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Summary. This work deals with the approximate straight-line motion mechanism with variable link lengths and clearances at the
joints, which induce unilateral constraints, impacts and friction, rendering the dynamics nonsmooth. The objective is to optimize the
response of the Chebyshev lambda mechanism using a set of influencing parameters such as, link lengths and radial clearance in the
revolute joints. The analysis is based on numerical simulations obtained with the projected Moreau-Jean time-stepping scheme. Finally,
we propose and study a control strategy to improve the tracking of the desired trajectory that is based on a persistent contact controller.

Introduction and objectives

The industrial applications of the straight-line motion mechanisms are steam engines, oil wells, mobile robots, and the
assembly line production where the requirement is the straight-line motion of the output link. In the most common
case of the slider-crank mechanism, the straight line appears from the translational pair. However, it involves very precise
manufacturing of the translational pair and it has very high frictional losses. The Chebyshev lambda mechanism illustrated
in Figure 1 is used to transform the rotational motion into translational motion in the form of approximate straight-
line with only revolute joints, thus limiting the friction losses. Usually, the performance of these mechanisms is not as
desired, due to the manufacturing tolerances on the parts, clearances in the joints and the assembly tolerances, resulting in
dimensional and geometrical variations [1]. The accumulated dimensional variation of the links and the kinematic joints
in a mechanism assembly is given by a tolerance stack. All these imperfections tend to modify the dynamic response of
the system and lead to the output deviation between the projected behaviour and the real outcome of a mechanism.

The objective in this work is to address the robustness of the system’s performance with respect to the production tol-
erances and the clearances in the kinematic joints and to propose a control strategy to track the desired approximate
straight—line trajectory. The nonsmooth dynamics approach is used to model the 2D revolute joint with clearance through
a set of unilateral constraints with impact and friction, as done in [5]. First, the worst-case tolerance stack-up analysis is
carried out with different link lengths and clearance values by keeping the values of coefficients of friction and restitution
constant to optimize the performance of the approximate straight-line mechanism. In a second time, we evaluate a control
strategy to improve the tracking of the desired trajectory.

Lagrangian formulation with bilateral and unilateral constraints

Let us consider a Lagrangian mechanical system with generalized vectors of coordinates ¢ € IR" and velocities v € IR",
and subjected to m. holonomic bilateral constraints h* = 0, € £, and m; unilateral constraints g, > 0, € Z with
Coulomb’s friction. The Lagrangian formalism of such a system is as follows [4],

M(q(t))o(t) + F(t,q(t), v(t)) = Voh(@)A + G (a(®)) R, 4(t) = v(t),
h*(q(t)) =0, «a€k, (1)

0, Ry>0, RYg(qt)=0
—RY € p® Ry sgn(UyY)
US(th) = —eQU(t™), if g3 (q(t)) = 0and UL (t~) <0,

ael

where M (q) € IR™*™ is the mass matrix, F'(,q,v) € IR™ is the vector of generalized forces. The map G(q) € IR*™ <"
relates the generalized velocity vector to the relative local velocity expressed in the contact local frame. The parameter
ey is the coefficient of restitution, y is the coefficient of friction. The system (1) is numerically integrated by the Siconos
software [3], using projected Moreau-Jean event capturing (time-stepping) scheme [2].

Example of Chebyshev lambda mechanism

Let us consider an example of Chebyshev lambda mechanism (see Figure 1) with mass of links m;, length of links
l;, inertia of links [;, 1 < ¢ < 3. This mechanism with perfect revolute joints is described by only one generalized
coordinate ¢=[6;] and each imperfect joint adds two extra degrees of freedom to the system. Thus, for three imperfect
joints Jp, J3 and J4 with radial clearances cq, c3 and ¢, respectively, we select ¢ = [0, 02,03, Xo, Y, X3, Y3]T. The
radial clearance is defined as ¢ = r; — ro, where 7y is the radius of bearing and 75 is the radius of journal (r; > r9).
In Figure 2, O; and O indicate the bearing and journal centers, C; and Cs represent the potential contact points on the
bearing and journal respectively, and the gap function is defined by gy = (C1Cs)Tn = ¢ — (0201)"n. Without closed
loop control, the mechanism is actuated with a counter-clockwise torque applied at the joint 1 (J1), 7 = 0.2 Nm. For this
study we have selected the manufacturing tolerance of medium class (M (medium class, in our case 0.5mm for the radial
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clearance)) as given in [1]. Results are compared with the case without clearance and all the link lengths are at nominal
dimension( the “ideal” case). The simulations are run over time interval 7' € [0, 2]s, with time step 1-1075 s, ey = 0.3
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Figure 1: Chebyshev lambda mechanism. Figure 2: Planar revolute joint with clearance in a multibody sys-

tem.
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Figure 3: Chebyshev lambda mechanism with clearance in the revolute joints J2, J3 and Jy.

For the input torque 7, as the clearance in the revolute joint increases the trajectory of point P starts deviating from the
case with ideal revolute joints (see Figure 3(a)). In the ideal case, maximum variation of the approximate straight-line is
0.5mm (or £0.25mm) however in case of radial clearance of 0.5mm the deviation is increased to 2mm (see Figure 3(b)).
The combined effect of tolerance stack-up and the clearance in the revolute joints yields an increase up to approximately
7mm (see Figure 3(c)). It is interesting to note that the significant deviation is observed only on one side when compared
to the reference trajectory.

Closed-loop control of mechanical systems with clearances

With tolerance stack-up and tolerances, we propose to improve to the system’s performance by designing a control strategy
dedicated to system with unilateral constraints. By controlling the torques applied in the joints JJ; and .J4 that are assumed
to be perfect for a while and using a suitable feedback controller, we will show that it is possible to increase the tracking
performance of the system. The controller will be designed such that it maintains closed contact in the joints with
clearances (J5 and J3) (persistent contact controller) and then it allows to track the ideal trajectory more efficiently.
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