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Abstract. A parallel robot is defined as a mechanism of closed kinematic chains with rigid movements,
high speed, precision and better inertias, in respect to those with structures composed by open links. besides
these configurations describe highly nonlinear behaviours, reflected in the complexity of their kinematic and
kinetic models. Finally, these systems are integrated with control techniques that obtain the desired

trajectories in this paper for continuous 3D printing applications. For this reason, the development of control
techniques based on dynamics by torque control law using drivers for the actuators maintaining the desired
torque are described, these control techniques allow to obtain continuous behaviours in the final effector in
order to make uniform impressions for biopolymer scaffolds.

1 Introduction

Additive manufacturing is the basis of bio-printing
systems for tissue engineering, in which an extruder
head deposits material in successive layers, with
movement guided by computational algorithms. In the
development of pieces, it is important to correlate the
geometric properties of the deposited material with the
mechanical structure that will orient the printing system,
because the inertia of the mechanism must be minimized
in order to generate continuous paths reflected in the
final effector [1,2].

There are mechanisms with links, joined one to one
using linear or rotational actuators, for example there are
XYZ Cartesian robots that combine independent linear
movements in three-dimensional space, or serial
manipulators that base their operation on the anatomy of
human structure. Its main advantage lies in its large work
space, and the number of configurations the final
effector can reach, giving up the precision by the
accumulated error in the joints, in addition to high
control efforts by the sum of the moments of inertia
generated by each element, which is reflected in
actuators of higher torque and cost, compared to closed
kinematic chains[3].

On the other hand, there are closed kinematic chains,
characterized by having rigidity in high speed
applications and accelerations of up to 50 times the value
of gravity [4, 5, 6]. For its design, complex kinematic
and dynamic calculations are required, due to non-linear
behaviours, internal singularities, reduced workspace
and non-acted joints [7, 8]. Among the most commonly
used configurations are delta-type mechanisms
consisting of three fixed motors located on a stationary
base that move a terminal platform. The tripteron which
is a cartesian parallel actuator capable of reaching linear

configurations [9]. Finally, there is the hexa
configuration with a structure like the delta-type, but it
consists of six fixed motors that allow the position and
orientation of the final effector [2].

The analysis of the structures is accompanied by the
kinematic and dynamic models that linked to controllers
allowing to obtain the desired behaviours on the final
effector. As for the dynamic calculation, the
implementation of the position, velocity and acceleration
derivatives of the final effector is considered to know the
value of the forces to be exerted to perform a movement
or vice versa [10]. Then, control algorithms such as PIDs
(proportional, integral and derivative) are designed that
work with linear models [11], or techniques such as
Sliding Modes that base their operation on the non-linear
model, considering system uncertainties and external
disturbances [12, 13].

Therefore, this document presents two control
techniques for a Hexa-type platform; because it performs
its movements according to the position of rotational
actuators, which allows continuous behaviour in the final
effector with respect to those whose transmission is
carried out by mechanisms such as an endless screw,
since these discretize the movements in function of the
screw pitch. Finally, the requirements of additive
manufacturing such as continuous printing and precision
will be analysed, compared to the control efforts in order
to select the technique that best suits the needs of the
project.

2 Robot Dynamics

In Figure 1, the configuration of a Hexa-type robot is
presented that allows to obtain desired behaviours in
position (x, y, z)and in orientation defined by Euler's
angles (a, B, y). For this, it is necessary to design control
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techniques based on the dynamic model that considers
the actuators' effort to generate movement.
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Input Link

Coupling Link

Mobile Platform

Fig. 1. Robot structure

In equation (1), it is present in a matrix form the
positions, internal and external forces that determine the
torque of the six  generalized coordinates
(64,60,,05,0,,05,04 ), obtained according to the
platform geometry and material, which define the
lengths and weights of the links.

M(@)q+V(qq +G(@ +F =1 (1)

Where M denotes the mass or inertia matrix, V the
matrix of centrifugal and Coriolis forces, G gravitational

terms and F, represent the coefficients of viscous
friction.

3 Control Systems

In this section, two types of control are shown, which are
aimed at tracking the path based on the dynamics of the
error.

3.1. PD+

This technique bases its control law on signals that are
modified according to the weighting of the error and its
derivative as shown in equation (2) and (3) and figure 2.

| Coriotis {—
Matrize q

[Dirsct
Control Tnartia Y I [Drrnamic: Vs
Law Watrix TS g
| Gravity {
Matrix -

Fig 2 PD+ Control scheme

Additional centrifugal, Coriolis and gravitational
forces are considered, as a parameter that modifies the
force on the actuators.

ky(qa—q) +kp(qa—q) =7 (2)
M(q, @) (kyé +kpe) +V(q,¢) +G(q,49) =T (3)

3.2.Sliding Modes (SM)

It consists of guiding the trajectories of the system to a
sliding surface in the phase diagram, which exists if in
the vicinity the tangent or velocity vectors point in the
direction of said surface as described in equation (4) and

o).

0=q+kle+kzje+k3ffe 4

Then, the control is determined as the sum of the
equivalent control (,,) (equation (6)) and the attractive

control (7y) (equation (7)), to obtain the control law
described in equation (8 ).

Teq = G(q) +V(q,9)

+ M(q) (kze + kié + ks f e) (6)

‘L'N=M(q)L-sgn(q+kle+k2fe+k3ﬂ-e) (7

7= G(q) +V(q,9)
+ M(q) (kze +kié+ k3fe>

+M(q)L-sgn<q+kle+k2fe+k3ﬂ.e)

®)

Equating equation (8) and robot dynamics, the error
dynamics in equation (9) are obtained.

ke +kié+k;[e+L-sgn(q+kie+k,[e+
_ )
k3ﬂe)—0

4 Analysis of results

To corroborate the design of the controllers, the platform
is subjected to a helical path in its final effector, from
which the behavior of Figure 3 to 6 is obtained for the PD
+ control, with initial conditions 0 for x,0.01 for ¥, -0.15

forZ, 0.1 fora, B and y
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Fig 3 X-axis reference vs output PD+ behavior
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Fig 4 Y-axis reference vs output PD+ behavior
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Fig 6 Orientation reference vs output PD+

Figure 7 to 10, the behaviors of the platform with the
controller are obtained by sliding modes, with initial
conditions 0 for x ,0.01 for ¥, -0.15 for Z, 0.1 fora, f§
and y
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Fig 7 X-axis reference vs output Sliding Modes behavior
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Fig 8 Y-axis reference vs output Sliding Modes behavior
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Fig 9 Z-axis reference vs output Sliding Modes behavior
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Fig 10 Orientation reference vs output Sliding Modes behavior
From the above, the robustness of the control by SM is
observed, and how this modified the robot behavior to
get the desired trajectory in less than 0.4 seconds
compared to the PD + that makes more than 0.5 seconds.
Then Then the error present in the controls is observed in
table 1, concluding that the control law by SM is better
at tracking paths.

Table 1. Mean square error

PD+ SM
X 0.0017 3.8921e-08
y 0.000248 1.9359¢-08
z 0.0031 2.9866¢-04
apy 0.0162 0.0791




MATEC Web of Conferences 306, 03005 (2020)
ICMME 2019

https://doi.org/10.1051/mateccont/202030603005

Finally, the effort of each controller on the articular
variables are obtained on table 2. And it is observed that
the control by SM requires a lower energy with respect
to the PD + which makes it more efficient in terms of
energy consumption.

Table 2. control effort

PD+ SM
1 |0.0271 | 0.0038
210.0210 | 0.0019
31 0.1378 | 0.0494
41 0.1033 | 0.0898
5 10.0980 | 0.0836
6| 0.1373 | 0.0868

5 Conclusions

It is possible to conclude that the non-linear controllers
based on cancellation of the mathematical non linearities
on the dynamical system (in this case the parallel
mechanism HUNT-RUS) achieve excellent performance
in terms of the error tracking the trajectories obtaining a
very similar MSE of the error signals, nevertheless is
very important to have a complete mathematical
representation of the model to successfully cancel the
nonlinear behaviours

In terms of the control signals the sliding modes
control obtain a less torque, using less energy, but whit a
high-speed overshoot caused by the attractive control
that act saturating the actuators. In the PD+ controller is
possible to conclude that uses more energy and higher
torques than the sliding modes control technique, but
avoiding the overshoots mentioned.

In terms of the implementation is important to
mention that the sliding modes control is more difficult
to implement.
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