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Enhancing Parallel Robots Accuracy with Redundant Sensors

This paper introduces a control strategy based on redundant sensors that leads to parallel robots accuracy enhancement. The method is presented in general, then applied to a 4-dof parallel robot. Practical implementation issues, simulation results and experimental validation are addressed.

Introduction

After the first ideas of parallel mechanisms proposed by Gough [START_REF] Gough | Contribution to discussion of papers on research in automotive stability, control and tyre performance[END_REF] or Stewart [START_REF] Stewart | A platform with 6 degrees of freedom[END_REF], introducing the idea that an excellent stiffness could be obtained with PKM (Parallel Kinematic Machines), Clavel proposed in the late 80's the famous Delta structure [START_REF] Clavel | Une nouvelle structure de manipulateur parallèle pour la robotique légère[END_REF] as a base for a "family" of parallel machines dedicated to high-speed applications. Thus many PKM have been used for pick-and-place and more recently for machining: in both application domains, PKM are considered as "more accurate" than their serial counterparts; in fact, this issue is controversial: by principle, PKM should be more accurate (because actuated joints positioning errors do not add to each others [START_REF] Merlet | Les robots parallèles[END_REF]), but in practice it is not always the case (because PKM involve many passive joints leading to a complex error model). Consequently, in recent researches, a lot of effort has been dedicated to PKM calibration ( [START_REF] Nahvi | Calibration of a parallel robot using multiple kinematics closed loops[END_REF] [START_REF] Lintott | Parallel topology robot calibration[END_REF]), with a very promising trend to provide self calibration techniques ( [START_REF] Maurine | A Fully-Autonomous Procedure for Kinematic Calibration of HEXA Parallel Robots, China-Japan Bilateral Symp[END_REF] [START_REF] Khalil | Self calibration of Stewart-Gough parallel robot without extra sensors[END_REF]), and a continuous fundamental work for refining the mathematical tools involved in calibration ( [START_REF] Zhuang | Calibration of Stewart platforms and other parallel manipulators by minimizing inverse kinematic residuals[END_REF] [START_REF] Daney | Variable elimination for reliable parallel robot calibration[END_REF]). Such works have dramatically improved the obtained performances regarding PKM accuracy, but few drawbacks remain: any calibration procedure is tedious, whatever the measurement systems are, and even the best calibration results are not guaranteed for the complete machine life cycle. The track which is proposed to consider here is different: improving PKM accuracy by using real-time redundant measurements. In previous works, redundant position sensors have been mostly used as a convenient mean for solving forward kinematic problems, and the trend is to try to reduce as much as possible the number of redundant sensors needed to solve such problems ( [11][12][13] [START_REF] Parenti-Castelli | Determination of the actual configuration of the general Stewart platform using only one additional sensor[END_REF]). However, for most parallel applications, solving the Forward Kinematic problem is only a small part of the control needs, and it is often run at the user request only (to get the knowledge of the robot actual position) and not in real-time. Indeed the typical control scheme of a parallel robot is represented in Figure 1. The trajectory is firstly generated in the Cartesian space; then each Cartesian location is transformed into a position vector in the joint space thanks to the Inverse Kinematic Model (IKM); the control (that is, the hard real-time part of the process) is finally done in that latter space; the Forward Kinematic Model (FKM) is often implemented as a HMI routine, or only runs at initialization phase.

Figure 1. Typical PKM control architecture

Of course, redundant sensors can help to solve the FKM by offering closed form solutions by speeding up an iterative numerical computation; this point will be briefly recalled and addressed for our specific case. However the point of this paper is to use one opportunity offered by PKM: they are built with many passive joints that are often ideal locations to place sensors at low additional costs. On the opposite of the traditional pointof-view, it is proposed here to use as many additional sensors as possible, and to include them in a real-time control scheme consistent with the usual solution depicted in Figure 1. In the following sections, the proposed strategy is firstly described, then simulated, and its implementation on a specific 4-degree-of-freedom (dof) PKM is explained. Simulation and experimental results let us expect that sensor redundancy could be useful to improve the accuracy of PKM in their daily use.

Use of redundant sensors data in the PKM control scheme

Position errors occur for many reasons on a PKM: Control errors; basically, the actuator is not at the right position at the right time; this is measured by the usual position sensors and is supposed to be managed by controllers; 
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+q Kinematic model errors; for practical reasons, actual sizes and relative locations of all links and joints are not exactly as envisioned when the PKM was designed. This is not measured by the usual position sensors, and is often considered as a calibration problem, but it could be sensed by sensors placed on passive joints. Higher order errors; this could come from mechanical or thermal deformations, or material aging leading to increased backlash for example. This is extremely complex to model, and thus extremely complex to compensate by calibration; again, depending on sensors resolution, part of those errors could be sensed by redundant sensors. 

Table 1. Variables definition

In the proposed strategy (Figure 2), the Cartesian Trajectory Generation module (that is the desired Cartesian location) feed two kinematic models:

The classical Inverse Kinematic Model giving the set of actuated joint positions; for a n-motor robot, the IKM provides a nx1 vector; A Redundant Kinematic Model (RKM), which gives the set of corresponding redundant positions; if r redundant measurements are available, the RKM provides a rx1 vector (Table 1). As stated above, the easiest way to get redundant measurements is to install position sensors on some of the robot passive joints; indeed, those redundant measurements can be done by external means as well (e.g.: direct measure of the PKM nacelle position along one direction with a telemeter, …) Both position vectors are then grouped to form a single (n+r)x1 vector, called the vector of extended positions. This vector is the controlled variable, and is compared to a corresponding vector of extended sensor measurement. Different solutions could be used to go from the (n+r)x1 error vector to the nx1 command vector to be sent to the motors amplifiers. It is proposed here to derive a matrix mapping the extended error vector into a vector of modified actuated joint errors; then classical controllers could be applied. Obviously, it is still possible to compute the FKM when required by the robot user. In the following sections, a practical implementation of the above ideas will be presented.

Application to the H4 robot

H4 is a 4-dof PKM (Figure 3) whose mechanical design belongs to the family of Delta and Hexa robots. Many passive joints are used for such mechanisms (U joints, ball joints, etc.) and depending on the technology, it could be easy or not to add redundant sensors on those passive joints. For example, it is clear on the architectural scheme in Figure 4 that the three revolute passive joints could be easy-and-low-cost candidates for a redundant sensor. One could also install a telemeter on the robot base to measure one distance between base and nacelle: this could give information about the position along z axis. It has been decided to place only one redundant sensor on the pivot joint on which the tool is mounted. -
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In this section the relation between actuators and nacelle position represented by, respectively,
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is derived.

Figure 5. Design parameters

The selected design is described in Figure 5, where the following parameters have been chosen:
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As it is usual for most parallel robots, the inverse position relations is easy to derive. If v i is the vector corresponding to the i th arm (vector from A i to B i ), it can be written that its norm is constant and equal to L:
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And if w i is the vector from P i to A i , it has been demonstrated that this equation leads to:
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Resorting to the following new variable:

2 tan i i t θ = ,
actuators positions are given by:
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Using this way of solving equation (1) a mathematical singularity can occur when 0 = i a

. It is possible to avoid this problem by introducing the following new variables:
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Then the expression of q i becomes:
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The set of redundant positions is here trivial to determine:
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Note that the multiplying factor (4) comes from the mechanical amplification system installed between nacelle and gripper axis (Figure 6). 

TEJ

The first step to determine TEJ is to establish the relation between actuators and nacelle velocity respectively represented by q & and x & . As for many parallel robots, this expression is derived as follows:

q J x J q x & & = (2)
To derive equation ( 2), the following classical property that relates the velocities 
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If n 1 and n 2 are the vectors from D to C 1 and C 2 respectively and p i the vector from P i to B i ,, the application of equation ( 3) to the four robot arms leads to:
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and, if the mechanism is not in a singular configuration the jacobian matrix is:
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, by the expression:
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The relation between extended errors and joint errors is then:
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This linear over-determined system has to be inverted to get the sought relationship that gives the modified error vector, q ˆ. A convenient way to do so is to rely on pseudo-inversion that gives the least square better solution:
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Implementation and results

This section presents practical implementation issues, simulation and experimental results.

Practical implementation:

Regarding practical implementation, two issues have been addressed: adding the redundant sensor; an optical encoder (resolution: 14 400 tops/rev) mounted on the gripper rotation axis has been selected (Figure 7, Figure 8, Figure 9); it gives a 14 400*4 tops/rev resolution at nacelle level; installing measurement facilities; a 3D vision-based measurement system (SAGEIS SM3D) has been selected; this system uses 3 linear CCD fixed on the ground (Figure 10) and a set of 4 LED mounted on the nacelle; a calibration process has been carried out, but is not described here (the process followed is similar to the one prescribed in Figure 7). -
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Simulation results

A Matlab simulation platform has been implemented to compare the classical joint control to the "redundant sensor control" using the additional measurement of nacelle angle. Robot behavior is represented by the dynamic model described in [START_REF] Hollerbach | The calibration index and taxonomy for robot kinematic calibration methods[END_REF]. Errors on robot geometrical parameters are introduced, as arms and forearms lengths, motors locations, nacelle sizes: -errors on arms length L i from -3mm to 10 mm, -errors on fore arms length l i from -0.4 mm to 0.6 mm, -errors on radius R i from -0.5 mm to 0.5 mm, -errors on d i from -0.1 to 0.1 mm. A 0.2 s displacement from x i = [0 mm; 0 mm; -500 mm; 0 rad] to x f = [100 mm; -100 mm; -400 mm; 0.2 rad] was then simulated in the case of: -a PD joint controller and no error on geometrical parameters (Figure 11), -a PD joint controller in presence of errors on geometrical parameters (Figure 12), -a controller using the redundant sensor information in presence of errors on geometrical parameters (Figure 13). As shown in Figure 11, when there is no error on geometrical parameters, a PD joint controller permits to obtain good results (no static error) whereas it can't ensure a proper control if errors are introduced in the model representing the "real" robot (Figure 12): a large static error remains in Cartesian space (i.e.: the actuated joints are at their desired positions, while the end-effector location is not correct). The interest of the control using a sensor measuring nacelle angle is then clearly demonstrated in Figure 13: static errors remind the same on x, y and z, but the statiF HUURU RQ LV ORZHU -

Experimental results

The control of H4 robot is realized by a simple PC (Windows NT, Pentium II 200 MHz) and RTX (Real Time eXtension) is used has real time software to ensure the control task periodicity (see [START_REF] Hollerbach | The calibration index and taxonomy for robot kinematic calibration methods[END_REF] for more information regarding H4 control). In order to compare the results obtained with and without the redundant sensor, a set of Cartesian positions is obtained by scanning 625 locations throughout the H4 workspace (see For each location, encoders give motors positions and an estimated nacelle position is obtained by computing the FKM. This estimated position is then compared to the one given by the 3D vision based measurement system. The matrix M=M(x,q) that permits to compute the vector of modified errors is evaluated for x = x d and q = q d for not using the iterative FKM. 

Table 3. Sum-up of the experimental results

These results clearly demonstrate an improvement of accuracy for the rotation whereas no change for the others dof (x, y, z). The angle bias (i.e. the average value of the error) is nearly zero (0.02 deg.) in the case of use of the redundant sensor. Moreover, in the same time, the quadratic error is reduced by 45% (231 vs. 128 mm²). An important accuracy improvement on theta is then realized, but not to the detriment of errors along x, y and z as one could has thought. This proves that other additional sensors could also be added on robot passive joints and it would increase the global accuracy of the robot.

Conclusion

This paper presented a control strategy based on the use of sensor redundancy for accuracy improvement. This method has clearly the advantage of its implantation simplicity and its low cost (only supplementary sensors are necessary). The first results obtained in the case of the H4 robot demonstrated its validity with an increase of accuracy when applying a standard joint space control (it has to be noticed that it could be also possible to obtain even better results by implementing a Cartesian controller using robot redundant FKM).
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 111213 Figure 11. Control using a simple PD joint controller (ideal case)
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		Min. value	Max. value	Step size
	x (mm)	-100	100	50
	y (mm)	-100	100	50
	z (mm)	-450	-350	25
	θ (rad)	(-		( /12)*4

Table 2 . Locations for errors measurement
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		6rhtrÃ	QrhxÃÃQrhxÃ	TÃsÃRhqhvpÃ	6rhtrÃsÃÃ
		Ã@Ã	@ÃÃ	Ã@ÃÃ		6iyrÃ@Ã
		ÃÃqrtÃ	ÃÃqrtÃ	ðÃÃqrtðÃ	ÃÃqrtÃ
	Ã	Vhyà Srqà Vhyà Srq Vhyà Srq Vhyà Srq
	@ÃÃÃ	2.4 2.6 14.1 15.3 10300 11700	3.3	3.6
	@ÃÃÃÃ -6.4 -5.7 12.2 13.0 29000 23100	6.4	5.7
	@ÃÃÃÃ -0.9 -1.1 18.2 16.3 13100 10900	3.9	3.5
	@ÃθÃÃà -0.32 0.02 3.31 2.73	231	128	0.5	0.3
	IÃ 8.8 8.2 11.7 11.4 52400 45700

sums up the experimental results obtained for a classical joint control where a usual controller is implemented (left value) and when using the redundant measure of nacelle angle (right value):
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