and @,

a =q,+w,, (2.208)
&, =g, +W,, (2.209)
a, =g, +q, + W, (2.210)
@, =G, +G, +W,. (2.211)

The absolute position and velocity of any point along the second link are given by
P, =A1(1r2+E1A2 2p2)=A11r2+A1E1A2 'p,. (2.212)
P, = SA'rg +A'i,+ SAE A’ p,g +...

o e . (2213)
AEA, "p,+AESA, "p,q,+AEA,"p,
where
—_— T
2rC2=[0202 0} , (2.214)
p, =[x, w,E.0] . (2.215)
2 —~ T
P, =[%,+0,0, w,G.0] - (2.216)
2p, =[0 W, &,.0)] (2.217)
E e 2218
1 Wél 1 D) ( . )
E 1] 2.219
Tl ) 2219
and
cos(qz) _Sin(Q2):|
A, = . 2.220
? Lln(qz) cos(q,) (2.220)

In similar way the expression for the tip robot absolute position and velocity are calculated
r,=A'r,+ AE A’ r, (2.221)
SA4,'r,q, + A 'i, + SAE A, rg, +-

y : (2.222)
-+ AE A’ r+ AESA, r,, + AE A,
Finally the absolute angle and absolute angular velocity of the tip of the robot
a,=q,+q,+W, +w,, (2.223)
a,=q,+q,+W, +W,. (2.224)
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The two flexible-link robot is also modeled following the Lagrangian dynamic formalism.
The Lagrange function

L=T-U, (2.74)
is calculated from the kinetic and potential energy for each component of the system. The
total kinetic energy (T ) of the structure is the sum of the kinetic energy of the hubs, the links
and the payload, it is given by

T=>T,+>T,+T, (2.225)
i=1 i=1
where
1 .
I, = EJhl %2 ) (2.226)
1 LT . 1 A2 1 %)
Ty = —myply by +—Jy 00+ —J 05 (2.227)
2 2 2
I plor oy o oy e
Ty =o Al b G) ) i, (2.228)
1 DT\ e e g
=2 A, b %) h() di,, (2.229)
and
e
T, =Empr3 Fy +§Jpa3 . (2.230)

In (2.227) the separation of rotational inertias is due to the fact that the joint is made up of two
different bodies. One (J,,, ) 1s fixed to the end of link 1 and the other part (J,,;) is impulsed
by the rotational actuator, it means that they rotate with different angular velocities therefore
their kinetic energies must be calculated separately. This robot has its workspace in a
horizontal plane; hence gravitational force has no influence on the energy balance. The
potential energy of the robot is due to the flexibility of its links and it is related to the profiles
of transversal displacements by

u=>u,, 2.231)
i=1
| o w0\
— 1° vt
U, =5 (), jo( 5 ] dx, . (2.232)
1 o @wE.0 Y
l]12 = E(E])z J.O (6—)522 dx2 . (2233)

Here also the energy associated to the deformation of the piezoelectric actuator is assumed to
be negligible with respect to the links. Flexible-link robots are modeled with partial
differential equations (PDE) due to its distributed flexibility. Links are assumed to be uniform
and are considered as beams, whose movements are governed by

O’w.(%,,1) o' w(x,,1) B
AP Toox
and the boundary conditions for the solution of the partial differential equation are assumed to

be of the fully constrained type (cantilever beam). As for the one flexible-link case, this
assumption is suitable as long as either the joint has a large inertia compared with the link or

+(EI) 0, (2.28)
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there is a gear reduction with a high reduction ratio [15] or a feedback position control loop
with a large gain is closed around the joint [6,16]. The boundary conditions for each are
defined in the same manner as for the cantilever beam and one flexible-link robot, taking into
account the new coordinate frames. For the first link the boundary conditions are stated as

wi&,0. ,=0, (2.234)
WD, (2235)
OX, i o
o*wy (%1 d* | ow, (.t
(£1 )l% —JD?[‘(;—%‘) } (2.236)
1 X=h 1 X=h
63W1()~Cl>t) _ dz ~
(ED 5 N =my (w0l )- (2.237)

Here for the natural boundary conditions (2.236) and (2.237) J,and m, account for the

effect of the mass and inertia of the second link including the joint, respectively. For the
equivalent inertia applying Steiner theorem

— 2 —_— 2
Jy =+, +m, (0202 +52J wJ4m (ozo2 +12) : (2.238)
and for the equivalent mass
My =my, +m_+m,. (2.239)
The boundary conditions for the second link are
W, (xz,z)|i2:0 =0, (2.240)
@08 (2.241)
Oox, fa0
~ 2 ~
(e1), 2202000y 4 On G 0) (2.242)
ook, |, P dt ox, |,
o'w,(%,,0) d’ 3
(EI), S W(wz(xz,t) it (2.243)

For simulation and control design purposes an approximation to obtain ordinary differential
equations must be done. Here the AMM proposed by Meirovitch [2] is again used to
approximate the transversal displacements of the links by separating the spatial depending
variables (mode shapes) from the time depending variables (modal variables) introducing a
new sub index to differentiate between the links

w(%,0) = 8,(%) 45 (1) (2.244)
j=1
The mode shape functions are assumed to have the form

9, (x,) =c,,; sin(B,X,) +¢,; cos(fB;X;) + ¢, sinh(S;x,) + ¢, cosh(f,X,) . (2.245)
The conversion of the boundary conditions in terms of shape functions and the calculation of
resonance frequencies for a similar case is explained is section 2.1.2 from equation (2.44) to
(2.68). The resonance frequencies for the first link are given from the solution of
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myJ B+ pfcos(ﬁljll) cosh(f, 1)) p, B, Jpsin(f, 1)) cosh(f3, 1))
+mp,p, fi; cos(f, ;1) sinh(S, ;) —myJ, B j4cos(ﬂ1_ ) cosh(, 1)) . (2.246)
+o, ﬂlfJDcos(,BU.ll) sinhQBljl1 )—my A ﬂlj sin(ﬂljll) coshwljll) + pﬁ =0
The resonance frequencies for the second link are given from the solution of
m.J B, " + picos(B, 1) cosh(B, 1) - p, B, ,sin(f, 1) cosh(p, 1,)
+m, p.B,; cos(B, 1,) sinh(B, 1) —m,J, B, *cos(f3, 1) cosh(f, 1,) . (2.247)
+p, By, ,co8(B, 1) sinh(B, 1) —m, py f,; sin(B, 1) cosh(B, 1)+ p =0

The orthonormalization for the first link and second link are given by

J-Ol] ph ¢1_/ (;C]) ¢1k(£1) dg] +Mmp ¢1_/ (ll) ¢1k (11) + JD ¢1_,',(l1) ¢1kl(ll) = mll §ik ’ (2~248)
and

IOIZ P, ¢2j(5":2) $,, (X)) dx, + m, ¢2j (,) 9., (1) +Jp ¢2j’(12) ¢, () = mlzé‘jk > (2.249)

respectively. These orthogonality conditions are introduced to calculate the ¢, constants of
the mode shape functions for each link and each considered mode. With the expression for
each mode shape the Lagrange function can be calculated. Additionally, the following change
of variables is introduced

g (1) = q5(1) , q;1, (1) = q,(0), (2.250)
Go1 (1) = q5(2) s G5y () = g4 (2) (2.251)
Then finally the equations of motion are determined using the Euler-Lagrange equation
ia—.L—a—L=f,-, i=l.n, (2.82)
dt 0q, 0q,

for this robot two rotational degrees of freedom and two flexible DOF pro link are considered,
therefore

n=n,+n, +n.,=2+2+2=6. (2.252)
According to the dependency on each generalized coordinate, (2.82) can be stated as follows
doh, doh, 4o, 4o, 40T, of, o,
dt 0q, dt 0oq, dt oq, dt oq, dtoq, 0Oq, Oq,
d 0T, d0ol, doT, oI, oI,
- 2 + — 2 +— _ 2
dt 0q, dtoq, dtdq, 0oq, Oq, (£
iaq2+iaq+iaTl2+iaz;_aThz_aTh_aTl2_az;+aUh £
dt 6q; dtoq, dtoq, dtdq, Oq, 0q; Ogqy, 0qy; Oq, /i
dol, d0dl, dq0I, dqoI, oI, oI, oI, oI dU, f. | (2.253)
- 2 _I__ 1 +_ 2 +_ _ 2 1 _ 2 + 1
dt 6q, dtoq, dtdq, dtdq, 0oq, Oq, Oq, 0q, Oq, Js
d oI, 40T, oI, oI, ou, S ]
- 2 +— _ 2 + 2
dt 6q; dtogs 0Oqs 0Oqs  Oqs
d o7, . d oT, oI, 0T, N ou,,
dt 04, dt g, 0qy Oqs  Oqq
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here [ R f()]T are the generalized forces, which are: motor torques and the bending
moments provided by the piezoelectric actuators, respectively. The relationship between the
components of (2.253), kinetic relationships and physical parameter is shown in
Appendix C.2, this equation can be written in a standard form

M(q)q+clq.9)+Kq=f, (2.254)
where M(q) is the mass matrix, c¢(q,q) is the vector of Coriolis and centripetal effects and
K is the rigidity modal matrix. Proportional structural damping for the links is also included,
adding a damping modal matrix D. Then this equation is transformed to obtain the direct
dynamic model of this robot

G=M(q)" (f-c(q.9)~Kq-Dq), (2.255)
where the component of the mass matrix are

I
_ 1T T e
my —Jhl +Jh2 +my, I‘2+,01[j0 P pdx +--

P Jo('r 4 2 pIATE! 1y 4 pl p, ), 4o, (2.256)

0

1., T1 1., T 2 2.T2
mp(r2 r,+2rn EArn+r 1'3)+Jp

I, .
my, =J,, +p12j0 (zpzTAzTElTlrz +°p, 2p2)dx2 e
mp(zrfAzTElT 1r2 + 2r3T 21'3)+Jp
~ ll o o .
my=m,, (11 +0101)¢e11 +th¢e11 + P, Jo X, (%)dx, + -+
I, o
P, J.o (2P2TA2T 'r,+p, E, 21’2)¢e11dx2 e

L N
P, J.o [O ¢e11](SE1A2 ‘p,+ Slrz)dxz +-- , (2.258)

: (2.257)

my, [0 ¢ell](SE1A2 21’3 +S1r2)+
My (2r3TA2T '+ E, 2"3)¢c'11 +J, 40
A .
my, =nm,, (l1 +0,0, )¢el2 +Jh2¢e:12 + P, _[0 X,P, (X,)dx, + -+

L o
Py, Io (2P2TA2T 11’2 + 2pzTEl 2p2)¢612dx2 tee-

L )
[ 10 4)(SE A, p, +S'n,)dE, +--- : (2.259)
m,[0 ., |(SE,Ar+8"r, )+

L ~ )
ms=p, [ [0 gy (E)|(ATES's, + 87 p, ) di, +--
M, [O ¢e21](‘42TE1TSIFZ +S2r3)+Jp¢e’21

2T 4TI 2 Ty 2 ' '
mp( A n+rnkE r3)¢12+"]p¢612

: (2.260)

b

Mg :plzjo [0 ¢22(£2)](A2TE1TS1”2 +S2P2)d)~cz T

, (2.261)
m, [0 ¢822](A2TE1TS11’2 + S21’3)+Jp¢e'22
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I b\ e
My = Jh2¢é11 A, .[o ([O ¢e11]E1SA2 2p2 + 2P2TE1 2p2¢e“>dx2 e

My, = th¢e’12 TR, .L)lz ([0 ¢el2]E S4, 21’2 + 2P2TE1 2p2¢e,12)d)~62 e

ms;

j szszzdx2++m r3 r3+J

hB(

JhZBC = thg +J 62
m, ([0 ¢e11]E1SA2 2r3 + 2"'3TE1 2r3¢;]1)+Jp¢e’ll

mp([O b2 | ESA, 1+ 1 E g, )+ 8,
:012_[ [0 ¢.]S° p,dx, +m, [0 4.,]8° r+J o

m26=plzj [0 4.,]S8° p,dx, +m, [0 4.,]S° r+J 4o

:mh2¢e211+‘]h2 11+p11J. ¢,(x) dxl—l—plzj. (¢ez”)d)~€2+

plzj.lz(zp;AZST[o ¢ell] ¢ell+[0 ¢511]SA22P2¢;“)d)~Cz+

Plzj (2P2sz2¢e]1)dx2+m (¢e” TATST[O 4, ] ¢e”)+ “,

J B +m, ([0 4,184, ngl, +7r rgl])
My =y B + Ty B+, [, ) ), +
P L (Bt + PEAIST[0 ] ol ), +
P, f ([0 4..]84,% pogtly, + 2 pothl iy )y ++--,
(B + 1 ALSTIO 6] gl )+
@l my ([0 6 ]S4 rgl +7r *ndl g )
me=p, [, 10 6. AET[0 ¢,,]" dF, +
P[0 10 6 G ES? pog i, +
m, ([0 ¢ ATET [0 4,] )+J¢
m, ([0 ¢\ E[S*rd,)
=p. [ [0 ¢@)]ATET[0 4] d, +
P [ 10 6@ ETS? pughd, +
my ([0 4] ATET[0 4] )+J¢ Ay
m, ([0 ¢, E'S’rd,)
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(2.264)

(2.265)

(2.266)

(2.267)

(2.268)

(2.269)

(2.270)

(2.271)



1 ~ ~ 12 ~
my, = ¢e12 +Jy ¢ ntp, J. B, (%) dX, + plzj‘ (¢8212 )dxz +

P I ( pzA ST[O 9., ] Gy + [0 ¢e12]SA P2¢e12)dx2

. (2272)
Plzf (2 ) DBl )di2+mp(¢elz+ 1 AIST[0 ¢, ] ¢612)
T g +m ([0 ¢,,] 84, rdl, + 7r gl
=p, j [0 ¢, G)]ATE[0 ¢.,] dF, +
p, j [0 6, E"S? p,gl,d5, + | .
my ([0 g JATE[0 4] )+J¢
m, ([0 ¢ E/S7rg,)
=p, j [0 4,G)]ATE] [0 ¢,,] d5, +
p, j [0 4, (5)]E]S>p,d,,d5, + | 278
my ([0 g ] 4 EN [0 ] )+J¢
m, ([0 4o ETSrgl)
M=, [} P )5, + m gl + T 5 (2.275)
6= P J, ) AT, + oy + T B (2.276)
Mgy = P, [ G )2, + g, +.J 453 2.277)

The vector of Coriolis and centrifugal effects is given in Appendix C.2. The stiffness matrix
due to the orthonormality condition is a diagonal matrix and it is calculated via

if 1<i<mn, then k, =0
if ny <i<n then
if ny <i<ny +ng thenu =1 and v=1.n, , (2.278)

if ny +n, <i<ny, +n., +n., thenu=2 andv=1.n,

k,=(En), [ [wa—()j d,

xlt
[0 0 0 0 0 0 |
00 0 0 0 0
0 0 (EI) j B2 (%)dF, 0 0 0
K=o 0 0 (EI j "(%)d, 0 0 (2.279)
00 0 0 (EI) j ,)d5, 0
00 0 0 0 (EI) j 915 (), |

as result of this the stiffness matrix can also be formulated as
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00 0 0 0 0
00 0 0 0 0
00 mlla)lzl 0 0 0
K=oo 0 maey o o0 (2.280)
00 0 0 mai O
00 0 0 0 ma

Furthermore, the passive proportional structural damping for the link can be introduced
[77,79,80]

if 1<i<n, then d,=0
if ny <i<n then
if n, <i<ng +ng, thenu=1 and v=1.n; , (2.281)

if ny +n,, <i<ny +n, +n,, thenu=2 andv=1.n,

d; =2 (diag((é:uvki,imlu ); }J

then the damping matrix can be written as

[0 0 0 0 0 0 |
00 0 0 0 0
0 0 2¢,(kyym, ); 0 0 0
D=1 9 0 28, (kum, ); 0 0 - (2.282)
00 0 0 28, (kssm, ); 0
00 0 0 0 26, (kygm, );_

The vector of generalized coordinates includes in its first two components the torques
resulting from the difference of the motor torques and friction torques. The model for the
piezoelectric patch has the same form as long as it only depends on the mode shapes,
piezoelectric and mechanical properties and substrate, perfect bending is again assumed. Then
the remaining components of f are provided by the piezoelectric actuators whose model was

calculated in Appendix A.1. Therefore, the vector of generalized coordinates is given by

T () =7 (4,(1))
T, (1) =74, (4,(2))
S =8B, v, (0) , (2.283)
Y, (t)

where the input matrix is given by

56



pi

10 0

01 0
00
oo
00 0
00 0

¢ (¢1,1 (x) =& (x,, ))
2 (¢1’2 (x,) =, (x, ))
[} (¢2’1 (xp) =5, (x,, ))
Ez (¢2'2 (xa2 ) - ¢2'2 (‘xal ))

oS O O

0

(2.284)

The flexible-link robot u;lder study has the dimensions given in the following table.

Table 2.6 Physical parameters of the two flexible-link robot

Parameter Value Complementary information

Material Aluminum DIN AlMg, F22
L 0310 | m

l 0.300 | m

0,0, 0.050 | m

0,0, 0.055 | m

mn 0.059 | kg

m, 0.047 | kg

(EI), 1.633 | Nm®

(EI), 0.689 | Nm?

t 0.002 | m

4 0.0015 | m

P 0.1876 | kgm™

Py, 0.1407 | kgm

m, 0.059 | kg

Jy 6.6x107 | kg m’

Iy, 6.7956x107 | kg m’

I, 3.779x10° | kg m’

I, 4.576x10° | kg m®

The first two modes of vibration for each link and their first and second spatial derivative,
calculated for the given dimensions, are shown in Figs. 2.38, 2.39 and 2.40.
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x [m]

0.2 0.3

Figure 2.38: Modes of vibration of the links, first mode (black), second mode (blue) and undeformed link (gray).
Left: first link, right: second link.
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Figure 2.39: First spatial derivative of the modes of vibration of the links, first mode (black), second mode (blue)
and undeformed link (gray). Left: first link, right: second link.
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Figure 2.40: Second spatial derivative of the modes of vibration of the links, first mode (black), second mode
(blue) and undeformed link (gray). Left: first link, right: second link.

2.3.2 Model Verification

This procedure follows the same structure as it was performed for the one flexible-link robot
described in section 2.2.2. This is also performed in order to know if the robot model in
correctly implemented, and to know if the physical assumption approximate to the reality.
This procedure is shown in Fig. 2.25.

Verification of Calculations

In this stage, the whole energy balance and the Lagrange-Euler approach was also
exhaustively reviewed. Here the task is much more demanding than in previous models, due
to the huge amount of formulations which is a great source of possible errors. Unfortunately,
here due to the non-commutativity of matrix multiplications the calculation could not be
performed using symbolic software directly (i.e. Maple). For this reason, the models were
developed manually to take advantage of the orthonormality of the rotation matrices and some
related identities for simplifying terms. Additionally, if the models are formulated until this
point manually, then later the number of flexible modes to be considered is not restricted and
they can be introduced using the AMM approximation. The symbolic software was used to
calculate the entire integral elements related to the distributed flexibility.
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Comparison between analog components of the model

There exist similarities between the elements of the equation of motion (2.253) and they can
also be used to verify the model. These similarities can be expressed as

o7, oT
i—}z _4% (2.285)
dt 64, dt oq,’
oT, oT;
i—,’l _4 % (2.286)
dt 0q, dt 04
o7, 8T
2 (2.287)
aq[ aql
and
0T, 0T,
— - (2.288)
oq, 0q,
o7, d oT
As a demonstration of this, the analo and ——= terms are showed
dt 0q, dt 0q,

d aT
= =TL2qlt Alg, +TL2qlt A2g,+TL2qlt A3g
dl‘ 2, q gy q q, q q; + ’ (2.289)

TL2qlt A44G,+TL2qlt A5G, +TL2qlt A6g,+TL2glt B
where

TL2qlt Al= pIZJ. (lrzT W+ 2’ A E '+ p) 2pz)a’fc2 , (2.290)
TL2qlt A2=p, jo (PP E '+ ) p,)dF, (2.291)
I -
TL2q1t_ A3 = p, J.o ((2P2TA2T 'n+ ' p, E, 21’2) i [0 ¢e11](SE1Az ‘p,+S'n, ))dxz ) (2.292)

TL2q1044=p, [ (P14} 5, + 7 PIE P, ) 4 +]0 4.0 ](SEAp, +8'n)) a5, . (2293)

TL2qlt A5=p, j [0 ¢, (&)](A4 E/S'r, + 87 p,)ds, , (2.294)
TL2q1t_A6=p, j [0 ¢,(5)](4 E/S'r, + S8’ p,)ds, , (2.295)
TL2qlt B=p, j (TL2q1t_B1+TL2q1t B2 +TL2qlt B3)5,, (2.296)

where
TL2q1t B1=2'v/"}4,+2° p AL E '1,g, +2° p A E'S" 'r,4,4, +
22P2TATET 1 rg, + 22p2TATET : £q,
TL2qlt B2=2"p AL E'S'r,+2° ps AV E 'r,4, + 27 ps AL E 'r,g, + p, A, S"E 'r, 43 ,(2.298)
TL2qlt B3 = 2°p) p,g,+ P ESE*p, +>pyE[SE,* p, +2°p) *p,d, . (2.299)
Then their counterpart

d ot
=TPqlt Al§, +TPqlt A2, +TPqlt A3q
diaq T G, + TPqlt_A2§, + TPqlt_A3§, + ’ (2.300)

TPqlt_A4j, + TPqlt_A5i, +TPqlt A6, +TPqlt B

L (2.297)
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where
TPqlt Al=m, (1r2T '+ 2'n E A+ ) +J,,
TPqlt A2=m,(*rf A E 'ty + 75 "n)+
TPqlt A3=m, [0 ¢611](SE1A2 rn+S'r ) +m (21’3TA2T 'r,+ K E,r, )¢e'11 +J, 8
TPqlt A4=m, [O ¢612](SE1A2 r+ S1r2)+ m, ( B A+ E, r, )¢e'12 +J.8l
TPqlt AS=m [0 §,,|( A E'S'r, +87r,)+J 4,
TPqlt A6=m,[0 §,,)(A E'S'r,+S8°r)+J, ¢,

and
TPqlt_B=m (TPqlt_Bl+TPqlt_B2+TPqlt_B3),
where
TPqlt B1=2'r)"F,g, +2'F E A, rg, +2'r E, A, rg, +--
2'r E,SA,’r,g,q, +2'r E A, *irg, ’
TPqlt B2=2r"irg, + 271y A, ES'r, +2°r A E 'r,q, + *F[ E SE, ’r,,
and

TPqlt B3="r E'SE *i,+2 i ATE" 'r,g, + 1] ATSTE" 'rg? + 2k g, .

The similarities are

'p(E)~'r,
p(%) ~n,
¢11(i1) ~¢ell >
¢12 (i) ~¢e12 >
¢21(3~Cz) ~¢621’
¢22 (552) ~¢e22 >

ll ~ ~
m, ~p, ]| S

and

l2 ~ ~
m, = p, |, f(%)d%, .

(2.301)
(2.302)
(2.303)
(2.304)
(2.305)
(2.306)

(2.307)

(2.308)

(2.309)

(2.310)

(2.311)
(2.312)
(2.313)
(2.314)
(2.315)
(2.316)

(2.317)

(2.318)

In (2.289), as in (2.181) for the one flexible-link case, does not appear any similar term of
inertia, but this is due to the Euler assumption of neglecting the rotational inertia of the
elements of the beam (flexible links). Besides inertia terms, the similarity is fulfilled between

(2.289) and (2.297). Nevertheless, it can be completely verified in Appendix C.2.

Symmetry of Mass Matrix and Stiffness Matrix

Considering that the mass matrix must always be symmetric positive definite i.e.
M(q)=M"(q) and M(q)>0, consequently the matrix is nonsingular and its inverse exist.
From the Lagrange formulation the mass matrix is obtained, verification or debugging can be
done by comparing each element of the triangular upper part with its counterpart in the lower
part. Here just some elements are compared; the remaining elements can be checked in

Appendix C.2. In consideration are

60



b

my; =ms, = Jh2¢¢:11 TP, _[0 ([0 ¢e11]E1SAz 2p2 + 2pzTEl 2p2¢e’1] )dfcz e

, (2.319)
m, ([O ¢e11]E1SAz 2r3 + 2”3TE1 2"3¢e’11 ) + Jp¢e,11
and
A . -
mg=me=p, [ [0 g @)]ME[0 ¢,,] dF, +---
b - P
P, Io [0 ¢22(x2)]E1TS2p2¢e”dx2 +e (2.320)

m, ([O ¢c22]A2TE1T [0 ¢cll]T)+Jp¢c,ll c’22+"'

m, ([O ¢c22]E1TS2"3¢<:11)
The lower right block of the mass matrix is defined uniquely by the orthonormality conditions

12 ~ ~ ~ ’ !
Mse = Mes = P, J-o 1 (X,) 5, (X, )dx, + mp¢621 k22 T "]p¢621 0 =0, (2.321)
l2 ~ ~ !
My = p, [ b BV dE, +m gl + T 85 =m, (2.322)
and
A oy ,
Mg = P, _[0 By (%,) %, + mp¢e222 + Jp¢8222 =m, . (2.323)

Considering also the links as linear elastic solids, the stiffness matrix is symmetric; K = K"
then k; =k, . In this research no elasticity at the joints is considered, therefore for the first
two variables ¢, and ¢, no flexibility is defined. Then the stiffness matrix can be calculated
through two different ways

00 0 0 0 0
00 0 0 0 0
h "2 j= l‘ "o g~
00 (EI)I Io ¢112dxl (El)l J.o @19 dx, 0 0
=10 0 (&n), [ g, (E1), [ i7as 0 0o | @
h "2 g h " on g~
00 0 0 (EI), [ #idz, (ED), | #gnds,
h " on g~ 4 "2 g~
00 0 0 (EI), jo g phds, (EI), Io sz,
and
00 0 0 0 0
00 0 0 0 0
00ma, 0 0 0
K=loo 0 mwy 0o o0 (2.325)
00 0 0 mlza)zz1 0
00 0 0 0 m12w222

It can be also verified numerically using the physical parameter given in Tab. 2.6. For the
mass matrix depend on the vector of generalized coordinates, therefore for verification a
vector of generalized coordinates must be assumed ¢ =[1 0.5 0.1 0.05 0.08 0.04]T. Then
substituting it in the mass matrix (2.256) — (2.277), where the obtained matrix is
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[ 0.1438828 0.0112504 0.0676164 —0.0112670 0.0263209 0.0100138 |
0.0112504 0.0083797 0.0144837 —0.0225587 0.0122190 0.0026329
0.0676164 0.0144837 0.0650440 —0.0254746 0.0299132  0.0097588

—0.0112670 —0.0225587 —0.0254746 0.0778789 —0.0338929 —0.0057467
0.0263209 0.0122190 0.0299132 —-0.0338929 0.0470000 0.0000076

| 0.0100138 0.0026329 0.0097588 —0.0057467 0.0000076 0.0470000 |

As expected the symmetric characteristic of the mass matrix is verified, also the orthogonality
is satisfied. Nevertheless, elements mj  and m, are not zero, but their value represent just

M(q)= (2.326)

the 0.01% of the mass of the second link. It is considered acceptable and the source of this
small discrepancy lies in neglecting of some imaginary terms encountered in the solution of
some definite integral related to this crossed elements. Regarding the stiffness matrix, it does
not depend on generalized coordinate vector. Considering the assumed modes and physical
parameter of the robot the matrix is given by

00 0 0 0 0
00 0 0 0 0
00138 0 0 0
K= 00 0 27084 0 0 (2.327)
00 0 0 199.09 0
00 0 0 0  9460.86 |

Here also due to the orthogonality conditions and due to the modal formulation for each link
the stiffness matrix is also diagonal.

Verification of Natural Frequencies

As in the one flexible-link case, natural frequencies for each link can be calculated
independently in different steps of the model formulation. From the physical parameter and
from the solutions of (2.246) and (2.247), the natural frequencies of the considered modes for
each link can be calculated. Using these values, boundary conditions, AMM and the
Lagrange-Euler formalism; then equation of motion containing the stiffness matrix is obtained
from the terms related to the energy of elastic deformation. Therefore, the natural frequencies
can be calculated from this stiffness matrix. Then (2.279) can be reformulated to obtain the
natural frequencies

(ED), [ 1@ s

X, X,
o, = T (2.328)
m

I

(E]) J‘ll ¢" (~ )2d~ 03

X X,
o, = o 72717 1| (2.329)
m

I

(EI) J'lz ¢ﬂ (~ )2d~ 03

X,) dx

W, =| — 2 (2.330)
m

)

and
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A 0.5

EI. | ¢.(%,)dx

a)22=( ) J, ', . (2.331)
m

I

In Tab. 2.5 are shown the values of natural frequencies obtained independently in the model
formulation.

Table 2.7 Comparison of natural frequencies of the two flexible-link robot

Parameter Value from (2.156) Value from (2.192)
o, [rad/s] 15.33 15.33
@, [rad/s] 67.75 67.75
,, [rad/s] 65.08 65.08
,, [rad/s] 448.66 448.66

The values of the frequencies match; it means the model with its assumption has been, at least
in this part, correctly formulated.

Implementation in Matlab/Simulink

For simulation the model was implemented in Matlab/Simulink to solve the equation of
motion of the robot. The model for the two flexible-link robot was divided in two parts:
kinematic relationships and dynamic relationships, like the one flexible-link robot as well.
The first one contains relations between position and velocities of the components of the robot
(continuous and discrete). The latter comprises mainly the relations coming from the
Lagrange-Euler equation; it also subdivided into two parts: relations for discrete components
(rigid parts) and relations continuous components (flexible links). All the terms related to the
flexible links result in integral forms, which are calculated using symbolic software and then
implemented in Matlab/Simulink as embedded functions. The implementation of this dynamic
direct model is illustrated in Fig. 2.41.Using this implementation, additional strategies can be
used to perform additional verification of the robot model. It is important to mention that also
this Matlab/Simulink model and its symbolically calculated elements were subjected to an
exhaustive debugging process too.

Comparison between components of implemented and analytical
model

Another performed test is to compare the response of some parts of the implemented model
with their counterparts completely analytically calculated; this is another way to verify the
correctness of the implemented robot model. For this purpose, the implemented model is
controlled at joint level with two PID controllers to follow a joint trajectory (see Fig. 2.42).
Similarly to the one flexible-link robot verification, the determinant of the mass matrix is
taken into account because it comprises a relation between the whole elements of the mass
matrix of the implemented model and from the analytical model. The time evolutions of the
determinants of both mass matrices are compared (see Fig. 2.43). It can be seen that both
curves match, therefore the mass matrix does.
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Figure 2.41: Scheme for the implementation of the model for the two flexible-link robot.
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Figure 2.43: Determinant of mass matrix. Black: numerical, gray: analytical.

The configuration is similar to the one flexible-link robot, but for the two flexible-link robot
the second joint variable has a strong influence in the mass matrix. For this reason the
determinant fluctuates significantly more. Also the components of vector of Coriolis and
centripetal effects for the implemented model are calculated evaluating (C.235) or can be
analytically calculated from the mass matrix using the Christofel coefficients [6]

n 2 Om, 1 am
= Y 2.332
N E R 33)

For the same joint trajectories the time evolution of the components of vector of Coriolis and
centripetal effects is shown in Figs. 2.44 and 2.45 the implemented model and the analytical
model, respectively. The components of the vector were calculated independently and the two
vectors are very close, there is a small difference due to neglecting some imaginary terms in
the integral elements, it introduces this small discrepancy which is tolerable considering that
its influence in the complete model is not very significant. With the test performed it can also
be stated that the model is correctly implemented and that the implemented model
corresponds to the proposed conceptual model for the two flexible-link robot.
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Figure 2.44: Components of Coriolis vector and centripetal effects of the implemented model.
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Figure 2.45: Components of Coriolis vector and centripetal effects from Christofel coefficients.

2.3.3 Model Validation

In order to compare the behavior of the implemented model with the real system some
experiments have been done. The robot and the model were subjected to different inputs i.e. a
bang-bang signal at joint level and to a chirp signal in the piezoelectric actuators.

The transient response is compared using as input signal a bang-bang torque. The input signal
is sent to the rotational actuators in different experiences and in each experience the
deformation in the links is measured. Here, as in the case for the one flexible-link robot, the
maximum and minimum values are chosen to be greater than the maxima and minima values
of the friction model experimentally determined in Appendix D for each joint. With this input
signals (see Fig. 2.46) a transient behavior is induced in the robot.
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E) B
Z. 0 Z. 0
bg l:él
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0.45 : ' : 015
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time [s] Time [s]

Figure 2.46: Bang-bang input signals for the joints of the robot.

This torque signal induces a joint movement which is mainly influenced by friction, after the
static friction is defeated joints move. The final positions differ from the initial ones because
this friction model is a nonlinear discontinuity affected by the direction of movement. First
the bang-bang signal is applied in the first joint and then the response is measured by the
strain gages. The response of the robot to this joint input is shown in Fig. 2.48 in terms of
deformation near the clamped end of the link. The damping factors used for the two
considered modes were taken from experimental system identification performed on a
clamped beam with the same boundary conditions as suggested by [47].
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Figure 2.47: Joint displacement for bang-bang input signal in the servomotor.
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Figure 2.48: Deformation at the base of the links for bang-bang input signals.
Gray: model. Blue: real system.

In Figs. 2.49 and 2.50 are shown the energy density spectra of the measured and calculated
deformation. The main frequency components for the model are for the first link
14.95 rad/s (2.38 Hz) and for the real system 15.26 rad/s (2.43 Hz). On the other hand the
frequencies of the real system for the second link model are 15.39 rad/s (2.45 Hz) and
66.85 rad/s (10.64 Hz) and for the real system 15.08 rad/s (2.40 Hz) and 67.29 rad/s
(10.71 Hz). The frequencies match with a small discrepancy.
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Figure 2.49: Energy density spectrum for the signals from strain gages at the base of the first link for bang-bang
input signals. Sampling time 1 ms. Left: model. Right: Real system.
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Figure 2.50: Energy density spectrum for the signals from strain gages at the base of the second link for bang-
bang input signals. Sampling time 1 ms. Left: model. Right: Real system.

The robot and its model are also subjected to linear chirp signals, their responses are
compared. With this signal the first and the second mode of each link of the implemented
model and the robot can be excited by this chirp signal. The signals used have amplitude of
0.1 Nm and 0.15 Nm for the first and second link, respectively; these signals cover a range of
frequencies from 0.001 Hz until 100 Hz. In Fig. 2.51 the behavior of the chirp frequency is
shown, Fig. 2.52 shows the response in deformation of both links (black) and model (gray) to
the chirp input signal applied to the piezoelectric actuators of the first link.
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Figure 2.51: Linear frequency evolution of input signals.
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Figure 2.52: Frequency response of the links to a chirp applied in the piezoelectric actuators of the first link.
Deformation measure with strain gage 1 (left) and deformation measured with strain gage 2 (right).

The chirp input signal corresponding to the piezoelectric actuators of the first link is applied
and the deformation induced in both links is shown in Fig. 2.53.
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Figure 2.53: Frequency response of the links to a chirp applied in the piezoelectric actuators of the second link.
Deformation measure with strain gage 1 (left) and deformation measured with strain gage 2 (right).

The responses are for both links similar, nevertheless the discrepancy is due to neglect some
component whose inertia is difficult to evaluate (basically cables). In Figs. 2.56 and 2.57 are
shown the spectrograms of the frequencies response of the links. The fundamental frequency
of the chirp signals is represented (according to Fig. 2.51) in the spectrograms as the first
inclined line with slope equal to 1. Moreover, in the ideal case (model) the pure chirp signal
should only excite the resonance frequencies of the structure (see Figs. 2.55 and 2.56), which
are the zones in strong red. The first resonance frequency for each element can be identified
as two lower horizontal lines of Figs.2.56 and 2.57. However,the discrepancies in the
frequency responses can also be due to the generation of “overtones” of the chrirp
fundamental frequency. These overtones are represented as straight lines with a slope multiple
of the slope of the time evolution of the chirp frequency. The overtones excite prematurely the
resonance frequencies of the robot. Furthermore, in the spectrograms appears another
resonance frequency at approximately 40 Hz, this denotes the presence of an unmodeled
mode i.e. a torsional model o vibration of the first link. Then it justifies the presence of high
amplitude peak at approximately 20 s in Figs. 2.52 and 2.53.

It must be made clear, this discrepancy between model a physical system does not represent a
failure in the modeling process. It is a consequence of assuming some parts of the model as
linear and the existence of unmodeled dynamics, which introduces discrepancies between the
model and real system, this model uncertainty is faced and considered under a robust control
strategy which is one objective of this work.
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Figure 2.54: Spectrograms for the deformation simulated on the first link (left) and
second link (right) for a chirp input signal applied on the piezoelectric actuators of the first link.

69



N N
= = 0
& & -20
2 2
3 3 -40
g S
& & -60
‘ _ -80
0 10 20 30 40 0 10 20 30 40
Time [s] Time [s]
Figure 2.55: Spectrograms for the deformation simulated on the first link (left) and
second link (right) for a chirp input signal applied on the piezoelectric actuators of the second link.
100
2
— 80 0
= 0
Z -20
=
g -40
=
= -60
-80
0 i
0 10 20 30 40
Time [s]

Figure 2.56: Spectrograms for the deformation measured with the strain gages on the first link (left) and
second link (right) for a chirp input signal applied on the piezoelectric actuators of the first link.
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Figure 2.57: Spectrograms for the deformation measured with the strain gages on the first link (left) and
second link (right) for a chirp input signal applied on the piezoelectric actuators of the second link.
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3 Sliding Mode Control

In this chapter a theoretical background for SMC is given, therefore this provides the
fundaments of the proposed controllers for the different flexible-link structures under study.

3.1 Introduction

In this section a brief review is done of this control strategy for linear systems and for
nonlinear systems as well. It had its origin in 1960, it was first proposed and elaborated by
several researchers of the former Soviet Union [92]. The basic idea of SMC is to reduce the
order of the system by introducing a switching discontinuity in order to obtain a desired
closed loop behavior. In the literature SMC can be found also as Variable Structure Control
(VSC) and the closed loop feedback system can be also named Variable Structure System
(VSS). SMC [94,95] is a viable high-speed switching state-dependent feedback control that
intentionally changes the structure of the system; this is done in order to drive the plant’s
states trajectory onto a specified and user-chosen surface in the state space (called the sliding
or switching surface or sliding manifold), and to maintain the plant’s state trajectory on this
surface for all subsequent time. This surface is called the switching surface because if the
states trajectory of the plant is “above” the surface a control path has one gain and a different
gain if the trajectory drops ’below” the surface (see Fig. 3.1). The plant dynamics restricted to
this surface represent the controlled system’s behavior. By proper design of the sliding
surface, SMC achieves the conventional goals of control such as stabilization, tracking,
regulation, etc.

state-space

S(x)=0
Reaching
initial state _
/ Sliding -~ initial state

~
-
-

- S(x)#0

Figure 3.1: Stages of sliding mode.

3.1.1 Basic Concepts

In the formulation of control problems there is always a discrepancy between the actual plant
and the model used for controller design; it can be due to different sources such as [96]:
unmodeled dynamics (unstructured uncertainties), parasitic dynamics, external disturbances
and plant parameters inaccuracy (structured uncertainties) among others. The SMC also
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provides a robust and effective mean of controlling linear and nonlinear plants, making the
closed loop system ideally insensitivity to the aforementioned sources of model discrepancy.
Some definitions are required to employ this control strategy.

This work considers systems with a state model linear or nonlinear in the state vector x(-)
and linear in the control vector u(-) of the form

x=f(x)+B(x)u(t), 3.1)
where the state vector x(7) € R", the control vector u(z) € R™, system dynamics f(x)eR",
and the input matrix B(x)e R"*™; further, each entry in f(x) and B(x) is assumed to be
continuous with continuous bounded derivative with respect to x(¢). Each entry u,(¢) of the
switching control u(¢) e R™ has the form

{u;(t) if o(x)>0
ui(t):
u (1) if o,(x)<0

where o,(x) 1s the ith switching surface associated with the (n—m)—dimensional switching
surface

i=l.m, (3.2)

o(x)=[c,(x) - &, (x)] =0. (3.3)
The sliding surface a(x)=0 is a (n—m)—dimensional manifold in R" determined by the
intersection of m (n—1)—dimensional switching surfaces o,(x)=0. The switching surfaces
are designed such that the system response restricted to ¢(x) =0 has a desired behavior such
as stability or tracking. Although general nonlinear switching surfaces (3.3) are possible,
linear ones are more prevalent in design [94]. Moreover, design of linear switching surfaces
can be performed using linear control techniques. A linear switching surface has the form
o(x)=38x(), 3.4
where § is a n x m matrix. After switching surface design, the next important aspect of SMC
is guaranteeing the existence of a Sliding Mode. A sliding mode exists, if in the vicinity of the
switching surface, a(x)=0, the tangent or velocity vectors of the state trajectory always
point toward the switching surface. Consequently, if the state trajectory intersects the sliding
surface, the value of the state trajectory or "representative point" remains within a ¢
neighborhood of {x|a(x) = 0} . If a sliding mode exists on &(x)=0, then o(x) is a sliding
surface. As seen in Fig. 3.2, a sliding mode may not exist on o;(x)=0 separately, but only on
the intersection.

An 1deal sliding mode exists only when the state trajectory x(¢) of the controlled plant
satisfies 6(x(z))=0 at every ¢ =t for some f . This requires infinitely fast switching. In
systems, all facilities responsible for the switching control function have imperfections such
as delay, hysteresis, etc., which force switching to occur at a finite frequency. The system
induced trajectory oscillates within a neighborhood of the switching surface. This oscillation
is called chattering. If the frequency of the switching is very high compared with the dynamic
response of the system, the imperfections and the finite switching frequencies are often but
not always negligible.
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Figure 3.2: Geometric interpretation of two switching surfaces.

The presence of a sliding mode is not restricted to SMC [97], this phenomenon can appear in
any dynamic system governed by differential equations with discontinuous right-hand sides,
where, as stated before, the system states switch at high frequency (theoretically infinite).
Once sliding mode is present, the system dynamics slide along the switching surface then an
induced or equivalent dynamics is present which can be interpreted as an average dynamics,
whose behavior can be estimated through the Filippov method. Let’s consider a general VSS
given by

() - { f, = f(x,u) if o(x)> 0 55)
LHL=f(xu) if o(x)<0
Then sliding mode occurs if
90 £ gand 99X ¢ S0, (3.6)
ox
or
L,o(x)<0and L, o(x)>0, (3.7)

where L o(x) is the Lie derivative of o(x) in the direction f;. This derivative is the inner
vectorial product of the gradient of the scalar function o(x) and the vector field f(x). From
the Filippov method [98] the state trajectories of the system (3.5) on the sliding surface i.e.
o(x)=0 and &(x)=0are given by the convex combination of the vector fields f, and f,.
The time derivative of the sliding surface is given by

oo (x)

o(x)= X. (3.8)
ox
Then the induced dynamics of the system is introduced as a convex combination
: oo(x
60 =22 (41 4 1). (3.9)

substituting the Lie derivatives
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o(x)=AL,0(x)+ 4L, o(x)=0, (3.10)
then solving for A4,

L.o(x
A= _fl—() _ (3.11)
L, o(x)
In order to respect the dynamics of the system there are some restriction for 4, and 4,
Ay 20, (3.12)
and
A+, =1. (3.13)
Finally the induced behavior of the plant in sliding mode can be defined as
XO)=Af+ Ak = fo (3.14)

where f, is the mean velocity of the system states under sliding mode.

3.1.2 General Controller Calculation

The general procedure for the calculation of a SMC comprises two steps: selection of a sliding
surface and synthesis of a control law. These two steps are described in the following
subsections.

3.1.2.1 Sliding Surface Selection

The sliding surface can be considered as the intersection of stable hyperplane(s) in the
state/error space where the motion of states trajectory should be restricted to represent a
desired system dynamics, which is of lower order than the given plant. In order to estimate the
behavior of the system after reaching the sliding surface the Equivalent Control Input Method
[95] can be used. Once the surface is reached (o (x)=0), if sliding mode exist, ideally the
system remains afterwards in the surface (6(x)=0). The system (3.1) is considered, whose
dynamics is substituted in (3.8) as follows

) oo (x oo (x
6(x) = ai) ( )(f( )+ B(x)u,(1))=0. (3.15)
Assuming the product
det(a(;(x)B( )j (3.16)
invertible. Then solving (3.15) for u, (¢)
oo (x oo(x
(1) = - [ %) g )) 0 ), (3.17)
Therefore the induced dynamics in sliding mode, given that o(x(#,)) =0, is formulated as
. oo (x oo (x
xe=(1—3(x)[ ) g )j ( )]ﬂ ). (3.18)
Commonly the sliding surface are of linear type (3.4) then the induced dynamics is defined by
%, z(I—B(x)(SB(x))fl s) f(x). (3.19)
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Moreover if the system is linear and time-invariant the dynamics is given in this case by
%, =(4-B(SB)" s4)x. (3.20)

Here result more evident that the selection of the sliding surface defines the behavior of the
system during sliding motion. In the last case conventional linear techniques could be used to
dimension the sliding surface. The equivalent control input can be also calculated in a
different way for system formulated in regular normal form. Considering the following
single-input single-output (SISO) system is given by

X, =X,

X, :f(xlﬂxz)"'u’
in which a linear surface o(x,,x,)=cx, +Xx, is defined. If this system reach the sliding mode
at t=t then o(x,,x,)=0 and o(x,x,)=0 i.e.

(3.21)

o(x,x,)=cx, + f(x,x,)+u=0. (3.22)
The equivalent control input can be calculated as
Uy =—Cx, = [(X,x,). (3.23)

If there are uncertainties in the model then (3.23) cannot be implemented as long as f(x,,X,)
is not known. But if f(x,,x,) is bounded i.e. |f(x1,x2)| <L with L >0, an average of (3.23)
can be calculated by low-pass filtering (LPF) a high frequency switching control input [92]
psgn(o). Now the term with uncertainty can be substituted in (3.23) to obtain an

implementable version of it as follows

u,, =—cx,—LPF(psgn(o)) with p>L, (3.24)
The dynamic of the sliding surface can be modified changing the value ¢ which is related to
the rate of convergence of the reduced model. In the selection of the sliding surface some
properties have to be taken into account:

e Sliding surface has a lower order than the plant.

e Sliding mode does not depend on plant dynamics and is determined by parameters of
the switching function only (in (3.4) depends on §).

e Sliding surface does not depend on the control law.

Additionally, the reachability condition is defined as the condition under which the states will
move toward and reach a sliding surface. The system trajectory under the reaching condition
is called the reaching mode or reaching phase. Different approaches for specifying the
reaching condition have been proposed [99]. Here just one reference of two of them is made.
The Direct Switching Function Approach: the reaching condition is formulated as

o,>0 if o,<0

. : ; (3.25)
0,<0if 0,>0 i=1.m

or can be also stated as
0.0,<0i=1.m. (3.26)

This reaching condition is global but does not guarantee a finite reaching time. A similar
sufficient condition that is local in nature is proposed in [95,100]

limo, >0 and limog, <0, (3.27)

o;—> -0 o;—>+0
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here is stated that sliding mode occurs whenever the distances o, to the surface and the
velocity o, of'its change are of opposites signs i.e. the surface is attractive.

The Lyapunov Function Approach: this resembles a generalized stability problem; hence the
second method of Lyapunov provides a natural setting for analysis. Specifically, stability to
the switching surface requires selecting a generalized Lyapunov function V' (x,f) which is
positive definite and has a negative time derivative in the region of attraction. By choosing for
example the Lyapunov function candidate

V(x,t)=0c'0, (3.28)
then a global reaching condition is given by [95,100]
V(x,t)<0 where o#0. (3.29)
In order to guarantee a finite reaching time (3.29) is modified
V(x,t)<—z where c#0 and £ >0, (3.30)

this approach leads to the eventual sliding mode switch scheme.

3.1.2.2 Control Law Synthesis

The control law must be synthesized to make the selected sliding surface attractive. Such that
any state x(¢) outside the switching surface will drive the plant state trajectory to reach the
surface in finite time. On the switching surface, the sliding mode takes place, following the
desired system dynamics. In this way, the overall VSS system is globally asymptotically
stable. The control law in VSS is given by

u=u,+u,, (3.31)

the equivalent control input has been previously calculated, then a corrective term is included
u_, this is a discontinuity term to enforce the reaching phase and to compensate uncertainties
such as disturbances and model variations. This corrective control input is usually chosen as a
sign function. #, could be implemented in at least five possible discontinuous control
structures [94]:

The controller can be defined as switching functions with constant gains
a; sgn(o;(x)) o,(x)#0 @, <0

o o,(x)=0
where the sufficiency condition are met for the existence of a sliding mode since

, (3.32)

Cl

0,0, =a,0,(x)sgn(c;(x)) <0 if o,(x) #0. (3.33)
A second option is the selection of switching functions with state dependent gains
(%) sgn(o,(x)) o,(x)#0 &(x)<0
Mo = {O o.(x)=0
similarly the sufficiency condition are met for the existence of a sliding mode if
0,6, = (x)0,(x)sgn(0,(x)) <0 _if 0,(x) %0. (3.35)
A third option is a linear state-feedback with switching gains

, (3.34)

_ _ a; if o.X; >0
u, = Kx where k, =9 _ | (3.36)
’ T B, if ox, <0
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with @; <0 and S, >0 then the existence conditions are

0.6, =0, (kyx, +kyx, +++-+k,x,)<0. (3.37)
A fourth option is a linear sliding-variable continuous feedback
u, =ko, where k, <0, (3.38)
the existence condition is given by
0,6, =ko’(x)<0. (3.39)
This option can also be defined as
u, = — Ko(x) where K >0 and K e R™", (3.40)
and its existence condition
6" (x)6(x)=0¢" (x)Ka(x)<0 o(x)=0. (3.41)
The last option is an unitary nonlinear vector with scale factor
uchx)p <0, (3.42)
oo

p 1s a scaling factor. The existence condition is defined by

o' (x)6(x)=|a(x)|p<0 o(x)=0. (3.43)

Some other possibilities and methods for the selection of the correcting control input can be
seen in [94,95,97,98]. If the system to be controlled is in the regular normal form
[101,102,104], it is broken down into a set of subsystems

-’:‘:1=fl(x1’x2) ’ (3.44)
x, = [,(x,,x,)+ B(x,,x,)u
where x, e R"™, x, e R" and det(B(x;,x,))#0. A system in this form has simply computed
reduced order equivalent dynamics, also referred to as the system equations of slow motion.
The subsystems are of lower dimension than the complete system. This realization makes
more tractable the calculation of the SMC as long as there is no need to find a diffeomorphic
state-space transformation. According to the modeling technique used, the systems under

study in this work the models are obtained directly in regular normal form.

Once the system reaches the sliding surface and sliding mode take place, then the dynamic of
the lower subsystem of (3.44) is theoretically cancelled by the control input, it is known as
partial dynamic collapse. The sliding surface can be stated as

o(x;,x,) =x, +8(x,)=0, (3.45)
then X, can be expressed as
x, =—8(x), (3.46)

and it assumes the role of virtual control input for the upper subsystem. Therefore, the
induced dynamics of the system is given by

x, = fi(x,—g(x,)), (3.47)
which is the reduced dynamics of the system. The methods to transform a general system into
this form are not included here, for further details it is suggested to consult [101-103].
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3.1.2.3 Chattering Attenuation

Ideally in sliding mode the control signal must commute at infinite frequency, but it is not the
case for real components which normally have switching imperfections. This is due to time
delays, small time constants and hysteresis in the actuators; the discontinuity in the feedback
produces a particular dynamic behavior in the vicinity of the sliding surface, it is commonly
referred as chattering [100] (see Fig. 3.3).

reaching stage

7

3

chattering

Sliding surface

Figure 3.3: Chattering effect.

Due to the high frequency switching, chattering appears, this can be a source of excitation to
the unmodeled dynamics of the system. Commonly, chattering must be eliminated for the
controller to work properly. As countermeasure for this phenomenon a boundary layer [96]
along the sliding surface can be defined in order to smooth out the discontinuity. The
boundary layer is defined as

Bl (t) = {x>
where @, is the thickness of the boundary layer for the ith sliding surface and ¢, = @, / A

o,(x)|<®,} where @ >0, (3.48)

is the boundary layer width. Assuming that an attractive sliding surface has been designed
then invariant, all trajectories starting inside B,(¢) remain inside.

state-space

Boundary layer

S(x)=0

&,

i

Figure 3.4: Boundary layer.

The behavior of the control law when the sliding variable is inside the boundary layer can be
set to be continuous by approximating the sign function with a saturation function for the
corrective control input
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—k, o(x)=> D,

1

u, =1k, 9 g co(x)<®, where k>0, (3.49)
l;i O-i(x) = _(Di
or the continuous approximation can also be done with a sigmoidal function
) Ghere Ea >0 . (3.50)
’ |0'l.(x)| +a,
The course of (3.49) and (3.50) are shown in Fig. 3.5.
uC~ uc.
(o} O

Figure 3.5: Continuous approximation for the sign function. Left: saturation function, right: sigmoidal function.

These approximations for the corrective control part induce a slight deviation in the behavior
of the system in the sense that the sliding surface is not reached in finite time. Smoothing the
control law influence the performance of the closed loop. Indeed, it is also called quasi sliding
mode control, but with a right selection of the parameter for each approach the performance
can be close to the pure switching control.

Other possible measure to alleviate the chattering phenomenon is the asymptotic or high
order sliding mode [92], it considers the inclusion of a fictitious control input. The objective
is to design a SMC in terms of the time-derivative of the control function, then the actual
control signal is the integral of the high frequency switching function which leads to a
continuous signal. Let’s consider a system given in regular normal form

X=X,

. ) (3.51)
X, =u+ f(x,x,)
the actual control signal is formulated in terms of an additional control input
u=v. (3.52)
The sliding surface
o(x,x,)=0, (3.53)
and the auxiliary sliding variable
z =0(x,x,)+co(x,x,). (3.54)

In order to obtain chattering attenuation an auxiliary sliding variable is included. The control
v can be designed under the Lyapunov approach to get a finite time convergence for the
auxiliary sliding variable z — 0, because the real sliding mode will occur in the auxiliary
surface
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z =0(x,x,)+co(x,x,)=0. (3.55)
Then 0,6 — 0 and x;,x, =0 as the time increases. With this approach there is not a really
sliding mode in the closed loop system but rather an asymptotic sliding mode, due to the fact
that o converges to zero asymptotically. Nevertheless the objective of attenuating chattering
is obtained by trading off some performance.

There are different approaches for high order SMC, these are mainly based on asymptotic
convergence, including integration of switching function to avoid chattering in the control
input. For instance consider the system (3.51) with output defined as
y=x, (3.56)
and the sliding surface
o=e+ce. (3.57)
This surface is defined in terms of the error
e=y—y,=X—Xq4, (3.58)
in order to perform a trajectory tracking. Then dynamics of the sliding surface is stated as
O =Xy, +cé— f(x,x,)—u=p(x,x,)—u, (3.59)
where @(x,,x,) comprises the dynamics of the dynamics of the sliding surface and possible

disturbances or model deviations. Nevertheless, go(xl,x2)| <A and |(/')(x1,x2)| < C are assumed
to be continuous and bounded. With the following continuous control law

u= a|0'|% sgn(oc)+w where a>0 , (3.60)
and

w=bsgn(oc) where b>0, (3.61)
defining the super twisting algorithm which is capable to reach the sliding surface and to
remain in sliding mode. It means this control law is capable to reject disturbances and to bear
with uncertainties in f(x;,x,) [92]. This peculiar system characteristic is claimed to result in
superb system performance which includes insensitivity to parameter variations, and complete
rejection of disturbances [105].

This theoretical revision was done according to the required fundamentals for the control
approaches applied to the experimental setup. Further explanation and details are given during
the calculation of the controller for the different flexibles structures configuration under study.
The formulated control approaches are summarized in Tab. 3.1.

Table 3.1 Proposed control approaches

Control approach Structure Section
Lyapunov model based SMC Cantilever beam 3.2
One flexible-link robot
Dual loop SMC Two flexible-link robot 33
. One flexible-link robot
Centralized Laypunov model based SMC Two flexible-link robot 342
Partially decentralized Laypunov model based Two flexible-link robot 343

SMC
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3.2 SMC for Cantilever Beam

The beam modeling provides a linear time invariant system; therefore here standard SMC
techniques can be applied. The model of the beam can be checked in section 2.1.2. The model
used for controller calculation is reduced and it considers only the first mode of vibration.
This reduction is done taking in account the results of section 2.1.3, where the response of the
beam is clearly dominated by the first mode of vibration. It means that the controller is based
on a simple SISO linear time-invariant model. The model of the plant is given by

xX= Apx+Bpu

) 3.62
= (3.62)
where
x{‘?}:["l}, (3.63)
q X
A = 0 1 (3.64)
P em Tk —mMd | '
0
B = m‘l} , (3.65)
C =1, (3.66)
u=byv,, (3.67)
and
by =T (#(xa) - ¢(x)] - (3.68)
The state-space realization is in regular normal form
X, =X,
X, =-m 'k x,—m 'd x, + ml_lbpivp . (3.69)
y=x
The sliding surface is defined in terms of the states
o=—x,—Ax,, (3.70)
and its time derivative
0 =—X, —AX, ==X, — Ax,. (3.71)
The candidate Lyapunov function for the calculation of the control law
Vzliaz, (3.72)
2 dt
its time derivative is
V=06, (3.73)
substituting 6 and X,
V=0(-Ax,-x,), (3.74)
V= O'(—/l)c2 +m 'k x,+m'd x, —u, ) , (3.75)
and
Vza((—/1+ml_ld)x2 +m 'k x, —ut). (3.76)
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The control law #, is made up of two parts

u, =u,— psgn(o), (3.77)
where 4, is the continuous part and psgn(c) is a state-dependent switching function. The
continuous part is calculated as if the model of the plant were perfect

i, = (=241 d ), 7k x, (3.78)
but there are always discrepancies then the switching part is included to make the controller

robust. Therefore the time derivative of the Lyapunov candidate function including the control
law is given by

V= 0'((—/1+n~11‘lc? )x2 +im 'k xl)—p|0' , (3.79)

where 71, d and k are the difference between the actual values and the model values as

follow
my = my =1y, (3.80)
d=d-d, (3.81)
and
k=k-k. (3.82)
The stability of the closed loop in ensured as long as
p>Kl—ﬁﬂ3)%—%fémhn. (3.83)

The mass of the beam can be measured with enough accuracy then m, =0 can be assumed,
and then the stability condition for the switching gain is redefined as

p> |/1x2| +n where 77>0. (3.84)
If (3.84) is satisfied the stability condition is finally stated as
V =—psgn(c)<0. (3.85)

The control law is finally given by
u,=(=A+si"d )x,+ i 'k x, - psgn(o). (3.86)
From (3.84) the switching part of u, can be expressed as a state dependent function with a
state-dependent gain
u, = (—/1 + n%l_la?)xz +i 7k x, - (J2x,)+7)sgn(o). (3.87)
Finally the control law is expressed in voltage to be supplied to the piezo electric actuators as
(—/1 + ﬁa[lc;’)xz +1, 'k x, - (J4x,| +7)sgn(o)

v = . 3.88

” UERRrES) o5

The parameter A1 defines the rate of convergence of the reduced dynamics; it directly

influences the damping of the system. But this parameter is limited according to [96] by the

frequency of the next unmodeled mode, actuator bandwidth, actuator capability (saturation),
among others.

The sensor installed in the beam measure the deformation near the clamped tip i.e. only a
flexible DOF is considered and from this measurement x, is calculated. On the other hand, for
the calculation of the sliding variable x,, which is the time derivative of x,, a sliding mode
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observer [92] is used to estimate x,. It is assumed that x, is bounded and this bound is
known. The sliding mode observer is given by

2, =% %, (3.89)
X, =—psign(z,) p>|x|+8, (3.90)
%~ L5, —Llsen(z) (3.91)

T T

where z, is an auxiliary sliding variable related to the estimation error for the available state.
The estimated states are X, and Xx,. The principle of equivalent input is used to obtain x, by
low-pass filtering the auxiliary sliding variable. The states are now available then the control
law (3.88) can be fully implemented. The proposed controller is able to adjust the switching
gain according to the speed of the modal variable.

3.3 Dual Loop Approach for Flexible-link Structures

In order to increase the damping of the links, a sliding mode controller for each link is
designed. For the calculation in each link the control system is divided in two parts, a position
control loop and an AVC loop. This has some similarities with the single perturbation
approach [43] where the system model is separated into system with slow dynamics and
system with fast dynamics. Here the system is considered to be completely separated and the
joints are controlled using i.e. PID and the parts of the system with distributed mass and
flexibility are controlled using independent SMC. The flexible part is considered to be
subjected to inertial forces due to the joint prescribed trajectory. The effect of these forces is
taken as bounded disturbances for the AVC loop. This separation is based on the assumption
done in modeling of the flexible link, where clamped-free boundary conditions are used to
determine a mathematical model of the links (beam). This can be done as long as either the
joint has a large inertia compared with the link [15] or a feedback position control loop with a
large gain is closed around the joint [6,16]. This approach has also been tested experimentally
[19, 20]. The control strategy presented here is decentralized in the sense that each control
loop uses only local measurements i.e. position control loop is fed with the measurements
from encoder and AVC is fed with measurements from strain gages.

3.3.1 Position Control

The links are rigidly attached to the joints through shoulders, the joint position and trajectory
are regulated using PID controllers. For the majority of industrial robotics structures PID
controller are commonly used due to its capacity to satisfy design requirements without
having precise knowledge of the plant model [16,96,106] and due to its simplicity for
calibration. A theoretical continuous standard PID controller is defined in time domain and
frequency domain as

u(t) = kye(t)+ klje(t)dt +kyé(t), (3.92)
and
U(s) =(kp +£+szjE(s), (3.93)
s

respectively. The controller given by (3.92) is not commonly used; in the majority of
implementations for the derivative element of the controller it is related to the output instead
of the error i.e.
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u(t) = kye(0) + k, [ e(t)dt — ko, (1) (3.94)

However, here (3.92) is used as long as it is the control structure provided by the
manufacturer. This involves an ideal differentiation which is not implementable because it is
not causal. In reality, controllers that implement a PID algorithm carry out real differentiation;
the transfer function of a real PID controller is written in the form [107]

Us)=| ke, + 5505 gy, (3.95)
S kD
1+ K
16k,

Here k,/16k, is the time constant of a smoothing low pass filter, as long as this quotient
tends to zero a PID controller with real differentiation is very close to an ideal one [108]. The
constant factor 16 is suggested by the manufacturer of the DC motor amplifiers as suitable
according to the type of sensor used for the angular position measurement.

The PID controller parameters are calibrated using the second method of Ziegler-Nichols
[109]. An equivalent mass is located at the joint then &, and k, are set to zero, k, is
increased until the system has an oscillating response. Subsequently from this value the rest of
the parameters are calculated as follows

kp =0.6k,, (3.96)
i = 1.2kp (3.97)
i — Tu > .
and
KT,
k= PS , (3.98)

where &, and T, are the critic or ultimate gain and the critic or ultimate period, respectively.
With this method a stable controller is obtained, further methods for the adjustment of the
parameters can be found in [110] and references therein.

3.3.2 Active Vibration Loop

For this work AVC controllers are proposed to increase the damping of the flexible links. The
nonlinear part of the model is considered to be a bounded uncertainty; from this point the
active vibration sliding mode controllers are formulated. Assuming M (g) invertible and
introducing a new matrix variable H(q)= M(q)"' to formulate the nonlinear parts of the
model. Nevertheless, the formulated model assumes 2 flexible degrees of freedom (DOF) per
link; the controllers are designed considering the measurement of the deformation near the
clamped tip i.e. only a flexible DOF as stated before. This is considered because during the
transient response the amplitude of the first mode is significantly bigger than the second
mode; it was verified in several simulation and measurements in the hardware also it is
suggested by [65]. Therefore, the controller is formulated for the first flexible DOF, it is
enough to solve to reduce the transient behavior in the point to point regulation problem. In
this control design proposal the model of the robot is calculated independently for each group
joint-link as it were one flexible-link robot. The model of each group is given by

q[ :Mi(qi)_l(fi_ci(qiaqi)_Kiqf_Diqf)- (3.99)
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The first variable g, is controlled by the PID controller. The flexible variable g, for each
link whose dynamics is stated as

g, = (_hzzkzz%, _hzzdzz%, —hyc, — e, )i +m;lbpivpi . (3.100)
Then a change of variable [x, x,]/ =[g, ¢,]; to formulate the AVC loops is performed as
follows
X, 01 . 0 0
% =[00 [ 1} +| g(x,x) | +|mby | v, , (3.101)
X, | '
y| |10 i 0 l_ 0 |
where
8 (x,x,) = (_hzzkzle —hydyyx, = ¢ = ey ),» > (3.102)
is the nonlinear part of the model. For each flexible link a linear sliding surface
o, =¢é+ e, (3.103)
is employed, this surface can be formulated either in the state space or in the error space. In
vibration control loops the desired values of the variables are zero (e, = Xig =X, ==X ),
therefore the sliding variable and its time-derivative are redefined as
o, ==X, —Ax, (3.104)
and
0, =—%, —Ax, , (3.105)
respectively. Substituting the dynamics of the system in the dynamics of the surface
G, =@, (%, X, )—u,, (3.106)

1 . .
where u, = f; =m; b, v, and the cumulative uncertainty term

% (x1l. ale.) =& (xl, s Xy, ) _/%xzi ) (3.107)
is assumed to be continuous, smooth and bounded, as well as its time derivative
|0, (x,,x,)|< 4 and |@,(x,x,),|<B,. (3.108)

Then o, must reach the value of zero to reach out the sliding surface and &, also must be zero
where the system behaves like a reduced order system (in this case, first order) independent
on the uncertainties [94]. It can be done choosing a control that satisfies the sliding condition
[96]

V,=——0o7, (3.109)

V.=0.6,<-n, |G.

1 1 1

. 7>0. (3.110)

The control law used in this case is a super twisting SMC [92] which is given by

4, =G o] sgn(o) +w, . 3111
w, =b, sgn(o,) . (3.112)
The values of ¢, and b, are calculated from the boundary value of ¢,(x,, x,)

i

c,=1.5\B;, and b, =1.1B,. (3.113)
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The sliding condition (3.110) ensures that all the trajectories in the phase portrait tend to the
sliding surfaces, this is enforced because the auxiliary input (3.112) is intended to compensate
@,(x, ,x, ). In the link deformation is measured near the clamped ends, and from these
measurements the flexible variables x, (i.e. g, ) are calculated. The rate of deformation x,
(i.e. ¢, ) must be estimated, through a éliding mode observer shown in section 3.2. I

The value of A define the behavior of the system in sliding mode and also has direct
influence in the active damping of the structure, but this parameter is limited by actuator
saturation and more significantly by the frequency of the next not considered mode of
vibration. For both robots the control architecture is similar, nevertheless it is presented in two
separated section in order to make clear the difference in the required parameters for each
case. This control strategy has the advantage that the controllers are relatively simple and do
not require high computational capability for the final implementation. The extension to
additional links is straightforward.

3.3.3 One Flexible-link Robot (SISO-PID SISO-SMC)

In this case the robot is provided only with one rotational actuator, a pair of piezo electric
actuators, a pair of strain gages, incremental encoder and payload. The positioning controller
is adjusted with the procedure explained in section 3.3.1. The model used for the calculation
of the controller is given by

§=M(q)" (f-c(q.9-Kq-Dg), (3.114)
X, 01 . 0 0
% (=00 { 1} g(x,x,) |+ m™b |v,, (3.115)
y 1 0|~ 0 0
where
g(x,x,) = (_hzzkzle —hyydoyx, =y €, = hzzcz) : (3.116)
The boundary values of the cumulative uncertainty term
|p(x,,x,)|< 4 and |@,(x,,x,)| < B. (3.117)

are calculated running the extended model in Matlab/Simulink with two flexible DOF in order
to take into account a possible small contribution of the second mode. With these values the
SMC

u=c o] sgn(c)+w . (3.118)
w=bsgn(o) , (3.119)
can be implemented. The proposed control architecture in this section is shown in Fig. 3.6,

here the two independent loops are clearly defined. In Fig. 3.7 the structure of the AVC
including the sliding model observer.
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Figure 3.6: Control architecture for the one flexible-link robot (SISO-PID SISO-SMC).
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Figure 3.7: Structure of the AVC for the one flexible-link robot (SISO-PID SISO-SMC).

3.3.4 Two Flexible-link Robot (2SISO-PID 2SISO-SMC)

In this case the robot is provided with two rotational actuators, two pairs of piezo electric
actuators, two pairs of strain gages, two incremental encoder and a payload. The positioning
controller for each joint is adjusted with the procedure explained in section 3.3.1. This control
strategy is similar to the previous section, but here the model for each joint-elastic link group
is formulated as if they were one flexible-link robots. There are two important considerations
to be taken into account. First for the model formulation, the natural boundary conditions at
the tip of the first flexible link must include the inertial contribution of the second link. It is
reflected in the inertia and mass of tip load as follows

2

- ~ 2 - ~
T =dy +d, +m, (%+(0101)2j +J, +m, (12 +(olo1 )2) : (3.120)

and

m, =m, +m,+m, . (3.121)

The second consideration is related to the adjustment of the PID controllers. The first joint
controller is adjusted with a rigid equivalent mass attached to the joint’s shoulder, which
include practically the whole robot. On the other hand, the second joint is located in a fixed
support to be adjusted, also with an equivalent rigid mass to emulate the link.

The model used for the calculation of the controller is given by

‘ii :Mi(qi)A(f;_ci(qvq.i)_Kiqi_Diqi) i=1,2. (3.122)
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X, 0 1 0 0
%[ =[00 Ll} + g, x) |+ mby | v, i=12, (3.123)
y 10|24 0 | 0

i i i

where

8 (x,x,) = (_hzzkzle —hyyd X, =y _hzzcz) i=12. (3.124)

The boundary values of the cumulative uncertainty term
|0,(x,,x,)|< 4, and |g,(x,,x,),|< B, i=12. (3.125)
are calculated running the extended model for each link in Matlab/Simulink with two flexible

DOF per flexible-link in order to take into account a possible small contribution of the second
mode. With these values the SMC

u=¢ o) sm(o)+w  i=12, (3.126)
w, = b, sgn(o,) i=12, (3.127)
can be implemented. The proposed control architecture in this section is shown in Fig. 3., here

the two independent loops are clearly defined. In Fig. 3.7 the structure of the AVC including
the sliding model observer is shown.
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Figure 3.8: Control architecture for the two flexible-link robot (SISO-PID SISO-SMC).
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3.4 Lyapunov Model-based SMC

In SMC the reachability condition of the surface or the attractiveness can be stated using the
second Lyapunov method, based on this control law for the different flexible robotic
structures under study is proposed. Subsequently the proposed control structure is
particularized for different approaches. The uncertainties present in the model are present due
to discrepancies between the model and the plant. According to the structure of the models,
regular normal form

X =X,
X, = f(x13x2)+Af(x19x2)+B(xlﬂxz)u’
these uncertainties are called matched as long as they lie in the image of B(x,,x,) i.e. they

(3.128)

are present only in the lower subsystem fulfilling the matching condition for uncertainties
[94,96,92,112]. As result the proposed controller are capable to overcome the model
uncertainty and increment the damping of the structures under study. Here also a
methodology is presented to calculate the required parameters for the controller
implementation.

3.4.1 Combined Control Law

The procedure for the calculation of the control law is formulated in a general manner. In later
subsection is particularized for the respective robot. The model considered for the controller
calculation is given by

M(q)g+c(q.9)+Kq+Dq=f, (3.129)
where M (q),K,D e R"™, q,c(q.q), f € R". The following change of variables is performed

X |_|4
14

next the model is formulated as

X, 0 1] 0 0
M(x)x, |=|-K -D { 1}— c(x,x,) |+| £ 1, (3.131)
y I o |1 0 0

where f =u, this is done in order to match the notation from Lagrange-Euler formalism and
the notation of control design. To calculate the controller, it is assumed that the non-linear
system 1is linear for the control input. The controller is a multiple-input multiple-output
(MIMO) Lyapunov based controller with a sliding mode component for the rotational joint as
well as for the piezoelectric actuators. First, a linear sliding manifold in the error space is
considered

c=¢é¢+Se, (3.132)
where the error is defined as

e=x-x,. (3.133)
The surface defined is the error space in order to calculate a controller to perform trajectory

tracking. The matrix § contains the parameters A, that define the rate of convergence of the
induced first order system during sliding mode, it is defined

S =diag(4,). (3.134)
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In SMC the sliding variable ¢ must reach the value of zero or a very small value inside a
small radius hyper cylinder, to be on the sliding surface and afterwards ¢ is equal to zero
where the system behaves like a reduced order system independent on the uncertainties [94].
In order to take advantage of some properties of the robot model structure the vector of
Coriolis and centripetal effects is decomposed in

c(x,,x,)=C(x,x,)x,, (3.135)
then each component of the matrix C(x,,x,) can be calculated using [16]
1<, 0M. . 1< oM . oM . .
C.,==—>—"lx,, += oLy | 3.136
R) kZ_:‘ Ox, ) ;H ox;  Ox, j z’kJ ( )

In order to avoid the inversion of M (x,) the candidate Lyapunov function can be taken as
[96]
V=%O'TM(XI)O', (3.137)

and its time-derivative

V=6"M(x)6 +%0TM(x1)0' . (3.138)
The time-derivative of the sliding manifold is given as
c=Sé+e. (3.139)
The sliding manifold and its time-derivative in terms of the states and set point are
o=x-X,+S(x—x,), (3.140)
and
6= (xl —xld)+x‘1 -x,=S (xl —xld)+x2 -X,. (3.141)
Subsequently multiplying ¢ by M (x,)
Mé = MS x, — Mx,, + Mx, — M¥,, . (3.142)

The state and time dependency are not shown for the sake of simplicity in the notation. Now
Mx, is substituted from the dynamic model of the system

Mo =MS x, — Mx,,+u— Kx, — Dx, + CSx, - MX,, . (3.143)
Then (3.143) is substituted in (3.138)
V=0"(u-Kx,— Dx,—Cx, + MSx, — MSx,, —Mx2d)+%aTMo' : (3.144)
From (3.140) an expression for x, is obtained

X, =X =x,+8x,-8x +0, (3.145)
substituting x, in (3.144)
V =0"(u-Kx, - Dx, — Cx,, — CSx,, + CSx, + MSx, — MSx,, — Mx,,)...
1 . (3.146)
—O'TCO'+EO'TM0'

Under the assumption of low transversal deformation and according to the robots model
properties [16], the matrix M —2C must be skew-symmetric
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o' (M(x,,x,)-2C(x,.x,))6 =0, (3.147)
then the last term of (3.146) can be eliminated
V=6"(u—Kx, — Dx, + CSx, — CSx,, — Cx,, + MSx, — MSx,, — Mx,;).  (3.148)
The control law is made up of two parts
u=u+ug, .
In order to ensure the existence of a sliding mode, u is chosen to make ¥ negative definite.
With this the states trajectories will converge to the sliding surface. The first part of u

influences the system as if the model were perfectly known. It is similar to the equivalent
control part of SMC theory [92]. This part of the control law is defined by

i = Kx, + Dx, + CA'S(xld —x, )+ Cx,, + MS (X3 —x,)+ Mx,, . (3.149)
The symbol e above the elements indicates that they are estimated values for these

parameters i.e. they come from the model. On the other hand, the corrective nonlinear part of
the control law is chosen to be a switching function

uy, =Psgn(e)  P=diag(p,). (3.150)
Then the time-derivative of the candidate Lyapunov function is given by

VZO'T(M(S(XM—x2)+x2d)+é(s(x1d_x1)+x2d)+Kx1+Dx2)_ipi
i=1

where & =e—e, which represents the difference between the real model parameter and the

approximated model parameter. The system is stable as long as the nonlinear part of control
law fulfils

o) Z‘[Z‘NI(S(x2d —X,)+ Xy )+ C (8 (x4 — %))+ x4 ) + Kx, +Dx2} ‘ 7. (3.152)
The minimum value of p, is calculated
P = max‘[M(S(de —x2)+5c2d)+C~'(S(xld —x1)+x2d)+1~(x1 +ﬁx2” . (3.153)

After the continuous part of the control law has been implemented in the hardware, these
values can be estimated by

M(xlexp)(S(x2d -, )+5c2d)+ C(xlm,xzm)(S(xld -X, )+x2d)

FKx, 4D, ~M(x, )(S (0 - %, )+, . (3.154)

P, = max

+é(x1_ . Xy )(S(xld—xl_ )+x2d)+Kx1_ +ﬁx2v

where x, and x, come from experimentation without the sw1tch1ng part, x, and x,
come from the simulated model under the same test conditions. With this procedure values for

p, can be estimated. The system is stable as long as the discontinuous part of control law
fulfils

v<-Splol. (3.155)
i=1

The proposed procedure for the controller calculation is outlined in Fig. 3.9. This can be
applied for the controller calculation of the robotic structures of this work. An important
remark is that for the controller formulation a simplified model of the robots is used, the
simplified model has one flexible DOF per link. The model simplification for controller
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calculation is straightforward. Nevertheless for the calculation of the required parameters or
boundary values from simulation the 2 DOF per link is used.

As in the previous control approaches, the values of 4, define the behavior of the system in
sliding mode, indeed they are the poles of the reduced dynamics of the system and also have
direct influence in the active damping of the structure. This parameter is limited by actuator
saturation and more significantly by the frequency of the next not considered mode of
vibration.

Y

_>[ Model formulation
E Model verification

Model validation

Model simplification

Y

Model-based continuous
controller calculation

Y

Implementation in physical system

Y

Measurement of ¢,,, and ¢,

Y

[ Model simulation

.

N = T N
05]

[ Measurement of ¢, and qsim)
|
[ Calculation of P )
Implementation of the
complete controller

Figure 3.9: Proposed sequence for Lyapunov model-based controller calculation.

*m

3.4.2 Centralized Approach

The control strategy, proposed in the previous section, provides an alternative for the
reduction of unwanted vibrations of the studied flexible robotic structures. The
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implementation is similar but the most significant difference lies in the number of DOF. The
robots are considered as MIMO systems and the controllers as well. The most important point
here is that the interaction between the different inputs and the state variables is taken into
account.

3.4.2.1 One Flexible-link Robot (MIMO-SMC)

In this case, the robot is provided only with one rotational actuator, a pair of piezo electric
actuators, a pair of strain gages, incremental encoder and payload. The procedure for the
controller calculation has already been explained. The model used for the controller
calculation is

M(q)G+cq.9)+Kq+Dg=f, (3.156)
where M (q),K,DeR"™, q,c(q.q), feR" and n=n, +n, =1+1=2. The change of
variables is

xlzq{;’l},xz:q:[gl] (3.157)
2 2

The model 1s formulated as

%, o 1], 0 0
M(x)x,|=|-K -D [ l}r c(x,x,) |+| f|. (3.158)
y S 0 0

This model is given in section 2.2.1 and all the matrix and vector functions are given
developed there. The input signal is defined as

T, —T 1 0 T, T,
u=f=B.|" "i=| _ | , mo 3.159
f 8 |: vp :| |:0 c (¢1 (‘xa2)_¢l(xal)):||: vp j| ( )
The control structure for the implementation is shown in Fig. 3.10.
S i
94,9494 . >
————® Continuous | U u q
—» Controller | Plant =

.o

U
SMC SM

Figure 3.10: Centralized control structure.

3.4.2.2 Two Flexible-link Robot (MIMO-SMC)

This is the most complex controller due to the amount of DOF of the system to be controlled.
Here the interaction between inputs and states is considered. In this case the robot is provided
with two rotational actuators, two pairs of piezo electric actuators, two pair of strain gages,
two incremental encoders and a payload. The procedure for the controller calculation has been
already explained. The model used for the controller calculation is

M(q)g+cq.9)+Kq+Dg=f, (3.160)
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where M (q),K,D € R"™", q,c(q.9), f €R" and n=n, +n, +n,, =2+1+1=4. The change
of variables is

q 6}1
q, . 42
X =q= X, =q=| .7 |. 3.161
L =q g [ q 0. ( )
q, 4,
The model is formulated as
X, 0 I N 0 0
M(x)x, |=|-K -D { 1}+ c(x,x,) [+| f 1. (3.162)
y I 0 2 0 0

This model is given in section 2.2.1 and all the matrix and vector functions are given
developed there. The input signal is defined as

Tml - z-frl
B | (3.163)
u= f - i Vpl s .
vpz
where
1 0 O 0 z-m] _Tfrl
0 Y X il Ga6d)
u= = — ' ' . .
s 00 ¢ (¢11('xa2) _¢ll('xal)) 0 Y,
00 0 c, (¢1'1 (x,) =& (x,, )) Vo,

The control structure for the implementation is shown in Fig. 3.10.

Last but not least important is the fact shown by [113], overestimation of structure stiffness
may lead to unstable closed-loop response of the original manipulator system, using a model-
based control law. The boundary conditions used for the flexible-link modeling in multilink
flexible robotic structures are configuration dependent, in the case of two link robots depend
on g,. The boundary conditions used for the controller calculation were calculated assuming
g, = 0, in this configuration the resonance frequencies have their lowest values avoiding the
overestimation of them when the system assumes and configuration where ¢, # 0 .

3.4.3 Partially Decentralized Approach

In order to have less computational complexity the robot is modeled separately for each joint-
link group. With this approach the effect of the centrifugal and centripetal force induced by
the movement of the second joint is neglected by the controllers. The effectiveness of this
approach will be experimentally tested. Here one controller per group is calculated in the
same fashion as in section 3.4.2.1.

3.4.3.1 Two Flexible-link Robot 2MIMO-SMC)

In this case, the robot is provided with two rotational actuators, two pairs of piezo electric
actuators, two pairs of strain gages, two incremental encoders and a payload. The procedure
for the controller calculation has already been explained. This approach has the advantage that
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it can easily be extended to additional serial links. The model used for the controller
calculation is

Mi(q[)q[+ci(qiaq[)+Ki qi+Di q.i:f;' i=12, (3.165)
where M. (q).K,,D,eR"™,  gq,c(q,.q,), f,eR", mo=ny +ny =l+1=2 and

n, =ng_+n, =1+1=2. The change of variables is

ql . q1 .
X =g = X, =q, =] . i=12. 3.166
I; ql [qz i|i 2; q [qz i|i ( )
The model is formulated as
X, 0 1 N 0 0
M(x)x, | =|-K -D [ 1} +e(x,x,) | +| f i=12. (3.167)
y , I 0 2di 0 . 0 i

1

This model is given in section 2.2.1 and all the matrix and vector functions are given
developed there. The input signal is defined as

Tn—Tx| |1 0 Tn ~ g _
At o & PP | L

The control structure for the implementation is shown in Fig. 3.11.
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Figure 3.11: Decentralized control structure.
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4 Test Bed and Experimental Results

The proposed control strategies were tested and its effectiveness was verified experimentally
in a real system. A test bed was developed and constructed to conduct the required
experiments.

4.1 Test Bed

The first requirement to fulfill of a structure to study vibration is to stay without movement
and to be rigid compared with the elements under study. Normally this kind of test devices a
joined to the floor in order to be connected to an enormous inertia. In our case, the test bed
was supposed to be movable. Then a massive structure was proposed for this objective. The
structure was developed with the feature of versatility. With this, different kinds of flexible
structures can be studied.

The base structure is made of structural steel and is capable to provide a suitable platform for
the study of wvertical or horizontal flexible beams and flexible-link robots with a planar
horizontal workspace (see Fig.4.1). With some changes in the support of the robot, the
workspace plane can be set vertical, it was done so for future research.

# Flexible-link robot

Vertical
flexible beam

Horizontal
flexible beam

Figure 4.1: Test bed.

The rotational actuators according to the mechanical configuration makes the joint space to be
restricted to —90°< g, <90°. This range defines the robot’s cartesian workspaces, for the

one flexible-link the workspace is a semicircumference with an angle of 180°. On the other
hand for the two flexible-link robot subjected to the same joint space the Cartesian workspace
can be determined graphically. The first link is located in discrete angular positions inside its
range and then for each position the second joint is moved from its minimum value to its
maximum value as it is shown in Fig. 4.2. The definitive cartesian workspace considering the
dimensions of the links and joints (see Tab. 2.6) is shown in Fig. 4.3. The cartesian workspace
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of a robot is defined as the domain defined by all the points that the end effector of the robot
can reach with different configurations or as it is stated in [106] are those points in which the
inverse kinematics has solution and it is nonsingular.

I a® e
7 S=>SSOoSS N
«‘&QQ““

Figure 4.2: Definition of the reachable workspace.

Figure 4.3: Definitive workspace. (Distances are given in mm).

From the control point of view the test bed has different kind of equipment such as sensors,
actuators, amplifiers, rapid prototyping card. These elements are shown in Fig. 4.4. The
computer with prototyping card contains a dSPACE card 1104 for the implementation of the
controllers to be used, these controllers are programmed in Matlab-Simulink and directly
loaded in the card. The CP connector panel is used to distribute all the input and output
possibilities of the DS 1104. The motors unit contains two Maxon Motors LLC controllers
EPOS2 50/5, which can be used as positioning controller PID with feedforward gain or just as
amplifiers for the servomotors with a current control loop. Also in this unit are contained two
Maxon Motors LLC PI controllers ESCON 36/2 DC, these are used to control the speed of
motors used for the generation of harmonics disturbances , if required for the experiment.
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Figure 4.4: Experimental control setup.

The filter unit contains anti-aliasing filters for the signal conditioning from the sensors, they
are Butterworth filter of eighth order with cut off frequencies of 200 Hz. The piezoelectric
unit includes four piezoelectric amplifiers PI Instruments PI E413.D2. Four low pass filters
for signal conditioning from and to the piezoelectric actuators. Impulse Splitter for
Incremental Encoders Motrona GV204 are used to divide the signal from each incremental
encoder and send it to the motor controllers and to the DS1104. Emergency stop is used for
safety reasons in case the system turns into an instable behavior. The switch for piezoelectric
actuators 1s used to activate and deactivate the AVC control loop. Also Wheatstone bridges
are used for the acquisition of signal from strain gages, the amplifier units are Soemer LAU
63.1, the rest of the bridge was constructed by the electronic workshop of the institute.

The inputs of the system are provided by the actuators, here only two kinds of actuators are
used. As rotational actuators servomotors are provided with harmonic drives, for the first joint
Harmonic Drive PMA-8A-50-01-E1000ML and for the second joint Harmonic Drive PMA-
5A-80-01-E512ML. The patch piezoelectric actuators used for AVC are P 876.A12 DuraAct.
The input for the controller is acquired by the sensors. Strain gages HBM 1-LY13-6/350
forming a half bride to obtain temperature compensation are used to measure deformation.
Two high resolution incremental encoders GPI RS137S to get accurately the angular position
of the joints. One capacitive accelerometer ASC 4411LN at the tip of the flexible structure is
used just to verify the effectiveness of the control strategies.

The interaction between the elements of the experimental setup depends on the test to be
performed. The different proposed control strategies are implemented and tested in: cantilever
beam (Fig. 4.5 and 4.6), one flexible-link robot (Fig. 4.7 and 4.8) and two flexible-link robot
(Fig. 4.9 and 4.10) with physical parameters given in Tab. 2.1,2.4 and 2.6, respectively.
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Figure 4.5: Flexible beam setup.
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Figure 4.6: Schematic beam setup.

&

Figure 4.7: One flexible-link robot setup.
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Figure 4.8: Schematic one flexible-link robot setup.
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Figure 4.9: Two flexible-link robot setup.
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Figure 4.10: Schematic two flexible-link robot setup.
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4.2 Experimental Results

Several tests were performed on the flexible structures analyzed in this study. The results are
presented using the same order of the control design section. All the implementation was
realized in a dSPACE DS1104 control prototyping card. The controllers are implemented
using a sampling time of 0.001 s and a continuous solver Runge-Kutta O(4). The proposed
controllers include sign functions in their formulation, these are approximated with saturation
functions in order to avoid excessive presence of chattering due to the introduced
discontinuity. The controllers have been designed to asymptotically force the sliding variable
to zero. Therefore, the damping of the structures has been increased. All the robotic structures
under study were subjected to acceleration limited joint trajectories, whose parameters are
given for each experience. The acceleration and deceleration phases in the two flexible-link
robot occur at different times for the two links case in order to have a more demanding
situation for the system to be controlled.

4.2.1 Cantilever Beam

Here the controller for the flexible beam (see Fig. 4.5) proposed in section 3.2 is implemented. The
controller was designed to increase the structural damping of the beam. For this experience only a
pair of sensors located near the clamped end of the beam used. The physical parameters of the beam
are given in Tab. 2.1. In Fig. 4.11 and 4.12 are shown the results when the beam is subjected to a
transient disturbance. The controller was calculated with A = 20.
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Figure 4.11: Response to a transient disturbance of a flexible beam. Left: deformation, right: sliding flexible
variable. Black: Gray: without AVC. Black: with AVC.
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Figure 4.12: Acceleration response to a transient disturbance of a flexible beam.
Gray: without AVC. Black: with AVC.
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4.2.2 Dual Loop Approach

This approach is proposed in section 3.3 for both flexible-link robotic structures. The joint are
controlled by PID controllers and the vibration of the links is damped out with second order
SMC. Therefore, the damping of links has been increased; this can be seen in the transient
behavior after reaching the desired position. The AVC controllers were calculated

independently for each link.

The one flexible-link robot is subjected to trapezoidal joint trajectory with ¢,, = 4.1rad/ s*
and ¢, = 0.8rad/s. In Figs. 4.13 and 4.14 are shown the experimental results for the one
flexible-link robot for a value of 4 =20m/s, b=0.75m/s’ ¢ =1.25m/s.

2

[am—

oy
E
e g
& 0.5 5 0
< 5
o
1
< -1
0
-2
0 5 10 15 0 5 10 15
Time [s] Time [s]
Figure 4.13: Left: joint position, right: acceleration at the tip of the robot.
Gray: without AVC. Black: with AVC.
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Figure 4.14: Left: deformation, right: sliding variable.
Gray: without AVC. Black: with AVC.

The two flexible-link robot is tested with this approach. Subjected to trajectories for the first
joint with g, =1rad/s’and ¢,,, =0.5rad/s, for the second joint with G,,, =1.5rad/s’

‘ma:

two flexible-link robot for values of 4, =5, 1, =15, =40, b,=140, ¢, =9 and ¢, =17.
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Figure 4.15: Joint position. Left: first joint, right: second joint.
Gray: without AVC. Black: with AVC.
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Figure 4.16:First link variables Left: sliding variable, right: deformation.
Gray: without AVC. Black: with AVC.
0.01 40
0.005 .20
.8
T, £
2, 0 @ 0
S el
N
-0.005 -20
-0.01 -40
0 5 10 15 20 0 5 10 15 20
Time [s]

Time [s]
Figure 4.17: Second link variables Left: sliding variable, right: deformation.
Gray: without AVC. Black: with AVC.
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Figure 4.18: Acceleration measured at the tip of the robot.
Gray: without AVC. Black: with AVC.

A good tracking is achieved for both joints and it is improved with the AVC loops. The
deformation and sliding variables of the links are shown; from these measurements can be
seen that the model used and the control strategy allows not only the improvement of links
damping, also to reduce the vibrations during the moving phases as well. The time evolution
of the sliding variables is shown, accomplishing the pursued objective, the AVC makes the
system to reach faster the sliding surface. Tip acceleration shows the decrease in settling time
with the inclusion of the AVC loops

4.2.3 Centralized Approach

This approach is proposed in section 3.4 for both flexible-link robotic structures. Here only
one controller was calculated for each robot. The MIMO controller includes the MIMO model
in its structure, then it considers the relationship between the rigid and flexible variables.

The one flexible-link robot is subjected to trapezoidal joint trajectory with ¢, = 4.1rad/ s?
and ¢,, = 0.8rad/s. In Figs. 4.19, 4.20 and 4.21 are show the experimental results for the
one flexible-link robot for a value of A, =30, 4, =25, p, =0.125, p, =0.75.
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Figure 4.19: Left: joint position, right: joint sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.20: Left: deformation, right: flexible sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.21: Acceleration measured at the tip of the robot.
Gray: without AVC. Black: with AVC.

The joint follows the prescribed trajectory with a small overshoot. Regarding acceleration and
deformation, both have a similar behavior, where the damping of the flexible link has been
significantly increased, also in the moving stages the vibration is also reduced. It can be seen
that then piezoelectric actuators do not have influence on the convergence of the joint sliding
variable, this is due to the clamped boundary condition assumed during the modeling process.
On the other hand, with the influence of the piezoelectric actuators the sliding mode variable
related to the flexible link decays to zero faster.

The two flexible-link robot is also tested with this approach. Subjected to trajectories for the
first joint with ¢, = lrad/ s’and ¢, =0.5rad/s, for the second joint with
G, =1.5rad/s” and ¢, =0.75rad/s. In Figs. 4.22, 4.23, 4.24, 4.25 and 4.26 are shown
the experimental results for the two flexible-link robot for a value of A=5,4=T7,4=5,
A, =10, p,=0.006, p, =0.003 p,=0.115 and p, =0.15.
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Figure 4.22: First joint. Left: joint position, right: joint sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.23: Second joint. Left: joint position, right: joint sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.24: First link. Left: deformation, right: flexible sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.25: Second link. Left: deformation, right: flexible sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.26: Acceleration measured at the tip of the robot.
Gray: without AVC. Black: with AVC.

Here also a good tracking is achieved with a small overshoot which is attenuated with the
piezoelectric actuators. The sliding variables related to the joints confirm the influence of the
piezoelectric actuators on the improvement of the damping and its influence on joint tracking,
this more evident for the first joint as long as the PZTs reduce the structural vibration and it
has a direct influence on joint positioning. The deformations of links confirm that control
strategy allows not only the improvement of links damping, but also to reduce the vibrations
during the moving phases. Furthermore, the links are passive elements and with the
piezoelectric AVC complement the sliding surface is reached faster resulting in a shorter
settling time. The acceleration measurement at the tip of the robot also confirms the
improvement of the damping.

4.2.4 Decentralized Approach

This approach is proposed in section 3.4.3 for the two flexible-link robot. For this experience
two MIMO controllers were calculated for each joint flexible link group. This controller does
not contain all the dynamics information of the robot because it does not contain coupling
terms between the links. But it represents a less complex control structure to increase the
damping of the robot compared with the centralized approach.

The two flexible-link robot is tested with this approach. Subjected to trajectories for the first
joint with ¢, = lrad/ s’and ¢, i =05 rad/s, and for the second joint with
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G =1.5rad/s2 and ¢, =0.75rad/s. In Figs. 4.27, 4.28, 4.29, 4.30 and 4.31 are shown
the experimental results for the two flexible-link robot for a value of 4,=5, 4,=5,
0, =0.012, p, =02, 4, =7, A, =10, p,, =0.006 and p,, =0.15.
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Figure 4.27: First joint. Left: joint position, right: joint sliding variable.
Gray: without AVC. Black: with AVC.
100 0.1
_ 50 0.05
.E ~
z 2
2 0 = 0
= %
e
-50 -0.05
-100 -0.1
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
Figure 4.28: First link. Left: deformation, right: flexible sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.29: Second joint. Left: joint position, right: joint sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.30: Second link. Left: deformation, right: flexible sliding variable.
Gray: without AVC. Black: with AVC.
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Figure 4.31: Acceleration measured at the tip of the robot.
Gray: without AVC. Black: with AVC.

Here at joint level a good trajectory tracking is achieved for both joints. Again as in the one
flexible-link robot the piezoelectric actuators do not have influence on the position of the
joints. The deformation of the links is shown, where the vibration of the first link has a
considerable influence in the whole structure. The sliding variable fluctuates considerably
during the moving phase because the connection between the two links is not considered, but
the objective is to decrease the settling time which is accomplished even with this
approximation. Nevertheless, the piezoelectric actuators have less influence in the moving
phase.

4.3 Discussion of Results

The development of models of flexible-link structures is a demanding and time-consuming
task and its complexity increases significantly when the number flexible or rigid DOF is
bigger. Hence considerable amount of research can be found for the one flexible-link case,
whereas for the two flexible-link case with experimental results the amount is considerably
reduced and for the multi flexible-link case only some simulation results can be found. In the
model formulation presented in this work two flexible DOF are considered for each link.
Indeed for the model-based controllers reduced versions of the complete models are used. It
introduces deviations or uncertainties between the model and the real system. The
uncertainties are unavoidable, they were treated with robust control strategies, namely SMC
(described in chapter 3).
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The experimental results show that it is possible to reduce the unwanted vibration in flexible-
link structures by means of piezoelectric actuators using AVC techniques with SMC. All the
proposed control approaches fulfill their objective of reducing the settling time. Consequently,
the formulated models contain the required information about the dynamic of the system. The
model used for calculation of the decentralized controller, although it neglects the interaction
between the links, is also capable to reduce the unwanted vibrations. Similarly the dual loop
controller can reduce the vibration by increasing independently the damping of the links. The
flexible-link robots object of this work are subjected to the same conditions under the same
joint conditions to compare with each other. In Tab. 4.1. The faster rejection of vibration is
obtained in the cantilever beam. The best performance in the flexible-link robots is obtained
with the centralized controller; it was expected to be so, as long as the model used for the
controller is MIMO. Similarly the dual loop and decentralized controller reduce the vibration
but in longer times, nevertheless the controller complexity is much lower.

Table 4.1 Settling time comparison for the proposed control approaches (values in s)

Dual loop Centralized Decentralized
Structure Without AVC | WithAVC | Without AVC | WithAVC | Without AVC | WithAVC
Cantilever beam - - 11.67 1.61 - -
One flexible-link robot 18.18 3.73 7.91 1.68 - -
Two flexible-link robot 13.17 5.58 10.9 3.08 11.76 3.52

Considering the selection between the proposed controllers, for the flexible-link robots for
low joint speeds the dual loop is a possible choice due to its lower computational complexity
at the expense of performance. On the other hand, if good performance is required the
centralized approach must be the choice taking into account the higher calculation capability
required for the implementation. This is summarized in Fig. 4.32. Furthermore, if the robot is
going to operate at higher speeds than the used in the experiments the centralized approach is
recommended, considering the fact that the effect of nonlinearities of the model increases
with the operational joint speed.

Ease of

Implementation Dual Loop
Approach

Decentralized
Approach

Centralized
Approach Performance

Figure 4.32: Comparison in performance and ease of implementation of the proposed control approaches.

Other aspect to be taken into account is the adjustment of the rate of convergence A, because
this value is primary limited to be a fraction of the first nonmodeled natural frequency. During
the control design for the two flexible-link robot, it was assumed that the first nonmodeled
dynamics was due to the second mode of flexion. However during the implementation, the
controller suffers from unexpected excessive chattering. Then after plotting the spectrograms
of the signals acquired from the real system a new component appeared in the scene: a
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torsional mode for the first link due to the inertia of the second joint (see Figs. 2.56 and 2.57).
Hence this value of frequency defined a lower boundary value for 4.
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S Summary and Conclusions

This work bears with the modeling and control of flexible-link structures using model-based
controllers with SMC complement. The models and the systems were used to extract the
information required for controllers formulation. Then boundary values of matched
uncertainties or the model itself is included in the controller if necessary by the control
approach. To the best authors knowledge, it is novel and has not been yet reported in the
literature.

Novel kinematic considerations were taken into account in the model formulation,
incorporation of clamped offset to consider rigid support of the flexible links, normally the
flexible link is assumed to start at the joint rotational axis. Additionally, the distal joint is
divided into relative fixed and movil parts, thus different angular positions and velocities as
well as inertias can be considered due to the induced gearbox inertia. The models were
formulated following the Lagrangian formalism with a recursive kinematic formulation, the
discretization of the distributed flexibility was done using AMM. Under the assumption of
clamped-free boundary conditions the natural frequencies and modes of deformation were
calculated. Then the equations of motion were assembled in a novelty manner, where the
terms associated to the distributed mass and flexibility are separated from those related to the
rigid and concentrated mass. This provides an environment to monitor the contribution of
different model components in the dynamic behavior of the flexible-link robots. Furthermore,
the models were evaluated under a novel proposed verification process which took into
account the formal properties of robot models. Indeed, the robots model were calculated
through two independent ways and subsequently compared in simulations, the evaluation
process showed correspondence between the models. Conversely, the models of robots found
in the literature are only subjected to debugging processes, but in this work the debugging
process is accompanied with additional tests to triangulate and contrast the simulation results.
The validation process was performed exciting the structures and their models with a chirp
signal through the piezoelectric actuators and bang-bang torque signal through the rotational
actuators. The responses were compared and there were some discrepancies for frequencies
above 30 Hz. It was due to non modeled nonlinearities that introduce overtones from the chirp
signal and prematurely excited higher modes of the structure, specially a torsional mode in the
first link. This discrepancy beetwen the model and real system was considered during the
control design including a robust complement.

The controllers were calculated from the models. The boundaries of the rates of convergence
defined in the sliding surfaces depend on the natural frequencies of the system/model which
have a direct influence on the induced damping. So in the dual loop approach the model
provides also the boundaries of the uncertainties and nonliniearities then the rate of
convergence is defined for implementation. In contrast, the Lyapunov model-based
controllers are calculated with predefined rates of convergence then with the model and the
physical system the discrepancies are estimated with a novel proposed methodology. The
discrepancies due to model errors or uncertainties are atenuated with sliding mode
complement. As long as the models of the flexible-link robots are nonlinear, the resulting
controllers are also nonlinear. Hence the controllers are capable to increase the damping of the
flexible links and for the robots provide good trajectory tracking, thus considerable reduction
of settling time. The experimental results demonstrate that the consideration of one flexible
DOF for each link provides a model with enough information of the dynamics of the system
to reject unwanted vibrations during the moving and settling phases. Also the experimental
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results showed that approximating to a linear behavior of the piezoelectric actuators the
control objectives can be achieved.

The future work will be focused in the model by the inclusion of: additional flexible DOF,
joint flexibility, torsional DOF in the first link and incorporation of an additional rigid first
link. There are proposals to improve the performance of the controllers such as development
of robust-adaptive or intelligent control strategies to overcome the changes in payload and
incorporation of input shaping prefilters to the existing controllers.
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Appendix A Influence of Piezoelectric
Actuators

A.1 Model of Piezoelectric Actuators

The piezoelectric actuators are bonded at each side of the flexible beam in order to get a
bigger moment. Their location along the flexible beam is shown in Fig. A.1.

N m—

Piezoelectric actuators

X ..
pt .
1 Xplz

Figure A.1: Transversal section of the beam in the actuator location.

The pairs of piezoelectric actuators are located along the flexible beam according to the
principle of maximal modal deformation [114], which is also confirmed by the second
derivative of the mode shapes for the links. A linear distribution of the normal stress is
assumed. The energy added to the flexible beam by a pair of symmetric located patch
piezoelectric actuators is given by

Fwx) A1)

W=M,(x,t)

The bending moment applied along the piezoelectric actuators on the beam is stated as
M, (x,0) =20, (1)(0(c—x,) = 0(x =) (A2)
where ¢ is a constant which depends on physical properties of the actuator, v, (¢) is the

voltage applied and (x) is the unit step function. ¢ is given by [115]
1

¢ = _EdﬂEpibpi (tb +t, ) . (A.3)
Using the AMM discretization approach and substituting (A.2) in (A.1)
W =M, (x,0)) #(x) 4,(t).- (A.4)
i=1
The evaluation is done in the domain of influence of the piezoelectric actuators
W= j v, (0. 1) g,(t)dx, (A.5)
i=1

pij
Fpia

(A.6)

W= (— OF 4 g (z)j

*piy

In order to adequate the equation form to the model of the robot the following reformulation
is performed

W =M q(t) (A7)

where
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M;: = E|:¢1'(xpi2 ) - ¢l,('xpil ) ¢2, (xpi2 ) - ¢2, (xpi1 ) T ¢); (xpi2 ) - ¢rlt (xpi1 ):I Vpi (t) (A'S)

M ; contains the influence of the applied bending moment related to each flexible DOF. For
the case of the flexible beam it is associated to the input matrix in the following way

Mpi = Bpivpi (t) . (A.9)

In the model of the flexible beam two flexible DOF are considered, then the input matrix in
given by

! ’ —_ ’ ’ T
B =2 (d(x,)~¢(x,)) E(A0x,)~(x,)) ] - (A.10)
The piezoelectric patch actuators are symmetrically placed to the flexural neutral axis of the
links in order to obtain a maximal applied moment, where the control signal to each patch is

inverted with respect to the other i.e. when an actuator is subjected to compression its
counterpart is subjected to extension (see Fig. A.2).

Figure A.2: Moment applied by the piezoelectric actuators.

A.2 Influence of Piezoelectric Actuators in Energy
Balance

The inclusion of piezoelectric actuators during the energy formulation introduces some
changes in the formulation. But here it will be shown that these effects can be neglected. The
physical parameters of the beam are given in Tab. 2.1 and the transversal section of the
actuator and beam are shown in Fig. A.3.

t

Ly

Figure A.3: Transversal section of the beam in the actuator location.
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The lateral bending occurs with respect to the vertical symmetry axis. Perfect bonding is
assumed between actuator and flexible beam. The second moment of area of the actuators
with respect to the bending axis after applying Steiner’s theorem is given by

oty
I;=b, 3t +t 1+ p2 . (A.11)

The orthogonality condition is modified to include the piezoelectric actuators
! Fpiy
[P 4,00) 8,06 dxm, 4,0) ,(D)+ T, ') 6, (D[ ™ Py ) 4,06 dx = m5,, (A12)

with this modified orthogonality condition and the boundary conditions given in section 2.1.2.
Then the mode shapes are calculated, in Fig. A.4 the mode shapes with and without
piezoelectric actuators are shown.

1.5 1.5
1 1
B E
< 0.5 <" 05
0 0 \
0 0.1 0.2 0.3 0 0.1 0.2 0.3
x [m] x [m]

Figure A.4: Comparison of the mode shapes.

The presence of the piezoelectric actuators has very small influence on the mode shapes, the
biggest deviation occurs for the second mode in the peak of the curve but it still remain small
(see Fig. A.5).

X 165 X 163
8 10
_ _ 8
g 6 g
|_|—' |_4N 6
ASS >
g 4 & 4
5 5
a 2 a
0
0 -2
0 0.1 0.2 0.3 0 0.1 0.2 0.3
x [m] x [m]

Figure A.5: Deviation of the mode shapes.

The potential energy for the beam needs to include the strain energy stored product of the
actuators’ deformations, the potential energy can be expressed as

E j [8 w(x, t)j 2(EI) J‘Xp:z (%J dx . (A.13)

X

Applying the Lagranglan formalism for the potential energy and considering two flexible
DOF
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ou Loy iz g
= (EI jo ¢ (x)dx +(EI) | j 1 z(x)dx)ql(t) +
9, o , (A.14)
! xP‘Z 1/ "
(Efjoqﬁl"(xw;'(x)dm(El)pi [’ 1<x)¢2(x)dx]qz<r>
aU Loy " Yoz "
a_ = (EIJ.O A ()5 (x)dx + (E])p,» L ‘ /(X)¢, (x)dxj% (1) +
% " (A.15)
! Toiy oy
(E1] g o (£1), [ 2 Jan ()
From these expressions the stiffness of the beam can be formulated
ky, = EI[ g )dx+(EI) [ ™ g7 (x)dx (A.16)
! Tz "
ko = EI| g0)gl(x)dx+(EI) [ ™ 4 (x)dx ~ 0 (A.17)
! Yoz "
kyy = EI[ g0)gl(x)dx+(EI) [ ™ 4@ (x)dx ~ 0 (A.18)
! Yoiz gy
kyo = EI| ¢ (¥)dx+(EI) [ ™ 41 (x)dx (A.19)
The values of stiffness matrix without piezoelectric actuators
135 0
= A2
K { 0 13229} (A.20)
and with piezoelectric actuators
139 0
= . A21
K { 0 13031} (A.21)

Considering the small changes introduced in the structure the passive effect of the
piezoelectric actuator can be neglected without introducing a significant error. The effect of
the mass of the piezoelectric actuators is also neglected because the actuators have a very low
weight (0.002 g) compared with the flexible links. Besides their low mass, they are located
near the rotation axes of the robot. The pair of the one flexible-link robot or the first link of
the two flexible-link robot is located near the first joint then it has low velocity and for the
second link the piezoelectric actuators have a bigger velocity but are located near the second
joint which has around 100 times the mass of the pair of actuators.
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Appendix B Kinematic Relations

Direct kinematic modeling of robots with a work space restricted to a plane can be formulated
in terms of displacements (vectors) and rotations (matrices).

\'&‘X\
M

Figure B.1: General frame assignment.

According to Fig. B.2, the absolute position p, of one point along the flexible link 7 is given

by a sum of vectors

p=r+W'p, (B.1)
where
‘=1 +'P, (B.2)
" =[OiC~)i OT : (B.3)
b=[% wE.n] . (B.4)

The vector 'r,, is introduced to take into account the rigid displacement added by the clamps.

The absolute velocity p. of one point along the flexible link i is given by
pi:i;‘-i_”/iipi-i_mipi’ (B.5)
where

p="p=[0 wE.0)] . (B.6)
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Here W, and W, represent the cumulative transformation and its time-derivative from inertial
frame to frame i, it will be later explained.

Figure B.2: Definition of absolute position p, of one point along the link 7.

In the same manner according to Fig. B.3, the absolute position of end point r,, and its time
derivative 7,

i+l

of the flexible link i are given by

ra=r+W'r,, (B.7)
o =1, +I/Vi Tt W T (B.8)
where
Ty =+, (B.9)
Fa=[L ow] (B.10)
= Fa=[000,] (B.11)
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Figure B.3: Definition of absolute position #,,, of one point along the link i.

For the absolute angular position and absolute angular velocity of the distal end of each link a
distinction has to be done. According to Fig. B.4, the absolute angular position ¢, and angular

A

velocity 02. of frame (X .,f’i ) are given by

1

i—

1
q,+> W, 1<i<ng, (B.12)
1

k=

i—

a;

Jj=
1

— b

i—1
=D g AW, 1<i<ng . (B.13)

k=1

a

—_

j=

The absolute angular position «, and angular velocity ¢, of frame (XM,XH) are given by

i i—1

a =) q,+y W, i<m+1, (B.14)
Jj=1 k=1
i i—1

G, =G+ W, i<m+1. (B.15)
j=1 k=1
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Figure B.4: Definition of absolute rotation ¢, of frames at the tip of link i.

The cumulative transformation W, from inertial frame (5(0 ,SA(O) can be defined recursively
W,=W_E_A = pi/:’—lAi >
The change of orientation due to the rotational joint is included in

i

o

cos(q,) —sin(g,)
sin(g,) cos(q,)

I

(B.16)

(B.17)

WH =W_E._, accounts for the transformation induced by the previous links. Where E,

represent the influence of the elastic deformation of the previous link in the orientation and it

is defined as

ow (%)
o%,

X;=l;

_ow(X,,0)
Ox,

1

The time derivatives 4, E, and W, are given by

Ai = SAi q.i

s<1 0]
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E =8W, (B.21)
W,=W_A+W_A, (B.22)

W, =W,E,+WE, (B.23)
These transformation matrices are orthonormal, from this condition some properties can be
used for the deduction of the robot model

A'A =1, (B.24)
E'E =1, (B.25)

S's =1, (B.26)

A'A, =Sq,, (B.27)
E'E =(I, +8)W,. (B.28)

B.1 Kinematic Relation for One Flexible-link Robot

Here the particularization for the one flexible-link robot is done.

The location of any point along the link and its time derivative

p=n+W'p=4"p, (B.29)
lplzlrc+lﬁ1 , (B31)
_ T
'y :[0101 OJ ’ (B.32)
1I~71 = [521 Wl()zl’t)]—r > (B.33)
| _ — B T
D =[x1 +0,0, Wl(xl’t):' g (B39
cos(q,) _Sin(ql):l
4|« , B.35
] |:S1n(q1) cos(g,) ( )
» :[cgs(ql) —sm(ql)} 00, +5 | (B.36)
sin(q,) cos(q,) w,(%,,7)
pl:’;l+Allpl+Allpl’ (B37)
i :[O O]T ’ (B.38)
Al =844, (B.39)
=[0G, (B.40)
pl:SAllplq-l+Allpl, (B41)

. COS(ql) —Sin(%) @-ﬁ-fél . COS(ql) —sin(ql) 0
p=S {sin(ql) cos(q,) }{ w, (1) }qﬁ[sm(%) cos(q,) }L-W“ t)] (B.42)

In analog way for r, and #,

r=r+W'r, (B.43)
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'y, = {olol * ll}, (B.44)

Wel
. {cgswl) —sin(ql)} 00, +1] ©.45)
sin(¢,) cos(q,) w,
iy=A'r,+ A", (B.46)
‘=0 W], (B.47)
i, =84'rg +A'F,, (B.48)
i S{cps(ql) —sin(qo} 0,0, +} +{cps(ql) —sin(ql)}{ 0 } (BA9)
sin(q,) cos(q,) W, sin(g,) cos(q,) || W
The required angles and angular velocities
a =q, (B.50)
a, =4q (B.51)
a, =q,+w, , (B.52)
a,=q,+w,. (B.53)

B.2 Kinematic Relation for Two Flexible-link Robot

The kinematic relations are the same from (B.29) to (B.51). For the sake of simplification in
equations in this robot model the definition of the involved vectors are given, but it are not
substituted in the final expression.

The angles and angular velocities of the tip of the first link

a,=q,+w., , (B.54)
@, =g+, (B.55)
ay=q+q,+wy (B.56)
a,=q¢,+q,+Ww,. (B.57)
The location of any point along the second link and its time derivative
p,=h+W, sz :I/Vllrz"'Wz 21’2’ (B.58)
W, =A, (B.59)
W,=AE A =WA,, (B.60)
cos(q,) —Sin(%)}
A = . , B.61
’ [Sln(%) cos(q,) (86D
| _ow(%,,1)
S 1 —w,
E = = , (B.62)
ow,(%,,1) | We 1
x|
py =1+ P, (B.63)
— T
Y = [0202 0} , (B.64)
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P, =[5 wmE.0]
p,=[%+0,0, w,.0)] -
p,=A (lr2 +E A, sz) =A'r,+AEA"p,,
p=i W, p, W, p,,
W, =W,A, + WA, = (WE +WE,) A, +WEA,,
W, =SAE Aq,+AE A + AESAyq,,
, SA4,'r,g,+A'i, + SAE A, p,g, +...
b, =
In analog way for r, and 7,

_ 2. 1 2
r=r+W,r,=W, r,+W,"r,

2 = {0262 +1, } ’
We2

r, = A, (lr2 +E A, 2r3) =A'r+AEA"r,

=i+ W, + W, F,,
SA 'r,g, + AP+ SAE A, rg, + -

i = , .
P+ AE A ’r,+AESA rg, + AE A,

Finally the absolute angular position and absolute angular velocity of the last frame are

— ! ’
Ay =q,tq, + W, +W,,
S,
Ay =4, T4, T W + Wy
respectively.
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Appendix C Relation between Energy
Terms and Kinematic Terms

C.1 Relation between Energy Terms and Kinematic
Relations for One Flexible-link Robot

The components coming from the Lagrangian are used to formulate the equation of motion

| don, dor 47T,
dt 04, dtdog, dt o,
dar doT, o oT, ou [f]

— C.1
dt 6q, dtoq, 0dq, Oq, Oq, /: (D

aon aon, on o, ou| "

| dt Oqy dt Oq; Oqy Oqy Oq; |
whose components are related with the physical parameters and kinematic relations in the
following form:

dor, . ..
= — g, C.2
dt 34, n4 (C2)
doT, . . N S
Ea_ = %pzj 11’1 (xl)T lpl (x)dx, +G,p, _[0 X0 (X, )dx, +
: (C.3)
e l~ ~ ~
q3pl_[0xl¢2(xl)dxl +IL1qlt_ B
TLigl _B =g, p,(G)" by (%), (C4)
oT
i_‘f’ = I:m r r2+J:| [(Z+OO )m ¢61+JP¢;1}['2+
dt 0q, ’ (C.5)
[(1+@1) B +J¢2}q3+Tqut B
TPqlt _B=2m 'r,'F, g, , (C.6)
dor . N DU
s "GP RAGIE o[BG dE hop [ FAEIGEIE . (C)
%, _ 1+0,0, |m,g, +J 8, |G +(m s+, )iy +(m b, + T 8,85 ) ds» (C.8)
dt aqz m el p7el ql mp el p”el q2 mp el”e2 prelre2 Q3’ .
oT . D P
5_611 =TLlq2 _B= qf‘]zpz Io ) (xl)zdx1 + q12%p1 J.o ¢ (%)@, (x,)dx, , (C.9)
2
a—q"=TPq2_B=mp(¢;q2+¢e]¢ezq3)q'f, (C.10)
2
aU ! e~ N2 =
P G EI [ §(%) d5, +q,EI j FE)P(F ), , (C.11)
2
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d oT, .. I e e L, . e I - -
——1= thIJ. x1¢2 (x, )dx1 +4,0, .[0 x1¢1 (x1)¢2 (xl )dx1 + 450 Io x1¢2 (X, )2 dxl > (C.12)

dt a4, 0
d a];, N ;.. TR 2 2\ .-
E aq = |:(l + O]OI )mp €2 + Jp¢e2:|ql +(mp¢el¢e2 + Jp¢el¢e2>q2 + (mp €2 + Jp¢62 )q3 > (C13)
3
oT, . Lo o ge L\ g~
—= TLlg3_B= %26]2,01 ¢, (X)), (x,)dx, + q12Q3p1 ¢ (x1)2dx1 > (C.14)
aq3 0 0
67}) 2 -2
g = P3_B=m, (484> + 8545 )4 (C.15)
3
and
aU I”~ "o~ ~ lﬂ~2~
—— = GEI §(X)(X)dx, + q;ET| ¢,(X,)"dXx, . (C.16)
g, 0 ‘

Where all the terms ending in “ B” are separated and conform the vector of Coriolis and
centripetal effects i.e.

TLlqlt B+TPqlt B
c(q.4)=| TLlg2 B+TPq2 B |. (C.17)
TLlg3 B+TP¢3 B

C.2 Relation between Energy Terms and Kinematic
Relations for Two Flexible-link Robot

The components coming from the Lagrangian are used to formulate the equation of motion

d T, dol, d0L, d0l, dol
— +— +— +——t—
dt 6g, dt 6q, ~dt &g, dt 6, ~dt &g,
d 0%, doT, dor, of o,
dt 6q, dtdg, dtdoq, 0Oq, oq, £
iaz},z+iagl+ia;2+ia@_anz_aﬂ]_ale_aTuaUh 1,
dt 0qy dt 0qy dt 0y dtdogy, Oq; Oqy Oqy Oqy  Oqy |_| fs
d o, dol, 4ol qoT, oI, oI oI, oI, aU, fi | (C.18)
- 2 +_ l+_ 2 +_ _ 2 1 2 + 1
dt oG, dtog, dtog, dtog, oq, oq, oq, oq, oq, | |5
d o, 4 oT, oT, oI, aU, /]
ot b
dt 0q; dt 0gs 0qs 0Oqs  0gs
d o, 49T, oT, oL, oy,
- . - . - - + :
dt 04, dt o4, 0qy 0Oqs  Oqq

whose components are related with the physical parameters and kinematic relations in the
following form:

d T,
dt oq,

=J, 4 (C.19)
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daT

= Th2qlt Alg, +Th2qlt A2qG,+Th2qlt A3qG,+

dt og, : (C.20)
Th2qlt A4g,+Th2qlt B

where
Th2qlt_Al=(J,, +m, 'r''r,), (C.21)
Th2qlt A2=1J, (C.22)
Th2qlt A3 =m, (11+@1)¢6“+J 4 (C.23)
Thqlt_A4=m, (11+Ol_(~)1)¢612+J 4., (C.24)
Th2qlt_B=2m, 'r, 'rq,, (C.25)

d ot

i —Y —TL1glt AlG, +TLlg\t A3ij,+TLlqlt A4, +TLiglt B, (C.26)

1

where
TLiglt_Al=p, j pl pdz, (C.27)
TLiglt_A3=p, j 56, (%)d5, , (C.28)
TLlglt_A4=p, j 34, (% )d5, , (C.29)
TLlglt_B=2p, j pl pdR g, (C.30)

4T _1py 1t A1G, +TL2qlt A2G, +TL2qlt A3

+ +
d ¢ 64, q 4y q q, q q; + , (C31)
TL2q\t A4G, +TL2glt A5G, +TL2qlt A6, +TL2gl¢ B

where
TL2qlt Al=p, j (' '+ 2y ATE! 'ry+ 7 p) * p, ) ¥, (C.32)

TL2q1t A2=p, j (P E'r,+’p; p,)ds, , (C.33)
TL2q1t_A3=p1j ((Cpia) '+ plE ")l +[0 4, ](SE A, p,+S's))d%,,  (C34)

TL2ql A4=p, [ ((PpiA] '+ pIEp,) s +[0 4.,](SEAp, +8'n))di, . (C35)

TL2qlt A5=p, j [0 6, G)|(AES'r, +8°p,)ds, , (C.36)
TL2qlt A6=p, j [0 ¢, (&) (A E'S'r, +8°p,)ds, , (C.37)
TL2qlt B=p, j (TL2g1t_B1+TL2qlt B2+TL2qlt B3)i%,, (C.38)
where

TL2q1t B1=2'v"}g, +2° py AL E '1,g, +2° py AL E'S" 'r,,4, +
22P2TA2 ElT 1"2‘]1 +2 I’zTAz ElT lfzél
TL2q1t B2=2"p A E'S'r,+2° pI A E" '1,g, +2° py AV E 1,4, + > ps AL S"E[ 1,42 , (C.40)

(C.39)
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TL2qlt B3 = 2°p) °p,g,+ " E'SE,*p, + > p ) E[SE,” p, +2° p) > p,d, ,
d oT

——=L = TPqlt A1§,+TPqlt A2, +TPqlt A3§,+---
dt 0q, B

TPq\t A4, + TPqlt ASj, + TPqlt A6j, +TPqlt B
where

TPqlt Al=m, (lrzT ', +2'n E A+ ) +J,,
TPqlt_A2=m, ( W AE '+ ) +J,,

TPqlt_A3=m [0 ¢, ](SE A, r,+8'r, ) +m, (*r) A 'y + 1 E, 78 ) ¢, + T, 8,

[§

TPqlt A4=m [0 4,,](SE A, 1, +S8"r,)+m, (*r) A 'r, + ' E°r, )4, + 8, .

TPqlt AS=m[0 4, |(A ES'r,+8°r)+J,4, .

TPqlt A6=m,[0 §,,](A E'S"r,+8°r,)+J 40,

TPqlt_B=m (TPqlt_Bl+TPqlt_B2+TPqlt_B3),

where

TPqlt B1=2'r" "4, +2'7) E, A, r,g, +2'r  E, A, r,g, +---
2'r)E,SA4,°r4,q, +2'r E, A, g,

TPqlt B2=2°r2irg, +2°F A E'S'r, +2°r A E 'r,g, + > E' SE, °r,,

TPqlt B3="r E'SE, i, +2° ¢ A E" 'r,g, + ' A, S"E] 'r,¢; +2°1 *i,q,

d o, . . . .
— =% +Jhmq2 +Jh2¢e11% +Jh2¢e12Q4 >
dt oq,

b

oT,
;ia}z = TL2q2t Al +TL2q2t A2§, +TL2g2t A3Gy +--
t oq,

TL2q2t A4G, +TL2q2t A5G, +TL2q2t _A6ij, +TL2g2t B

where
TL2q2_Al=p, [ (PPl AIE! 'r,+ pl*p,)ds,

12 ~
TL2q2 _A2=p, [ "*p] p, d,

b

TL2q2t _A3=p, Io ([O ¢e11]E1SA2 ‘p,+ P E, 2p2¢e,11)di2 )

b

TL2q2t _A4=p, .[0 ([0 ¢e12]E1SAz ‘p,+’pE, 2P2¢e,12)di2 )

b 2 ~
TL2q2 _A5=p, [ [0 4.,]S” p.%, ,

b

TL2q2t _A6= P, .[o [O ¢e22]S2P2di2 ’

b

TL2q2t B=p, jo (TL2q2t_B1+TL2q2t B2+TL2q2t B3)d5,,

where

TL2q2t Bl='i)E A’ p,g,+'r E A" p,g +'r ESA’ p,gq,+'r EA’ p,g,,
TL2q2t B2="i"ESA, p,~'F E A" p,q, +'i) ESA’p, +2° p) > pd,,
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(C.51)
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TL2q2t B3="pE'ES’p,+°pyE'ES*p, +2°p) ° pd,,

d oT, . . .

——L = TPq2t Alg,+TPq2t A2§,+TPq2t A3G, +---

dt 0q, - - - ,

TPq2t A4, +TPq2t A5i,+TPq2t A6{,+TPq2t B
where
TPq2t _ Al=m, (*r) A E 'r,+ 75 7n )+,
TPq2t _A2=m, v, +J,,
TPq2t_A3=m ([0 8,,]E,SA, r,+ 1 E, gl )+ J 4,
TPq2t _A4=m ([0 ¢,,)E.S4,°r,+ 1 E  rdl, )+ J 4,
TPq2t _A5=m,[0 ¢, |S°r+J ¢,
TPq2t _A6=m,[0 ¢,,|S°r,+J ¢,
TPq2t _B=m, (TPq2t Bl+TPq2t B2+TPq2t B3),
where
TPq2t Bl="i E A, rg, +'r E,A, rg, +'r, ESA, r,4,q, + 'r) E,A, ¥4,
TPq2t B2 =" E SA,’r,~ i E,A, 1, + ' E,SA,*F, +2°r *,q,,
TPq2t B3="i'E'E,S’r,+°r E'E,S*F, +2°r *irq, ,
oT,

L, b -
P jo (TL2¢2_C1+TL2q2_C2)d5,,

where

TL2q2 Cl=—"v/S"E A’ p,g} - ' E,A, > p,g,+'r E,A,° p,g, + i, ESA,’ p,
TL2q2 _C2= _lrzTSTE1A2 21’2%42 - 1’;2TE1Az 21’242 + 1”2TE1Az szql + 1’;2TE1SAz 2P2 ,
oT.

—L= m, (TPq2_C1 + TPq2_C2) ,

oq 2
where

TPq2 Cl=-'rS"E A, rq} — "¢ E A, rg, +'r E A rg + i ESA, r,,

TPq2 C2=-"v/S"E A, ’r4,q, - 'i E A, 1, +'r, E A i, + i) E.SA,°F,,
d o1,
dr 9,

= Th2q3t AL, +Th2q3t A2§, + Th2q3t A3, + Th2q3t_A4q,,
where

Th2g3t_Al=m, (1,+0,0, )+,

Th2q3t A2=1J, 8.,
Th2q3t A3=m, ¢, +J, &5,
Th2q3t_A4=m, ..., +J, 8,.0.0

d aT;] Lo .\ g e 4 ~ N2 g s 4 - .\ g e
Ea_% =P .[0 %0, (X)dx,g, + p, J.o ¢, (X)) dx,g; + p, J.o ¢, (X)), (%))dx 4, ,
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oT,,
j Frale = TL2q3t Alg, +TL2q3t A2g,+TL2q3t A3G,+
t q3 s

TL2q3t A4G,+TL2q3t A5G, +TL2q3t A6G,+TL2q3t B
where

TL2q3t_A1:p12_[012(( pA '+ 2P2TE12P2)¢e11 [0 ¢e11](SE1A22P2+S1r2))diza
b 2 2 Tp 2 ' <
TL2q3t_A2=p12IO ([0 ¢e11]E1SAz p,+ D, E P2¢e11)dx2’
TL2G3A3 = p |8+ P AIS[0 ] 0l ), +
pl.[ ([0 ¢ell]SA X AR S X 1)d)~cz
TL2q3t A4 = plzj.o (¢ell e12+2p2TA2TST[O ¢e11]T¢e'12)d7~Cz+
h , ~
J. ([0 ¢e12]SA 2P2¢e11+2P2T 2Pz¢e11 elZ)dxz
0 ¢21(x2 A ET[O ¢11] +[0 ¢21(x2)]E A) p2¢c“)dx2,

TL2g31_A6 = p, (0 o)A E [0 4] +[0 4. E)ES  podl, ),
(
(

3

TL2q3t_45=p, |

P, JOZ
p

L), (TL2q31_B4+TL2g31_BS)d%,

TL2q3t B = TL2q3t_Bl+TL2q3t_BZ+TL2q3t_B3)d)~cz+
where
TL2q3t Bl = *p, A, E'S"[0 ¢ell] L—"P, A E'[0 ¢, ] 9.9, +
. T . )
zpzTAzTElTST[O ¢e11] Q1+22P2TA2E1T[0 ¢ell]
TL2q3t_B2 = 2°pl AJS"E][0 ¢.,] ¢, +2° pr AISTE[0 4,,] ¢, +
PzATET [0 ¢ell] % + rzTA p2¢e11%
TL2g3t B3= : 2TSA2 P9.149, + 2TA2 p2¢e11q1_1 ' A 2p2¢e'11‘72 l'TSA 21"2¢elu=

2

TL2q3t B4 = zpzTET 2P2¢e,11‘?1 + zpzTET zl.’z¢ernq1 PzTE S? P2¢e11 2TETS P2¢e11 >

(C.88)

(C.89)

(C.90)

(C.91)

(C.92)

(C.93)

(C.94)

(C.95)

(C.96)

(C.97)

(C.98)
(C.99)

TL2q3t B5= zpzTET 2P2¢e11‘]z + 2P2TET 2P2¢e11‘]2 + szTETS2P2¢e11 2TE S? p2¢ell , (C.100)

oT,
4 = TPq3t _Alg,+TPq3t _A2g, +TPq3t _A3q,+
dt aq3 s

TPq3t _A4g, +TPq3t _A5{, +TPq3t _A6{, +TPq3t B
where
TPq3t_Al=m,[0 ¢, )(SE.A, r,+8'r,)+m, (°r A} 'r,+ "5 E,*ry) g, + T 4,
TPq3t_A2=m, ([0 4, |ESA, ry+ 1 E *rgl, )+ J 4,

TPg3t_A3 = my (g3, + r AIS"[0 4] 4, )+

J¢11+m ([0 ¢e11]SA22r3¢e11+2r3T2 ¢ell)
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TPq3t A4

= mp(¢e11 e12+2"3TATST[O ¢ell] ¢e12)+ -

Jp¢e:11 o+ m, ([O ¢612]SA2 ‘rgl +0r

! ’
rd., e12)

2

TPq3t_A5:mp([0 ¢ezl]A2TE1T [O ¢ell] [0 ¢e21]ETS r3¢e11)+J¢ 21 5

TPq3t_A6:mp([0 ¢e22]A2TE1T[O ¢e11]T+[0 ¢e22]E1TS2”3¢e§1 )+J¢ e22’
TPq3t B =

where

TPq3t Bl = *ifATE'S™[0 ¢,,] ¢,— 1 ATE'[0 4,,] 4.4, +

m, (TPq3t_B4 + TPq3t_B5)

TPq3t B2 =

TPq3t B3 = 1"2TSAz 2”3¢é1191‘?2 + 1"2TAz 2’-,3¢;qu -
TPq3t_BA =i E’rdl, g, + 1 E *ifl, g, + i E[ S, +
TPq3t BS= 2'.'3TE1T 2r3¢e’11‘]2 + r3TET 2r3¢e11% + rzTE S? re, + r3TE S? X

=my, rz [0 ¢e11] % >

6T
6(]3

T,
0q,
o7,

a%

m, (TPq3t_Bl +TPq3t B2+ TPq3t_B3) +

erTA;EITST [0 ¢e ] QI+2 r3TA E [0 ¢611]T
22r3TA;STE1T [0 ¢ell] QZ+2 r3TA S ET [0 ¢ell] CIZ

T . . ..
_ZFSTAzTElT [0 ¢e11] ‘I22+ rzTAz r3¢e11%

=P, J.l] 1P1T [0 ¢, (%) ] dxﬂl >

p, j (TL2¢3_C4+TL2g3_C5)d%,

where

TL2¢3 Cl =

TL2¢3 C2 =

TL2¢3_C3

TL2g3 C4

TL2¢3_C5

1T 2 ro.
rAre, G, +

= p, j (TL2¢3_Cl1+TL2¢3_C2+TL2g3_C3 )iz, +-

: T[O ¢e11] % PTA ET[O ¢e11]TQ12+
zpzTA E S[O ¢e11] g, + PTATET [0 ¢e11]T 4,9,

A ES[0 4,,] ¢
rz Az p2¢ellq1 PzE st 2p2¢e11‘11

S A, p2¢élqu+

_22P2TSTET 2P2¢e11%% ! r, STAz PBdids +

—'iy A podld, - TSTE”pzcéénq'f
~'p, E} 2p2¢enqz +'r) A, podl g, +
'FSA, pfl + P py ENSE pod,
‘D E pdldy + P EN S pofl +
— P E pdld+ P E g4y
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b

1T 2. g1
i, 84,19,

2. TpT o2, 4t
E S r3¢e119
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oT
a—p = m,(TPg3_C1+TPq3_C2)+---
q3 b

m (TPg3_C3+TPgq3_C4)
where
TPg3_Cl = 'r/[0 ¢,,] ¢} + 1 A E[[0 ¢,,] ¢+
W ATETS[0 4] G+ ATET [0 4,,] Gy
2 TATES[0 ¢ ] g - 'n S A gl (4 + 6, )G+
— i Al (6 +4,) = ' ENS T gl (6+ 42 ) 4y
TPq3_C3 = ="r/S"E v, (4, +¢,) 4= "F E| *rdl, (¢ +4,) +--

ARG G+ T SA R

2 T T 2: g1« 2 TpT a2 g1
rE CRGG+ T ECSTRE

TPq3 C2

2

3

TPq3_C4 = 2T BT o 2 ETS 2
+°1n E| Rg.q, + 1 B/ SR,
oU, j L& . .
a: = (EI)1 Io [¢11(x1)[z=1: ¢1i(‘xl )qi+2jdxl >
d o1, . . . .
Y ~=Th2q4t_AlqG, +Th2q4t A2g, +Th2q4t_A3qg,+Th2q4t A4q,,
q,
where

Th2q4t Al = m, (11 +$1 )¢e12 + th $iir s

Thagar_A2=m, (1+0.0, )+, 4l
Th2q4t_A3 = mh2¢e11 e12 T Jh2¢e,11 12 s
Th2q4t A=m, ¢, +J, 85, ,
d@Tl1 L o I . o ] e
E% =P, Io X4, (X,)dx, + py Io ¢, (X))@, (X,)dX, + p _[0 ¢, (%) "dx,
d oT,

— 1 = TL2q4t A, +TL2q4t A2§, +TL2q4t A3G,+---
dt 8q, - B -

TL2q4t A44,+TL2q4t AS4s+TL2q4t A6G, +TL2g4t B
where

TL2q41_Al= p, J.Olz (( ‘pA '+ pE, 2p2)¢é12 +[0 ¢e12](SE1A2 pyt Slrz))diz >
b 2 2 T 2, g1 ~
TL2q4t A2 =P, _[0 ([0 ¢e12]E1SA2 p,+ P, E P2¢e12)dx2 )
b , ~
TL2g4t A3 = pIZJ.O (¢ell e12+2P2TA2TST [0 ¢e11]T ¢e12)dx2+"'
h ’ ’ ' ~
P, Io ([0 ¢el2]SA2 2P2¢e11 + 2P2T 2p2¢ell elZ)de
I, , , -
TL2q4t A4 = p, Io (¢e212 + 2PzTAzTST [0 ¢el2]T Pz +[0 ¢el2]SA2 2P2¢e12)dx2 T

P, Ilz ( S X ) dx, ’

0

b
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megﬁzmEﬂo%@MA%HO%J#m¢mmUﬂwm¢Jﬁp

TL2q4t_46 = p, |

TL2g4t B = p, j "(TL2q41_B1+TL2q4t_B2+TL2q4t_B3)d5, +-
(

where

TL2q4t Bl = *pIATE!S'[0 4.,] ¢,
TL2g4t B2 =
TL2q4t_B3 = erSA 2p2¢e,12q-lq.2 + erTAZ 2p2¢e,12q-1 - li.ZTAZ 2p2¢e'12q.2 +

TL2q4t B4 = 21’2 ET 2P2¢e12% + 2I’zTE1T 21.’2¢e,12q.1
TL2q3t BS= zpzTET 2P2¢e12‘]2 + 2pzTElT 2pz¢ellzqz + pzTE S pz¢e12

where

TPg4t Al=

j TL2q4t_B4+TL2q4t_B5)d¥,

P AES'[0 4,,] ¢, +2° b AE0 4,,]

2 pzTAstElT[O ¢e12] 4, +2 PzTA STET[O ¢e12] g, +

T . ) ..
_2P2TA2TE1T [0 ¢e12] Q22+ rzTAz ) XN

d@
da%

= TPq4t _Alg, +TPq4t _A2q, +TPq4t _A3q,+

- ZPTATET [0 ¢e12]T 4.9, +

y: 2TETS2P2¢«;12

[0 ¢22(x2) A ET [0 ¢e12] +[O ¢22(x2)]E S Pz¢e12)dx2’

9

li'ZTSAZ 2p2¢412 4
PES pfls

;E S p2¢612’

TPqAt _A4G, +TPq4t A5G, +TPqAt _A6ij, + TPq4t B

TPgat_A2=m ([0 ¢,,)E.S4,°r,+ 1 E  rdl, )+ J 4,
= mp(¢011 ez 'BTATST[O ¢cll] ¢cl2)

TPq4t A3

2 2,72
J ooy +m, ([0 ¢cl2]SA rf+ o RA, c’12)

TPgat_d4 = my (8, + r AST[0 ¢,] gl )+

TPg4t A5

TPq4t A6

TPq4t B

where

TPg4t Bl =

T+ m ([0 4] SA rg, + n ¢éfz)’
([0 G ]ATET[0 o] )+t +

m, ([0 4o | ETS rg,)

My ([0 o] AT [0 6] )+ linos +
[

mp( 0 ¢622]E1TSZ"3¢0’12)

= m, (TPq4t_B1+TPq4t_B2+TPqdt_B3)+

m, (TPq4t_B4 + TPq4t_BS)

) T . T. .
2”3TAzTE1TST[O ¢e12] Q2_2r3TA2TE1T[O ¢e12] 9.9, +

WATE!ST[0 ¢.,] ¢ +2°H AVE 0 ¢.,.]
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TPq4t B2 = 2°rf AISTE[0 ¢,,] ¢, + 2% AISTE [0 ¢,.,] ¢, +

T . . , .
TATET[O ¢e12] Q§ 1zTA 2”3¢e12%

b

TPq4t B3 =! TSA r¢12q1q2 + rTA r3¢elqu —'F TA r3¢e12q2 TSA 2’;3¢;129
TPq4t_B4 = 2"3TE1T 2r3¢e12Q1+ r3TET 2"3¢e12‘]1+ r3TE S? rd, + ’ETE S? NP
TPq4t_B5= 2’;3TElT 21‘3 i12Gs + TET ’F 18,9, + 3TE1TS rdl, + r3TE1 A) r3¢e

6Thz
8‘]4

_pllJ‘II ! 0 $,(X,) ] dilqlz’

=my, rz [0 ¢e12] % >

Lo— P, Lz (TL2q4_C1 +TL2g4_C2+TL2g4_C3)dx, +

plj (TL2q4_C4+TL2g4_C5)dx,

where
T . T .
TL2g4 C1 = er[O ¢812] q12+2p2TA2TE1T[O ¢e12] q12+

PzATE S[O P, ] ql+2p2TA2TE1T[O ¢e12]quq2

TL2g4 C2 = *p,A,E'S[0 ¢, ] 1, =1 STA, p,dlLdl +
- rzTAz P2¢e12%_ PzElTST 2p2¢e,12412
TL2g4 C3 = 2PzTSTElT 21’2¢e’1zq1‘?2 - 1"2TSTAz 2P2¢;1zq1‘?2 +

= 'zTA 2P2¢e’12‘?2 - TSTElT 2P2¢e,12‘?22
TL2q4_C4 = pzTET 2pz¢e12q2 A pdlg+
SA P2¢e12 zTETS 2p2¢e’12
TL2q4 C5 = pz ET 2P2¢e12% + pzTETS PF, +
PzTET 2P2¢e12q1 pzTE1T 2Pz¢e1z%

2

4
where

TPg4_Cl = 'r[0 ¢,,] 47+ 1 ATET[0 4,,] ¢2 +

ATETS[0 4,1 6+ e ATET [0 8,,] ddn

2 TATETS[0 ,] 40— 'n S A gl (60 + 4 ) dy +

- li'zTAz 2"3¢e’12 (% +‘]z)_ 2"3TE1TST 2”3¢;12 (‘11 + ‘?2)‘]1

TPg4_C3 = —*r/STE *rg, (4 +d, )4 — i EN 1l (4, + )+
WA RS LG+ T SA, i

TPq4 C4 = *rE| kg, + 1 E'S*ing,, +

2 T yT 2 2T g
r, B CRGL,q, + E1S N

TPg4 C2
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ovu, _ I < _ ~
aq - (El)l J.o (¢12 (xl); ¢1i(xl )q;+2)dxl s

4

d oT,
= b = TL2g5t Al +TL2g5t A24, +TL2g5t A3, +--
d 0q, qol_Alq, qol_Azq, qo1l_A54, ’ (C.173)
TL2q5t A4ij, +TL2q5t A5, +TL2q5t A6, +TL2g5t B
where
I - -
TL2qSt Al=p, [ [0 6, (&))(A ES'r, + 87 p,)d, , (C.174)
TL2q51_A2=p, L’ [0 4,,]8 pds, , (C.175)
L - 5 , 5
TL2g5t_A3 = p, J-o ([O ¢21(x2)] A E] [O ¢e11]T +[0 ¢21(x2)]E1TS2p2¢e”)dx2 ) (C.176)
b ~ T ~ ’ ~
TL2g5t A4=p, Io ([0 ¢21(x2)]A2TE1T [0 ¢e12] +[O ¢21(x2)]E1TS2p2¢612)dx2 ) (C.177)
TL2gSL_AS=p, [ §,(5,)d, (C.178)
12 ~ ~ ~
TL2qSt_A6 = p, [ 4:,(%) s (%,)dl%, , (C.179)
TL2¢5t B =p, [ (TL2g5(_B1+TL2g5(_B2), . (C.180)
where

TLZQSI_BI = lszSTElAz [0 ¢21(i2)]T 41 + lrzTSTElAz [0 ¢21(7~Cz)]T Q1 t+ee

o ; o . (C.181)
K EIAZ [0 ¢21()~Cz)] Q‘1QZ+ r, EIAZ [0 ¢21()~Cz)]
TL2q5t B2 = ' ESA,[0 4,(%)] ¢, + B EE'[0 ¢,(%)] +-- 152
zpzTElTElT [0 ¢21(722)]T
4, _ rp 5t Alg,+TPq5t  A2G, +TPq5t A3, +
i aqs qot _ Alg, qol _AzLq, qot _ A5g, , (C.183)
TPq5t AAg, +TPq5t A5, +TPq5t _A6ij, +TPq5t B
TPq5t_Al=m [0 ¢, )(A E'S ', + 87r,)+J 8. (C.184)
TPg5t_A2=m [0 @, |S°r+J &), (C.185)
TPqSt_A3:mp([0 ¢e21]A2TE1T [O ¢e11]T+[0 ¢e21]E1TS2r3¢;11)+Jp¢e'11 15 (C.186)
TPq5t _A4 = mp([o ¢e21]A2TE1T[0 ¢612]T)+Jp¢e’12 ;21+"'
, (C.187)
m, ([O ¢e21]E1TS2r3¢;12)
TPq5t _AS=m g +J 45, (C.188)
TPq5t _A6=m ¢, b +J Bols. (C.189)
TPg5t_B=m, (TPq5t_Bl+TPq5t_B2), (C.190)

where
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TPqSt_Bl = lszSTElAz [0 ¢e21]T Q1+lrzTSTE1A2 [0 ¢e21]T q'1+"'
T. . T T
1"'2TE1Az [O ¢e21] q1q2+1r2TE1A2 [O ¢e21]
TPq5t_B2 = ‘W ESA[0 ¢, ¢+ K ETE [0 ¢,,] +--
2"3TE1TE‘1T [0 ¢e21]T

a%
where

TL2¢5_Cl = ' EA[0 ¢,(%)] ¢2 + 'K SEA[0 ¢,&,)] ¢+
pr[0 ¢,E)] ¢+ P ESE [0 ¢,()] 4,

TL2q5_C2 = 2°pI[0 ¢, (%)] ¢d+ ' STE A0 ¢, (%)] ¢+
"W EA0 4,&)] + P E!STE [0 4,%)] 4

TL2¢5_C3 = *plE'E [0 ¢, )] +*PISTE E [0 4,()] ¢+
"PIEE [0 ,()] +'nE A0 6,(%)] dids

TL2g5_C4 = ' ESA[0 ¢,%)] ¢+ P E'ES[0 ¢,G)] ¢+
pi[0 )] 42

oT
—=m, (TPg5_C1+TPq5_C2+TPg5_C3+TPq5_C4),

5

2

b

where

TPg5_Cl = ' EA[0 ¢.,] 2+ i SE A0 ¢,,] ¢+
1[0 g ] G+ W ETSE [0 4,1 4,
2210 4] G, + ' STE A0 4] ¢+
'HEA0 ¢,,] + R ESTE [0 4.,,] 4,
TPg5_C3 = *rfEE[0 ¢,] +*r S"E'E [0 ¢,] ¢+

TPg5 C2

b

HWEE [0 4] +'HEA0 ¢,] dids
TPqS_C4 = 1'.'2TElSAz [0 ¢e21]T % + 2"3TE‘1TE1S[0 ¢e21]T q.z e
[0 4] 6
b

U, o ) i
- = (E])z J.O (¢21(x2)z Dis (xz)qzurz]dxz ,

5

5

oT,
di 5 _12 = TL2q6t Alg, +TL2q6t A2g,+TL2q6t A3q, +---
t 0q,

TL2q6t A4, +TL2q6t ASij,+TL2q6t A6ij, +TL2q6t B

where

b

TL2q6t_Al=p, jo [0 ¢, (%)](4; ES'r,+ S p,)d, ,

137

= p, j; (TL2¢5_C1+TL2g5_C2+TL2g5_C3+TL2g5_CA)z,,

b

(C.191)

(C.192)

(C.193)

(C.194)

(C.195)

(C.196)

(C.197)

(C.198)

(C.199)

(C.200)

(C.201)

(C.202)

(C.203)

(C.204)

(C.205)



112461 A2=p, [ [0 $.,]8 p,ds, (C.206)

TL2q6t A3=p, [ ([0 b G ATET [0 ¢, ] +[0 4, )] ETS’ pod, )d;zz : (C.207)
TL2q6t_ Ad=p, [ ([o o) AET [0 6,,] +[0 6,5 /S pgl ) %, (C.208)
TL2G6L_AS = p, || 4, (5) (5, )d, (C.209)
TL2G6L_AC= p, [ (5, VT, + o, +.J 5 (C.210)
TL2q6t B=p, j(j (TL2q6t_B1+TL2q6t_B2)ds, (C.211)
where

TL2q6t_Bl = li'zTSTElAz[O ¢22(7~Cz)]TQ‘1+1r2TSTE1Az[O ¢22(i2)]T Q1+"'

- ; - : : (C.212)
r, EIAZ[O ¢22(9~Cz)] 416]2+ r, EIAZ[O ¢22(§72)]
TL2q6t B2 = ' ESA[0 ¢,(%)] ¢,+ P ETET[0 4,E)] +-- Ca13)
2pzTElTElT [0 ¢22(9~Cz)]T
4%, _ rp 6r Al +TPq6t A2G, +TPq6t A3, +
i aqé qol _ Alq, qol _A.q, qol _ A5g, ’ (C214)
TPq6t _A4G, +TPq6t A5G, +TPq6t A6ij, + TPq6t B
where
TPq6t _Al=m [0 ¢.,](AES'r, +8°r,)+J 4y, (C.215)
TPg6t _A2=m,[0 $,,]8°r,+J ¢, (C.216)
TPq6t _A3=m, ([0 ¢522]A2TE1T [0 ¢e11]T+[0 ¢e22]E1TS2r3¢e,11)+Jp¢e,11 22 5 (C.217)
TPq6t _ A4 = mp([o ¢e22]A2TE1T[O ¢el2]T)+Jp¢e’12 SR
, (C.218)
m, ([O ¢e22]E1TS2r3¢e’12)
TP‘]6t_A5:mp¢e21 622+Jp¢€:21 s (C.219)
/2 ~ ~ !
TPq6i _A6=p, [ "o (%, %, + m g, +J,85 (C.220)
TPq6t _B=m (TPq6t_Bl+TPq6t B2), (C.221)

where

TPq6l‘_Bl = lszSTElAz[O ¢e22]T Q1+1F2TSTE1A2[O ¢e22]T th"“" (C 222)
T. . ST T > '
lrzTElAz [O ¢e22] %Q2+1”2TE1A2[0 ¢e22]
TPq6t_B2 = "W ESA,[0 ¢.,,] ¢+ E'E'[0 4,,] +--
L e . , (C.223)
T pT T
r, EE, [O ¢e22]

oT ,
5 L= P, I(j (TL2q6_C1+TL2q6_C2+TL2q6_C3+TL2q6_C4)d)~cz, (C.224)
9s

where
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TL2g6_Cl = 'rEA,[0 ¢,,(%)] ¢ + ' SE A0 ¢,&E,)] ¢+

2p2T [0 ¢22(i2)]T qlz + zpzTElTSEl [0 ¢22()E2)]T q.1

b

TL2q6_C2 = 22P2T [0 ¢22()~C2)]T q1‘]2+1r2TSTE1A2 [0 ¢22(£2)]T g+
'WE A0 ¢,&)] +2piE'STE [0 ¢,,()] 4,
TL2q6_C3 = *plE'E[0 ¢,(%)] +2piSTE E [0 ¢,%)] ¢+

P EVE|[0 4,E)] + ' EA[0 6,)] ¢4,

TL2q6_C4 = 1”"2TE1SAz [O ¢22()~Cz)]T ‘]2 + zpzTElTEls[O ¢22 (iz)]T 42 e
2P2T [0 ¢22(£2)]T %2

or,

0. =m, (TPq6_C1 +TPgq6 C2+TPg6 C3+ TPq6_C4) ,

6

2

where
TPq6_C1 = lrzTElAz[O ¢e22]Tq'12+1';2TSE1A2[0 ¢e22]T‘21+"'
T . . T.
2"3T [0 ¢e22] ‘]12+2r3TE1TSE1[0 ¢ezz] q,

b

TPg6_C2 = 2°r'[0 ¢.,] 46+ '’ S"EA[0 4,,] ¢+
WEA[0 ¢,] + 2 ESTE[0 4.,] 4
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I EE[0 ] + ' EA0 6.,] 414
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(C.225)

(C.226)

(C.227)

(C.228)

(C.229)

(C.230)

(C.231)

(C.232)

(C.233)

(C.234)

Where all the terms ending in “ B” and “ C” are separated and conform the vector of Coriolis

and centripetal effects
i Th2qlt B+TLlgqlt B+TL2qlt B+TPqlt B
TL2g2t B+TPq2t B-TL2q2 C-TPq2 C
TL2q3t B+TPq3t B—-Th2q3 C-TLlg3 C-TL2g3 C-TPq3 C
TL2q4t B+TPq4t B-Th2q4 C-TLlg4 C-TL2gq4 C-TPq4 C
TL2g5t B+TPgq5t B-TL2q5 C-TPq5 C
TL2g6t B+TPq6t B-TL2gq6 C-TPq6 C

c(q,.9)=
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Appendix D Experimental Determination of
Joint Friction Complement

Joint friction has an important Influence in the position control. Here the relation between
friction torque and joint velocity is experimentally determined. The friction torque is
determined independtly for each joint. The equation of motion for each joint is given by

T =T =yl - (D.1)

m

The motors are subjected to rotations with constant rotational speed therefore 7, =7, . In
each experience the rotational speed of the motor is increased, subsequently the torque
through the motor current out is obtained. In Figs. D.1 and D.2 the obtained torque profiles
according to the joint rotational are shown. These disconotinuities are incorporated in the
controllers approximating them as 7, = 0.2604 tanh( Bq‘z) [Nm] and

7., =0.0517 tanh(B3¢,) [Nm] with 8 =30.
0.4 T T T T T T T T T T T T T T T

0.2

Ty [Nm]
=)

-0.2

_O.4IIIIIIIIIIIIIII
-8 -7 -6 -5 -4 -3 -2-1 01 2 3 4 5 6 7 8

d(ql)/dt [rad/s]

Figure D.1: Friction torque profile for the first joint.
Black: experimental, blue: approximation.
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0.05¢ -
El
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~0.05F 1
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d( qz)/d t[rad/s]

Figure D.2: Friction torque profile for the second joint.
Black: experimental, blue: approximation.
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