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Abstract: This paper deals with dual-space control of R4 redundantly actuated parallel
manipulator for very high acceleration applications. This controller consists in a PID in the
Cartesian space complied with a feedforward of the desired acceleration in both Cartesian and
articular spaces for tracking performance improvements: models show that this “dual-space”
control strategy is an efficient way to implement computed torque control. For comparison
purposes, experiments were made with a Cartesian PID until 20G. Experimental results show
that the proposed control scheme is considerably better than the PID in the Cartesian space,
and that a good tracking performance could be achieved even for the very high acceleration of
40G (equivalent to more than 425 pick-and-place cycles per minute).
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Pick-and-place.

1. INTRODUCTION

In order to perform very high speed/acceleration tasks, it
is well known that parallel manipulators have important
advantages in comparison to serial manipulators. One
of its main disadvantages, however, is the abundance in
singularities in the workspace (Kock et al. (1998)). If
singularities cannot always be eliminated by actuation
redundancy, their locii can be modified (Gosselin et al.
(1990), Park et al. (1999)). Actuation redundancy might
also be a way to reach higher accelerations or to improve
the homogeneity of acceleration performance over the
workspace (this was the basic conjecture in Corbel et
al. (2010)), and can also allow for more safety in case
of breakdown of individual actuators (Yi et al. (2006),
Roberts et al. (2008)).

Considering these features, the R4 parallel manipulator
Corbel et al. (2010) (which can be seen as a redundant
Delta robot (Clavel (1988))), has three degrees-of-freedom
(dof) and four actuators. It was designed to have the
capability of reaching 100G of acceleration. The number
of actuators was chosen such that a good compromise
between the gain in acceleration capabilities and the
overall cost of the robot could be obtained.

In the literature, several control schemes of parallel ma-
nipulators in joint space and in Cartesian space have been
proposed. In the joint space, Proportional-Derivative (PD)
controllers were implemented in Ghorbel et al. (2000), Wu
et al. (2002), PID controllers tuned with elaborated meth-
ods (adapted for Parallel Kinematic Machines: PKMs)
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were proposed in Zhiyong et al. (2004), Yang et al. (2006),
nonlinear PD control was proposed in Ouyang et al.
(2002), Su et al. (2004) and artificial-intelligence based
control in Begon et al. (1995), Chung et al. (1999). The
nonlinear dynamics is not considered in these (kinematic)
controllers, so the complex computation of dynamics can
be avoided and the controller design can be simplified
considerably. However, these controllers do not always
produce high performance, and there is no guarantee of
stability at the high speed (Shang et al. (2010)). Unlike
the kinematic control strategies, full dynamic model of
parallel manipulator is taken into account in the dynamic
control strategies. So, the nonlinear dynamics of the ma-
nipulator can be compensated and higher performance can
be achieved with dynamic strategies. Traditional dynamic
strategies such as the augmented PD (APD) and the
computed-torque controllers were implemented in Cheng
et al. (2003), Paccot et al. (2009). Model-based adaptive
controllers have been proposed in Honegger et al. (1997),
Honegger et al. (2000), Craig (1988), Sartori-Natal et
al. (2009). All mentioned controllers were designed in the
joint space. Nevertheless, we are usually concerned about
the trajectory tracking in the task space. Especially for
the parallel manipulators with redundant actuators, where
the effect of the redundant actuators to the end-effector
motion can be fully considered (Shang et al. (2010)). In the
task space, the PID, the augmented PD (APD) and the
computed torque controller have been compared in Paccot
et al. (2009). In Shang et al. (2009), a nonlinear com-
puted torque controller was designed in order to overcome
the problem that its PD algorithm is not robust against
modeling errors and nonlinear frictions. For the case of
parallel manipulators with redundant actuation, adaptive
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controllers were designed in the task space to take into
account the effect of redundant actuation in Wang et al.
(2009), Shang et al. (2010).

The main objective of the present work is to reach very
high accelerations with a simple control approach that
would have a small computation time and would be able
to maintain a good tracking performance. This controller
consists in using a PID in the Cartesian space to cope
with actuation redundancy issues, with the addition of the
Cartesian and articular accelerations feedforward terms
(which will be shown to directly compensate for the dy-
namics of the system, in a similar way to a “computed
torque” controller), obtaining an important improvement
of the tracking performance with comparison to the Carte-
sian PID controller alone.

This paper is organized as follows. In section 2, a brief
description of the R4 parallel manipulator is presented.
The proposed control approach is detailed in section 3.
Section 4 is devoted to the pick-and-place trajectory
generation. The experimental results are presented in
section 5. A discussion about the conclusions and future
works is made in section 6.

2. R4 PARALLEL MANIPULATOR
2.1 Description of the R4 robot

The R4 parallel manipulator (cf. Fig. 1) has the following
main characteristics:

(1) 3-dof (translations along X-Y-Z axis) and 4 actuators
(redundantly actuated),

(2) Each motor has a maximum torque of 127N.m,

(3) A workspace of at least a cylinder of 300 mm radius
and 100 mm height.

Its CAD schematic view and its side view are shown
in Fig. 1. Its geometrical and dynamic parameters are
summarized in table 1 and illustrated in Fig. 2, being
the horizontal distance between O, and B;, and 74, the
horizontal distance between O, and P;.

2.2 Simplified Direct Dynamics

Some simplifications on the dynamics of the robot were
made during its design phase, in order to evaluate which
configuration would be the most optimal in terms of
performance and cost, such as the neglection of the joint
frictions (as the components of the robot were designed
in order to have very small frictions between them), the
inertia of the forearms, and the gravity acceleration (since
the case studies considered very high accelerations). These
assumptions are further discussed in Pierrot et al. (2009).

Table 1. Geometric/Dynamic Parameters

T [m] Ttp [m] li [m] Li [m]
0.135 0.05 0.2 0.53

Mtp [kg} Mforearm [kg] Tact [kgmz] Tarm [kgmz]
0.2 0.065 0.003 0.005

The expression of R4’s simplified direct dynamic model is
given by Corbel et al. (2010):

T = (MT + JmTITJm)_ljm(F - Iijjj) (1)
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Fig. 1. The R4 parallel manipulator: Schematic view of the
CAD design (left), side view of the robot prototype
(right)

z

Fig. 2. The R4 parallel manipulator geometric parameters

where £ € R™ and & € R™ are the vectors of Carte-
sian velocities and accelerations; My = Diag{M,, +

HW}me = Mot Lnxm is a diagonal matrix with
m diagonal terms, being M;, the mass of the traveling
plate, Myorearm the mass of the forearm, My, the scalar
value of the diagonal of Mp, m the number of degrees-of-
freedom (m = 3) and n the number of motors (n = 4);
Ir = Diag{-[act + Iarm}nxn = Iliotlnxn is a diagonal
matrix with n diagonal terms, where I, and I, are
the inertia of the actuators and the inertia of the arms, re-
spectively, and I is the scalar value of the diagonal of Ir;
Jm € R™™ and J,,, € R™™™ are the generalized inverse
Jacobian matrix and its first derivative, respectively; and
I' € R™ represents the torques generated by the actuators.
For further details on the mechanical design of the R4
parallel manipulator, the reader is referred to Corbel et
al. (2010).

3. PROPOSED CONTROL SCHEME: A DUAL-SPACE
FEEDFORWARD CONTROLLER

As mentioned in section 1, the R4 parallel manipulator is
redundantly actuated (4 motors and 3 dof). This charac-
teristic has important advantages in terms of mechanical
capabilities of the robot, but in terms of control, new
issues arise: not only classical articular control schemes
are unable to deal with dynamic effects on the Cartesian
space, but they are also unable to cope with the actuation
redundancy (the integral term will be disturbed by kine-
matic inconsistencies). In order to deal with this issue, a
Cartesian PID was firstly proposed. Its scheme is presented
in Fig. 3.

The dual-space feedforward controller consists basically
in a PID in the Cartesian space and a feedforward of
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PID MANIPULATOR

Fig. 3. Block diagram of the proposed Cartesian PID
controller

both desired Cartesian/articular accelerations to take the
dynamics of the system in consideration and improve the
tracking performance. This control approach is illustrated
in Fig. 4.

Y

i

Fig. 4. Block diagram of the proposed dual-space controller
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The desired trajectory is given in the Cartesian space (x4).
As only the joint positions are measured (g, ), this desired
trajectory is converted to the joint space (gq) through the
inverse kinematics (block I.K.) of the robot (Corbel et al.
(2010)), such that the corresponding tracking error can
be obtained. The joint tracking errors (Ag) must then be
reconverted to the Cartesian space in order to be used
by the PID controller. As the joint tracking errors are
assumed to be significantly small, and the sampling time
(At) is of only 0.1ms (107%s), let % ~ %. Then, it
is recalled that ¢ = J,,&. This relation has an unique
solution, but in the case of redundantly actuated systems
(n > m), the inverse relation will have infinite solutions.
In order to cope with this issue, the pseudo-inverse of J,,
is used instead (the pseudo-inverse has the property of
generating a solution with the minimum Euclidian norm).
Therefore, one has:

&=Jhi=Hq (2)

where H is the pseudo-inverse of J,,,, that is H = J| =
(Jn T Jm) Y JnT. From (2), one can conclude that the
relation between the joint errors and the Cartesian errors
(Az) can be considered as Az ~ HAg.

The resulting forces (f) to be applied on the end-effector
will be the sum of the Cartesian PID with the feedfor-
ward of the desired Cartesian accelerations (which were
obtained by deriving the desired Cartesian trajectories
twice). Now, the resulting forces need to be converted to
the joint space, as the control inputs that will be sent to
the robot are the torques (I') to be applied by the motors.
For this purpose, it is known that from (2), the following
relation can be obtained:

r=H'f (3)
The desired joint trajectories are also derived twice in

order to obtain the desired accelerations for its feedforward
term. The following control law is then proposed:

T =H"f+ Kftada (4)
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being f = Kpe(t) + K; [e(t)dt + K4%P 1 Kyroig the
force applied on the traveling plate, e = Az, K,, K;
and Ky are the Cartesian PID gains, Kys. the Cartesian
acceleration feedforward gain and Ky, is the joint accel-
eration feedforward gain. The PID in the Cartesian space
was tuned experimentally through the procedure of small
steps, as this is a very nonlinear system and theoretical
design methods are more suitable for linear systems. The
feedforward gains were calculated analytically from the

dynamic model of the R4 parallel manipulator as follows.
3.1 Calculation of the feedforward gains

In order to calculate the feedforward gains of the dual-
space controller, it is necessary to take into consideration
the dynamics of the system, which is represented by (1).

By multiplying both sides by (Mg + Jy,” I7J,,), one has:
(Mtot + JmTITJm)S.C. = JmT(F - ITJmI) (5)

By separating the torques (I') on the left side and multi-

plying both sides by the pseudo-inverse of J,,© (which will
be named HT), the following expression is obtained:

L = H' Mpi + Ip(Jpni + Jni) (6)

If one takes into consideration that (J,,Z + J,,) is equal
to the articular acceleration vector (¢), the final expression
arises:

' = H Mri + I (7)

By direct analysis of Fig. 4, the value of the gains that
should multiply #4 and ¢q are, respectively, Kyr. = Mo =
0.33 and Kffq = Iior = 0.012. The gains of the proposed
control scheme are shown in table 2.

Table 2. Parameters of the Proposed Controller

K, | K; | Kq
8000 | 600 | 40

Kyfa
0.012

Kyye
0.33

4. TRAJECTORY GENERATION

In this section, two case studies will be presented and
detailed. The first one consists in a spiral movement (cf.
Fig. 5) that was implemented for a maximum acceleration
of 20G (which provided a frequency of 6.5 revolutions
per second) on the Cartesian PID and on the proposed
dual-space Cartesian/articular controller. The second one
consists in a double pick-and-place trajectory (cf. Fig. 6)
that was implemented for a maximum acceleration of 40G
only with the dual-space controller (for safety reasons).

4.1 First case study: Spiral movements in X-Y plane

The desired X-Y trajectory is described as follows:
g = Kmod 0.125 sin(13nt)
Ya = Kmoq 0.125 sin(13mt + g) (8)

being K0qa = 0.5 sm(%—&—%ﬂ—%) a modulation function
that guarantees a smooth variation of the circle’s radius
in order to avoid an abrupt start/finish of experiments.
The obtained curve is illustrated in Fig. 5. In this experi-

ment, the robot goes to its initial position ((0,0, —0.55)m)
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and stops, and then the radius of the circular movement
increases smoothly until it reaches 0.125m and then de-
creases smoothly until the robot stops.

The objective of this case study is to evaluate the tra-
jectory tracking performance that would be obtained by
the addition of the joint acceleration feedforward to the
Cartesian PID controller. As will be detailed in section 5,
this performance improvement allowed for a safer increase
of the acceleration/velocity of the robot until 40G, which
was achieved on the second case study.

Fig. 5. Top view of the trajectory used in the first case
study (spiral in the X-Y plane)

4.2 Second case study: 3D pick-and-place movements

The objective of this case study is to evaluate the ca-
pability of the proposed control approach to deal with
very high accelerations/velocities in a pick-and-place task.
The desired trajectory was chosen such that movements
of different distances would have to be performed in the
same amount of time, which would require different ac-
celerations/velocities for each one of them, demonstrating
the good applicability of the proposed control scheme. The
sequence of movements that was executed in this case
study is the following:

(1) Pick 1 - Place 1: From (-0.1,0.1)m to (0.1,-0.1)m,
(2) Place 1 - Pick 2: From (0.1,-0.1)m to (0.1,0.1)m,

(3) Pick 2 - Place 2: From (0.1,0.1)m to (-0.1,-0.1)m,
(4) Place 2 - Pick 1: From (-0.1,-0.1)m to (-0.1,0.1)m.

Each movement was performed in 0.07s (0.28s for the
whole cycle) and their maximum height was equal to 5em.

The corresponding reference trajectory is generated by an
algorithm based on a polynomial interpolation of degree
five presented in Khalil et al. (2004). This algorithm
guarantees the continuity of the movement in position,
velocity and also in acceleration. Its main idea consists
in reaching a desired final position from a given initial
position in a certain time duration (which is chosen by the
user).

5. REAL-TIME EXPERIMENTAL RESULTS

The objective of this section is to present and discuss the
real-time experimental results obtained by the application
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Fig. 6. Isometric view of the trajectory used in the second
case study (3D pick-and-place)

of the proposed control schemes described in section 3 on
the parallel manipulator R4 described in section 2, in order
to track the reference trajectories detailed in section 4.

The proposed control schemes were implemented in
Simulink/Matlab, being compiled and uploaded to a
XPC/Target computer, which managed the real-time task
with a sampling frequency of 10KHz, which corresponds
to a sampling time of 0.1ms.

5.1 First case study: Spiral movements in X-Y plane

The obtained results for this scenario are given by Figs. 7-
8. The robot goes from an arbitrary position to the desired
initial position (0,0, —0.55)m and then the radius of the
circle starts to increase until it reaches 0.125m (reaching
a maximum acceleration of 20G), then it decreases in the
same way until the robot stops. In order to compare the
performance of both controllers, Figs. 7-8 show a zoom at
the time interval of maximum amplitude.

5F T
PID
— — — Dual Space

A X (mm)
o

10.5 1052 1054 10.56  10.58 10.6 10.62

10.64

AY (mm)

1046 1048 105 1052 1054 10.56
t(s)

10.58 10.6

Fig. 7. Tracking errors for the PID controller (solid) and
for the dual-space controller (dashed)

By analyzing Fig. 7, it is possible to notice that the dual-
space controller provided a considerably better tracking
performance than the classical Cartesian PID. While the
former kept the tracking error between [—4.62,5.33]mm
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Fig. 8. Torques for the PID controller (solid) and for the
dual-space controller (dashed)

(4% of peak-to-peak error), the latter kept it between
[—1.55,2.34]mm (1.56%) (cf. Fig. 7), which means a peak-
to-peak improvement of approximately 60%. The Root
Mean Square Error (RMSE) shows an equivalent im-
provement in performance (1.3mm against 3.6mm, which
means an improvement of approximately 64%). Another
advantage of the dual-space controller was that its con-
trol signal had an approximately 6% smaller peak-to-peak
([-26.4,26.2]Nm against [—28,28)Nm) than the Carte-
sian PID (cf. Fig. 8). These results are summarized in table
3. With the conclusion that the dual-space controller can
provide a considerably better tracking performance than
the Cartesian PID, the latter was discarded for the next
case study.

Table 3. Performance comparison between the
proposed control approach and the Cartesian
PID controller
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an example). In Figs. 9 and 10 it is clear that around the
stop points the errors are satisfactorily small (smaller than
1.5mm). None of the motors has reached even half of its
limit of 127 Nm. These results are summarized in table 4.

It is also interesting to mention that the proposed control
architecture was simulated using the dynamic model of
the robot to demonstrate its tracking performance and
compare the obtained results with those obtained with the
real system. This simulation was conducted in the same
conditions as in the experiments, and the tracking errors
(cf. Figs. 9-10) were not far from the ones obtained in the
executed experiments, especially for the X — Y axes.

Table 4. Tracking performance obtained with
the proposed controller for the 40G pick-and-
place trajectory

Performance Dual-space

Error peaks (X-Y)

[—3.21,4.4Jmm

(3.8%)

Error peaks (Z) / displacement

[—6.66, 6.27Jmm (25.9%)

Error peaks (Z) / stop points

[—1.5,1.5]mm (6%)

Control Signals

Smooth/far from motor limits

The obtained acceleration was slightly higher than 40G
(422m/s* — 40.8G). This measurement was made with

an external accelerometer (Silicon Designs 2460-200, which
senses accelerations in all 3 axis and has a measurement

limit of + 200G) attached to the end-effector.

Ref. Traj.
— — — DS FF (Exp.)
------ DS FF (Sim.)

Performance PID Dual-space
Error peaks (—4.62,5.33|mm [—1.55,2.34]mm
RMSE 3.6mm 1.3mm
Control signals 6% smaller peak-to-peak value

5.2 Second case study: 3D pick-and-place movements

In the following experiment, the robot goes from an ar-
bitrary position to the initial position (—0.1,0.1,—0.55)m
and then two cycles of the proposed pick-and-place tra-
jectory start. The obtained results for this scenario are
depicted in Figs. 9-10.

By analyzing Fig. 9, it is possible to notice that the
proposed control scheme was able to maintain a good
tracking performance even for such fast movements. Fig.
10 shows that the dual-space controller kept the tracking
errors of the X-Y axis between [—3.21,4.4]mm (3.8% of
peak-to-peak error) and the tracking errors of the Z-axis
between [—6.66,6.27)mm (25.9% of peak-to-peak error).
Even though the errors in the Z-axis may seem relatively
big, it is important to emphasize that its peak errors
happen during the displacement of the platform, while it is
known that the control objective of a pick-and-place task is
to obtain the best precision around the stop points (which
take place on the periodical bottom of the Z-axis reference
trajectory, being the circled neighbourhood of ¢t = 4.25s

05
E 052
054 |- f

4.15 4.2 4.25 4.3 4.35
t(s)

Fig. 9. Trajectory tracking for 40G of acceleration
6. CONCLUSION AND FUTURE WORKS

This paper dealt with the control of the redundantly actu-
ated parallel manipulator R4 for very fast pick-and-place
applications. The proposed control scheme consisted in a
PID in the Cartesian space complied with a feedforward
of the desired acceleration in both Cartesian and articular
spaces, firstly for a spiral movement in X and Y-axis
(maximum acceleration of 20G) and then for a pick-and-
place task (maximum acceleration of 40G). By analyzing
the results of the first case study, it was possible to notice
that the proposed controller had a considerably better per-
formance than only the Cartesian PID controller, being the
latter discarded for the second case study for safety rea-
sons. It was then possible to notice that the proposed dual-
space Cartesian/articular controller was able to provide
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Fig. 10. Tracking errors for 40G of acceleration

a good tracking performance even in such fast pick-and-
place tasks (equivalent to more than 425 pick-and-place
cycles per minute). In the future, other control approaches
to be investigated/proposed will be evaluated for higher
accelerations and/or for different load conditions.
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