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Robust trajectory planning for flexible robots
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Abstract

High speed operation is a recurring target in design andagijan of robotic manipulators. Moreover, maximizing the
ratio between the weight of the payload and of the whole m@ishais a common objective. Therefore the use of a
lightweight robot is a good practice that can help to rea@séhgoals. On the other hand, the use of lightweight and
therefore flexible manipulators requires the use of efficcamtrol techniques and clever trajectory planning styiate

[1]. For this reason, a large number of techniques have besmpoped in literature to solve the problem of trajectory
planning and control of such mechanisms [2]. Limiting owestigation only to the development of trajectory planning
alogrithms, both model-based [3] and model-free techridnaee been proposed [4].

In this paper we deal with the model-based trajectory plagoi flexible-link robots. A large number of techniques
have been developed for rigid-link robots, while the sanabl@m is less frequently investigated for the case of manip-
ulators with flexible-links, i.e. when the flexibility is ditbuted along the links of the robot. At the same time, tha ai
of this paper is to use the technique of desensitizationdmease the robustness of the planned trajectory with respec
to parametric perturbation of the plant. In fact severahatg have emphasized [5] that the optimal control techrsique
which are commonly used in the case of model-based appredehd to a lack of robustness. This means that a trajectory
that is optimal in the nominal case, is far from the optimalison if applied to a perturbed plant. This can happen quite
frequently, given the general difficulty of using (and tuglimccurate dynamic models of flexible-link mechanisms.

In this paper, a possible solution to this problem is prodo3de approach is based on the definition of a Two-Point
Boundary Value Problem (TP-BPV), which is augmented withititroduction of one or more sensitivity functions. A
similar approach has been used in some works by Singh [6gmpplication is limited to linear plants. Here, a nonéine
model of a single flexible-link mechanism, which has beeida¢d in [7], is taken into account.

The target is to develop an optimal robust rest-to restdtajg for a single link robot that minimizes the control effo
i.e. a minimum torque trajectory. Other possible choiceslmmade by introducing in the cost function other quarstitie
such as joint speed and elastic displacements.

The non-robust optimal trajectory problem is stated a®vadl First of all, the dynamic model of the flexible-link
robot is described by the system of ordinary differentialaepns (ODE)®(x, u, t), beingx the state of the system,
the control (i.e. the motor torque) amdhe time. The Hamiltonian of the system is definedHs= f + AT ®(x, u, t).

A = [A1, A, ..., An] is the vector of the lagrangians of the system, which hasXizee. the number of equations used
in ®(x,u,t); fis the cost function that is optimized by the optimal confrablem. The optimal control can be computed
by solving the equatio% = 0. By substituting the optimal contral* in the Hamiltoniar{, we obtain}{*. The latter
can be differentiated in terms gfand\ leading to the new system of differential equations in threnfo
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By using the Pontryagin minimum principle (PMP), the optitnajectory of the state can be solved by establishing a
TPBVP, i.e. by imposing the value of the statat the initial point of the trajectory, and at the final poilmthis case a rest
to rest trajectory can be specified by imposing null initiadl dinal velocities, and arbitrary positions at the initintiinal
point of the trajectory. The numerical solution of this plerh is obtained through a collocation routine, implemertgd
Matlab command "bvp4c".

The robust solution is obtained in a similar manner, by ithi@ng one or more sensitivity functions in the ODE system
that describes the robot. In the case under investigatiengoal is to introduce the robustness of the trajectoryrpfen
algorithm to the change of the elastic constardf the link. Therefore, we can add ®(x, u, t) the partial derivative

o " "
5 g | Now the new "robust" systed (X, u, t) can be
used to define a new Hamiltoni&fz, and a new system of differential equations, using the saxmeepure introduced
above:

S = 22 obtaining therefore the new system of equatibfis=
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Parametric robustness can be introduced by adding the boyrdnditions that the sensitivity functigh must be
equal to zero both at the beginning and at the end-point af#jectory. This techniques is called "desensitizatio]. [
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Figure 1. Amplitude of residual vibrations vs. the stiffness constan

The two procedures described above have been compareddigddle optimal control trajectory both to a nominal
plant and to perturbed plants, i.e. to mechanisms that presgifferent elastic constakt Results are shown in Figure 2
in terms of the peak amplitude of residual vibrations, ibe peak amplitude of the elastic displacements that happens
the link after that a rotation equal to/2 is performed in 5 seconds. Figure 1 shows that for a nomireitghe residual
vibration is equal to zero for both plants, and that the rolnagectory behaves better than the non-robust trajedtory
values ofk between 4.4 and 6 N m/rad, approximately, and fok less than 3. 2N m/rad.

This preliminary results show that the desensitizatiorrepgh can be used together with the numerical solution of a
Two-Point Boundary Value Problem to develop optimal rotitegectories for flexible-link robot described by nonlinea
models.
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