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Abstract This paper is aimed at showing the capabilities of the
Model-based Predictive Control for simultaneous vibration suppres-
sion and trajectory following for a class of flexible-link multi-actuated
manipulators. For this class the requirements for the control sys-
tem are very strict, since any error on the end-effector trajectory
can be amplified by the time-varying kinematic configuration of the
manipulator. Moreover, an optimal synchronization between the
movement of the two axes must be settled. The tests provided here
have been developed through exhaustive numerical simulations, the
results of which show the capabilities of the MPC controller even
for multi-actuated compliant mechanisms.

1 Introduction

The modeling and control of flexible-link mechanisms are key issues in
robotics engineering. Critical vibration due to inertial components of the
motion arise in manipulators when they are exposed to large acceleration.
These dynamic effects can lead to considerable worsening of accuracy, to
mechanical failures, as well as instability. An accurate description of the
dynamics of multi-link flexible mechanism requires complex and nonlinear
models. The problem is even more challenging when trajectory tracking in
the operative space is the main concern, since the accuracy requirements
are much stricter. The purpose of this paper is to show the capabilities
of the Model-based Predictive Control (MPC) strategy for trajectory con-
trol and vibration reduction for with regard of a class of multi-actuated
flexible-link mechanisms. The use of MPC as a vibration controller has
been investigated in a limited number of scientific papers. For example,
in [1] the MPC has been applied as a vibration controller in a constrained
beam, by means of piezo-electric actuators. In [2] the MPC has been used
to control torsional vibration in a milling machine, while in [3] it has been
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used to control a flexible-joint mechanism. Moreover, as far as the use of
MPC for flexible-links mechanism is concerned, the literature is even less
significant: to the authors’ knowledge the only papers focusing on this field
are [4-7]. In [4,6,7] predictive control strategies have been used to con-
trol position and the vibration of a single-link mechanism, while in [5] a
constrained MPC has been applied as the position-regulator for a four-link
closed-chain compliant mechanism. The present work is, therefore, an evo-
lution of previously published studies [4,5]. In particular, a 5-R planar
mechanism will be employed to verify the performance of the MPC strategy
for a class of multi-actuated flexible-link mechanisms. The 5-R mechanism
has two rigid degrees of freedom and requires two actuators. The control
problems increase with respect to the previous works, since the movement
of the controlled axes must be more precise and synchronized. This causes
the major constraints on the accuracy in each axis. The MPC controller
has been implemented in software simulation using Matlab/ Simulink ®,
Exhaustive simulations have been conducted to prove the effectiveness of
this control approach.

This paper is arranged as follows: Section 2 will briefly illustrate the
MPC control strategy. The dynamic model of the 5-R flexible-link mech-
anism will be constructed in Section 3, while Section 4 will describe the
overall control system. Finally, Section 5 will show and discuss the results
of a suitable simulation.

2 Model-based Predictive Control

MPC control is based on the following basic ideas: receding-horizon strat-
egy, the internal prediction model, and constraints on control action and
manipulated variables. Owing to the length constraints of this paper, in
this section only a brief explanation of the concepts mentioned above will
be given. Therefore, for more details the reader should refer to [4,5,9-11].
The term MPC control refers to a class of optimal controllers. In the MPC
controller, the cost-function depends on the instantaneous feedback signals,
on the prediction of the future behavior of the plant and, finally, on the
ideal trajectory (Figure 1.a). i

The evaluation of the future behavior of the plant is obtained from an
internal model of the plant, which is computed over a time interval called
prediction horizon (Hp). The term control horizon (H.) refers, on the other
hand, to the length of the control sequence. By defining z(k) as the vector
of the manipulated variables and r(k) as the vector of the instantaneous
reference, the optimal control sequence w(k) is computed at every step by
minimizing this cost-function:
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Figure 1. (a) Receding horizon strategy; (b) 5-R mechanism: elastic and
rigid displacements
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It must be pointed out that the optimal control sequence is computed
at every time step k. However, only the first element of this sequence is
eventually fed back to the plant. Q and R are weighting matrices for the
quadratic norm of the tracking error and control effort. A more detailed
description of the use of MPC for flexible-link mechanisms can be found
in [5].

3 Dynamic model

In this section the dynamic model of the flexible-link mechanism proposed
by Giovagnoni [8] will be briefly explained. The choice of this formula-
tion among the several proposed in the last 40 years has been motivated
mainly by the high level of accuracy allowed by this model. Each flexible
link belonging to the mechanism is subdivided into finite elements. The
mechanism’s motion can be thought as the superposition of the motion of
an equivalent rigid-link system (ERLS) and the elastic motion of the nodes
of the finite elements. Therefore, the independent coordinates of the system
correspond to the angular position of the two cranks and the vector of the
nodal displacement u. The dynamic equation of motion is:
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A detailed description of this model can be found in [8].

The 5-R mechanism is the 2DoFs manipulator shown in Figure 1.b. It
is comprised of four steel rods connected in a closed-loop chain by using
five revolute joints. The motion of the cranks is governed by two torque-
controlled actuators. The fifth link (i.e., the chassis) can be considered to be
perfectly rigid without affecting the accuracy of the model. The mechanical
characteristics of the mechanism are shown in Table 1. The links are very
thin and the whole mechanism is quite prone to vibration.

The overall FEM model is characterized by 24 nodal displacements, as
it can be seen in Figure 1.b.

Table 1. The kinematic and dynamic characteristics of the flexible-link
mechanism

symbol  value
Young’s modulus E 200 x 10° [Pa]
Flexural inertia moment J 1.08 x 10710 [m?]
Beam width a 6 x 1073 [m]
Beam thickness b 6 x 1073 [m]
Mass/unit of length of links m 0.282 [kg/m]
Length of links 1-4 L, 0.3 [m], 0.6 [m], 0.6 [m], 0.3 [m]
Ground length Ls 0.3 [m]
Rayleigh damping constants « 8.72 x 1072 [s~1]
8 2.1 x 1075 [g]

4 Control System

Figure 2 shows the control scheme. Since only a set of the state vector’s
components can be measured (i.e., the cranks’ angular position and the
corresponding elastic displacements), an Extended Kalman Filter is used to
estimate the whole state from a subset of it. The estimated current state,
as well as the previously generated inputs, are used to predict the future
behavior of the mechanism and to optimize it. Eventually, the optimal
sequence is computed and its first component input into the actuators.
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Figure 2. Control scheme

5 Simulation results: trajectory tracking
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Figure 3. (a) Trajectory in the Cartesian space; (b) Trajectory and position
errors of the joints

In this section, the effectiveness of the MPC as a suitable controller
for multi-actuated flexible-link manipulators will be proven and discussed
by investigating the behavior of the 5-R mechanism. The task consists of
tracking the circumference with the center in C. = [0.150m,0.510m|T and
radius r, = 0.10m: C : X(6,) = C. + . [ cosf, siné, ]T, 6. € [0, 27]

The trajectory has been planned as in [12]. This procedure, indeed, al-
lows for the computation of the optimal trajectory depending on jerk and
execution time. Figure 3.(a) shows the trajectory in the Cartesian space,
while Figure 3.(b) shows the trajectories of the related joints. The MPC
controller has been tuned with the following values: H, = 5, H. = 5,w,,, =
Wy = 2 X 103, wy, = wy, = 4 x 104,
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Figure 5. (a) Sensibility’s coeflicients; (b) Position error

The main simulation results are shown in Figures 3 through 5. In par-
ticular, Figure 3.b shows the angular positions of cranks ¢; and ¢, and their
corresponding errors. It should be pointed out that the joint errors are never
more than 1.2 tenths of degree, which proves the considerable performance
of the controller. At the same time, the elastic displacements u; and ug
are shown in Figure 4.a. By comparing Figure 4.a with Figure 4.b (where
the input torques are shown); it is possible to evaluate the capabilities of
such a controller much more clearly. The vibration affecting the nodal dis-
placements is, indeed, kept very minimal and the main displacements can
be attributed largely to the accelerating torques input; therefore, the MPC
controller is able to reduce vibration as well. As far as the position errors in
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the Cartesian space are concerned, the MPC seems to be a little less high-
performance (Figure 5.b). This can be imputed to the kinematic structure
of the mechanism, as well as to the physiological behavior of the proposed
controller. The kinematics of the manipulator, indeed, amplifies the joint
errors as follows: AC = S¢(q)Aq = [w;;] Aq, where Sc(q) is the sensibility
coeflicients’ matrix of the end-effector. It should be noted that this matrix
depends on the current manipulator configuration. As such, the amplifi-
cation of the joint errors varies as the manipulator changes configuration.
Figure 5.a shows the values of the four elements of S¢. By considering the
joint errors of Figure 3.b and the coefficients of Figure 5.a, it is possible to
infer the error of the end-effector shown in Figure 5.b. As a result, in order to
reduce the position error in the Cartesian space, a high-performance control
action must be settled on the joints. This issue is dependent on the phys-
iological behavior of the controller, which can only handle the end-effector
position through the kinematic structure of the manipulator. Neither does
a position’s feedback exist nor does the MPC controller have an internal
kinematic model of the structure. The kinematic model would enormously
complicate the controller and would require a much higher computational
effort. A better solution for MPC control is currently being investigated by
the authors. It will permit forcing the axes to behave in a more synchro-
nized way. Although the resulting trajectory will be slightly slowed down |,
the position performance appears to be very promising.

6 Conclusion

In this paper a predictive control strategy has been proposed as an effective
solution to the problem of simultaneous trajectory tracking and vibration
suppression for compliant mechanisms with multiple actuation. The con-
trol system is based on receding horizon strategy, reference lookahead and
an accurate prediction model. The mechanism chosen to validate, trough
extensive sets of numerical simulations, the effectiveness of the controller
is a flexible five-link planar mechanism. The control system proved to be
very effective in both trajectory tracking and vibration suppression, even in
tasks encompassing high speed and extensive movement.

Bibliography

[1] A.G. Willis, D. Bates, A.J. Fleming, B. Ninness, S.0. Moheimani,
Model Predictive Control Applied to Constraints Handling in Active
Noise and Vibration Control, IEEE Transaction on Control Systems
Technology 16, 1, 3-12 (2008)



306 P. Boscariol, A. Gasparetto and V. Zanotto

[2] J. Wang, Y. Zhang, L. Xu, Y. Jing, S. Zhang, Torsional Vibration
Suppression of Rolling Mill with Constrained Model Predictive Con-
trol, proc. 6th World Congress on Intelligent Control and Automation,
Dalian, China, (21-23 June 2006)

[3] N.O. Ghahramania, F. Towhidkhah, Constrained Incremental Predic-
tive Controller Design for a Flexible Joint Robot, ISA Transactions,
48, 3, 321-326 (2009)

[4] P. Boscariol, A. Gasparetto, V. Zanotto, Vibration Reduction in a
Single-Link Flexible Mechanism Through the Synthesis of an MPC
Controller, proc. of IEEE International Conference on Mechatronics,
Malaga, Spain (14-17 April 2009)

[5] P. Boscariol, A. Gasparetto, V. Zanotto, Model Predictive Control of a

Flexible Links Mechanism, Journal of Intelligent and Robotic Systems,
Published Online (2009)

[6] M. Hassan, R. Dubay, C. Li, R. Wang, Active Vibration Control of a
Flexible One-link Manipulator Using a Multivariable Predictive Con-
troller, Mechatronics 17, 311-323 (2007)

[7] T.Fan, C.W. de Silva, Dynamic Modelling and Model Predictive Con-
trol of Flexible-Link Manipulators, International Journal of Robotics
and Automation 23, 4 (2008)

(8] M. Giovagnoni, A Numerical and Experimental Analysis of a Chain
of Flexible Bodies, Journal of Dynamic Systems, Measurement, and
Control 113, 73-80 (1994)

9] J. M. Maciejowski, Predictive Control with Constraints, Prentice Hall
(2002)

[10] L. Wang, Model Predictive Control System Design and Implementation
using Matlab, Spinger-Verlag, London (2009)

(11] E.F. Camacho, C. Bordons, Model Predictive Control, Springer, New
York (2004)

[12] A.Gasparetto, V.Zanotto, A Technique for Time-Jerk Optimal Plan-
ning of Robot Trajectories, Robotics and Computer-Integrated Manu-
facturing, 24, 3, 415-426 (June 2008)



	copertina 0001
	pagina_1 0002
	pagina_2 0003
	pagina_3 0001
	pagina_4 0001
	pagina_4 0002
	pagina_6 0001
	pagina_7 0001
	pagina_8 0001

