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Abstract

In this paper, the development of models of parallel ma-
nipulator is described, based on components of the Mod-
elica standard library only. At first, the dynamic model
of a Delta robot is illustrated and validated with respect
to experimental data. Then, the model of a Stewart plat-
form is discussed. Thanks to the symbolic manipulation
capabilities of the OpenModelica compiler, the model is
then used to automatically generate the inverse dynamics,
which is in general is a quite difficult task.

Keywords: Object-oriented modelling; simulation; paral-
lel manipulators; Modelica; DAE systems; closed chains

1 Introduction

Owing to their superior performance compared to serial
manipulators in terms of stiffness, positioning accuracy
and speed, and load-to-weight ratio, parallel manipula-
tors have recently received growing interest also in indus-
trial applications, for example for machining tasks such as
drilling and milling (Escorcia-Herndndez et al. 2020), and
for PCBs (Printed Circuit Board) assembly (Hesselbach
and Kerle 1997).

However, the complex kinematics of parallel manipula-
tors, based on multiple closed loops, on one hand simpli-
fies the inverse kinematics, on the other hand limits the
achievable workspace and considerably complicates the
calculation of the direct kinematics, and above all the dy-
namic modeling.

The key concept applied in developing the dynamic
model of a parallel manipulator consists in cutting the
kinematic loops, modelling the resulting serial tree of sub-
chains and introducing the constraint reactions.

In order to model the serial tree, two approaches can
be followed: the Lagrange-Euler (LE) formulation and the
Newton-Euler (NE) formulation. The Lagrange-Euler for-
mulation is based on the computation of the kinetic and
potential energy of the tree as a whole, while the Newton-
Euler formulation computes the dynamics of each link
of the tree separately. The NE results naturally in large
number of equations and, in this respect, is considered
as poorly efficient compared to the LE formulation. The
question however is debatable, in fact, the complexity of
the computation of the Lagrangian largely increases with
the number of bodies involved while, on the other hand, a
large number of the equations involved in the NE formu-

lation are actually assignments (Elmqvist and Otter 1994)
and it is not a case that the most efficient method to com-
pute the dynamics of serial manipulator is based on the
NE formulation (Walker and Orin 1982).

The modelling approaches then essentially differ with
respect to the way the kinematic constraints and the reac-
tion forces are taken into account.

The Newton-Euler approach has been applied in (Das-
gupta and Mruthyunjaya 1998) and in (Briot and Khalil
2015), where the principle of virtual powers has been con-
sidered to remove the constraint forces. The principle of
virtual work has been also applied in (Tsai 2000) and, in
(Jiao et al. 2019), to a Kane’s formulation of motion equa-
tions (Kane and Levinson 1983; Yang et al. 2016; Lieh
1994). An efficient formulation of the dynamics of a Stew-
art parallel manipulator, based on the screw theory, has
been recently proposed in (Hou, Zhang, and Zeng 2020),
shown to be suitable for application to dynamic model-
based control.

The Lagrange-D’Alembert formulation has been ap-
plied in (Nakamura and Ghodoussi 1989) and, recently, in
(Abo-Shanab 2020), where the Jacobian/Hessian matrices
of the constraint equations are derived from the kinetic en-
ergy. With this approach the constraint forces (Lagrange
multipliers) are removed from the motion equations, by
projecting the motion of the system into the directions al-
lowed by the kinematic constraints. Similarly, the Natural
Orthogonal Complement (NOC) approach has been pro-
posed in (Angeles and Lee 1988), where the constraint
forces are eliminated by multiplying the unconstrained
dynamical equations by an orthogonal complement, de-
rived from velocity constraints. The NOC approach has
been recently applied to a Newton-Euler formulation of
the dynamic model of a parallel Schonflies-motion gener-
ator (Karimi Eskandary and Angeles 2018). Lagrangian
formulation and virtual work principle have been applied
in (Xin, Deng, and Zhong 2016), with the goal to derive
an efficient control-oriented dynamic model.

In all the cited approaches, the parallel robot model is
developed considering its dynamics as a whole, the deriva-
tion process is rather complex (the use of symbolic ma-
nipulation tools is often suggested, i.e. MAPLE in (Xin,
Deng, and Zhong 2016)), and it is generally difficult to
integrate into a multi-domain model, taking into account
not only the dynamics of the multibody system but also
the dynamics of electromechanical or hydraulic actuation
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devices, elasticity and friction, which have a significant
effect on the dynamics of real manipulators. In particu-
lar, it has been shown in (Grotjahn, Heimann, and Ab-
dellatif 2004) that friction compensation yields significant
improvements on control performance.

The modeling approaches described in the literature are
therefore difficult to apply to the creation of Digital Twins
(DT), compliant with the Industry 4.0 paradigm. In fact,
a DT is something more than a simulation model. Having
to be as faithful a replica as possible of the physical de-
vice, it must also replicate its structure in the connection
of components, often belonging, in whole or in part, to
physical domains other than the mechanical domain only.
In particular, the development of a DT should take place
in the same way as the assembly of the components of
the physical system. In this respect, the Lagrangian ap-
proach to tree structure modeling is clearly not applicable,
as it is based on the calculation of the kinetic and potential
energy of the entire mechanical system as a whole. Fur-
thermore, even the manipulations of the system of equa-
tions necessary to eliminate the constraint reactions from
the equations of motion are in contrast with a true modu-
lar approach. On the other hand, object-oriented modeling
seems to be particularly suitable for the creation of DT, in
which it is able to guarantee a true modular multi-domain
approach to modeling (Scaglioni and Ferretti 2018).

This paper describes the development of models of par-
allel manipulatorsl, suitable for the creation of DTs, using
an object-oriented approach where:

* Only components of the standard Modelica (Fritzson
et al. 2020) library are used (no equations have been
written, apart from the explicitly developed inverse
kinematics models), connected through the graphical
interface of the interpreter (OpenModelica).

* The management of closed kinematic chains is com-
pletely transparent to the user and is carried out di-
rectly by the symbolic manipulation process during
the model compilation phase.

* The constructs of the Modelica language have been
used to associate the state variables of the model to
the actual degrees of freedom only, i.e. actuators co-
ordinates, and to guide the symbolic manipulation
and the calculation of the initial configuration of the
simulations.

The description of the mechanical dynamics is therefore
distributed over the various components (links), through
the Newton-Euler approach, which is often considered in
the literature as inefficient, as it implies the explicit cal-
culation of the constraint reactions (useless for control-
oriented models) but, on the other hand, this calculation
is still important, especially for the use of the DT in the
design phase.

' The developed models are freely available atht tps://github.
com/looms-polimi/Parallel_manipulators.

At first, the dynamic model of a Delta robot is il-
lustrated and validated with respect to experimental re-
sults. Then, the model of a Stewart platform is discussed
and used to automatically generate the inverse dynamics,
thanks to the symbolic manipulation capabilities of the en-
vironment. In other words, an algebraic function calculat-
ing the motor torques from the position, velocity and ac-
celeration of motor coordinates is generated, suitable to be
used in model-based control strategies. Similar functions
have been developed in (Hou, Zhang, and Zeng 2020), just
with reference to a Stewart platform, and in (Xin, Deng,
and Zhong 2016), where the MATLAB function imple-
menting the inverse dynamics of the 3-DOF parallel ma-
nipulator presented in (Huang et al. 2005) has been devel-
oped.

The paper is organized as follows. In Section 2 the
model of a Delta robot is described and validated with re-
spect to experimental results. In Section 3 the model of a
Stewart platform is described. In Section 3.2 the process
of generating the inverse dynamics function of the Stewart
platform is illustrated. Finally, some Conclusion is given
in Section 4.

2 Model of a Delta robot

The Delta robot considered here is the result of project de-
veloped in cooperation between Logicon and Mitsubishi
Electric Italia. The servomotors and the relevant motion
hardware and software were provided by Mitsubishi Elec-
tric Italia, while the mechanical components were pur-
chased by third parties. Logicon was responsible for the
assembly of the machine and for all other aspects related
to the project, such as the design of the electrical cabi-
net, wiring, technical drawing and FEM analysis. Figure
1 shows a picture of the robot, while Figure 2 illustrates
its kinematics.

The structure of the robot consists of three identical legs
connecting a fixed base with a moving platform. Each leg
is composed of an upper arm and a parallelogram struc-
ture; three actuated revolute joints connect the upper arms
with the base and provide motion, while all other joints
are spherical joints.

The spherical joints add an additional degree of free-
dom, corresponding to the rotation of the rods around an
axis passing through the centers of the spherical joints. In
reality, this degree of freedom is constrained by a system
of springs (Figure 3), which however only exerts inter-
nal forces and therefore has no influence on the motion.
Wanting to describe the rods as rigid bodies, without in-
troducing the modeling of the spring system, it would be
necessary to replace two spherical joints with two univer-
sal joints. However, since the rods, made of carbon, are
thin and light, it is possible to concentrate their mass in
the middle of the rod and thus avoid the introduction of
the additional degree of freedom.

The top level Modelica model is shown in Figure 4,
it includes the world reference (1), the global parameters
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Figure 1. Picture of the Delta robot.
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Figure 2. Kinematics of the Delta robot.

record (2), the motion planner (3), the motion controllers
(4), the platform (6) and the base (7) models and the ag-
gregate model of the legs (5), shown in Figure 5. The
world reference model (1) defines the inertial reference
frame and the gravity field (it must be always present when
the package MultiBody is used (Otter, Elmqvist, and
Mattsson 2003), while the global parameters record (2)
collects all the main parameters of the model to improve
readability and modifiability. The motion planner (3) de-
fines the trajectory of the origin of the platform reference
frame; so far linear, trapezoidal and cubic trajectories can
be assigned, as well as the pick-and-place trajectory con-
sidered for validation. The motion controller model (4)
first implements the inverse kinematics, thus computing
the reference signals for the controllers of the motor coor-
dinates: 3 identical classical independent PID controllers
have been implemented.

It must be noted that controllers are connected to servo-
motors through an expandable connector, denoted
by the yellow cable connector. This (input/output) con-

Figure 4. Delta robot model top level

nector models the role of the communication bus on the
real machine, collecting the control signals, thus the en-
coder measurements from the servomotors and the current
setpoints from the controllers.

The leg model is defined by the actuator model (Fig-
ure 6(a)) connected to the upper arm (rigid body), in turn
rigidly connected to the upper short side of the parallel-
ogram (Figure 6(b)). The model of the electrical motor
could have been easily included (Ferretti et al. 2002) in
the servomotor model, but this would have required the
adoption of very short integration step sizes, needed to fol-
low the electrical dynamics of the windings. Since in this
work the focus is on the much slower mechanical dynam-
ics, the whole current (torque) control loop has been ap-
proximated with a first order transfer function, modelling
the torque control loop bandwidth. The gearbox model
has been taken directly from the Modelica standard li-
brary (Pelchen, Schweiger, and Otter 2002). In particular,
the (lossy) gearbox model models the gear ratio and the
losses of a standard gear box, including the stuck phases
that may occur at zero speed, due to the friction in the
gear teeth and/or in the bearings. The loss terms, efficien-
cies and friction torques, can be arbitrarily defined through
lookup tables as functions of the absolute value of the in-
put shaft speed and of the power flow direction. The base
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Figure 5. Delta robot legs model

(6) and the platform (7) can have different shapes and ge-
ometries, however, the kinematics is only defined by their
attached reference frames, while dynamics is only defined
by the inertial parameters of a single rigid body; in this
case both base and platform have been modelled as discs
(cylinders). The upper arm rotational joints are attached to
the base along a circumference of diameter Dy, displaced
by 120°, with the rotation axes tangent to the circumfer-
ence (Figure 7(a)). The platform is attached to the lower
sides of the parallelograms through frames placed along
a circumference of diameter D), still displaced by 120°
(Figure 7(b)).

It must be pointed out that the upper and lower connec-
tors of the legs model in Figure 5 are actually vectors of
frames. In other words, all the servomotors frames and the
frames attached to the lower sides of the parallelograms
are collected in a vector, in turn connected to another vec-
tor of frames in the base and platform. The base and plat-
form models then define the correct geometrical displace-
ments among the legs connectors through fixed rototrans-
lation models.

The model was built using library joints, which poten-
tially introduce the state variables associated with the in-
troduced degrees of freedom. As a consequence of the
closure of the kinematic chains, however, the degrees of
freedom are only those associated with the actuators and,
properly, the state variables of the model should be as-
sociated with the actual degrees of freedom only. To
implement this choice and guide the symbolic manipu-
lation, the construct StateSelect.always was used
for the variables of the actuators (position and speed) and
StateSelect.never for the variables of all the other
joints. Another problem concerns the initialization of the
model, in particular the need to solve closed kinematic
chains. Also in this case it was decided to set the actu-
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Figure 7. Delta robot base and platform

ator variables using the fixed = true attribute, and
then define the initial values of all the other variables as
attempt values.

The model has been validated with reference to a fast
pick-and-place trajectory, depicted in Figure 8, where the
end effector repeatedly travels along a linear trajectory of
82.4 cmin 0.44 s, therefore at an average speed of 1.87 m/s
(video available). Since the structure and settings of joint
controllers were not available, the validation has been per-
formed by imposing the measured joint velocities to the
model (thus computing the inverse dynamics), while com-
paring the measured joint torques to the simulated ones.
Figure 9 shows the measured joint velocities, while Fig-
ures 10, 11 and 12 show the comparison between the mea-
sured and the simulated torque for joint 1, 2 and 3 respec-
tively.

Although a good correspondence has been obtained be-
tween the simulation results and the measurements, some
discrepancies are highlighted, in particular in Figure 10 at
about time 0.3 s, in the form of a vibratory mode in the
experimental data, and in Figures 11 and 12 at about 0.15
s, where the difference between simulations and measure-
ments appears particularly evident.
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Figure 8. Pick and place trajectory
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Figure 9. Measured joint velocities

The main cause of these discrepancies is probably at-
tributable to the adoption of ideal gear and spherical joint
models, not taking into account friction, backlash and
elasticity. The vibratory modes detected are most likely
due to the compliance of the parallelogram rods, modeled
asrigid. Itis also possible that at high operating speeds the
same structure on which the robot is fixed may introduce
vibrations.

3 Model of a Stewart platform

The Stewart platform considered in this work has been de-
signed for an innovative labeller for bottles of different
size and dimension, Figure 13(a) shows a picture of the
platform, while Figure 13(b) illustrates its kinematics.

It consists of a base and a platform, the former is usually
fixed to the ground, while the latter can be positioned in
space, in both position and orientation (6 d.o.f.), through
6 identical legs. Each leg is extendable through an electric
cylinder, connected to the base through universal joints
and to the moving platform through spherical joints. The
electric cylinder is a mechanical linear drive unit with a
piston rod, the driving component consists of an electri-
cally actuated spindle converting the rotary motion of the
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Figure 10. Meas. (blue) and simulated torque (red) on joint 1
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Figure 11. Meas. (blue) and simulated torque (red) on joint 2

motor into a linear motion of the piston rod.

3.1 Direct dynamics

The top level Modelica model is shown in Figure 14(a)
and is very similar to the Delta robot top model, while the
aggregate model of the legs (5) is shown in Figure 14(b).
In this case the motion planner (3) defines the trajectory of
platform pose, in turn defined by the position of the origin
of the platform reference frame and by the Euler angles re-
lating the orientation of the platform frame with respect to
the world frame; so far linear, trapezoidal and cubic trajec-
tories can be assigned. Accordingly, 6 identical classical
independent PID controllers have been implemented for
the motion of the cylinders. The leg model, whose hier-
archy is shown in Figure 15, is defined by the servomotor
model connected to the cylinder model. In turn, the cylin-
der model is defined by the connection of two rigid bodies
(stator and rod) through a prismatic joint, connected to the
servomotor model through a gearbox model and a screw
drive model. The positions of the joints on the base and
platform are placed on a circumference, of diameters Dy,
and D, in couples displaced by 120°, with a,, ¢, being
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Figure 13. Stewart platform

the angular displacements between the positions of each
couple (Fig. 16). The right and left connectors of the legs
model in Fig. 14(b) are again vectors of frames, connected
to other vectors of frames on the base and platform.

3.2 Inverse dynamics

The use of the model of the Stewart platform has been in-
vestigated for the automatic generation of the inverse dy-
namics, namely of an algebraic function computing the
torques as a function of joints positions, velocities and
accelerations, mainly used in control and trajectory plan-
ning (Balafoutis and Patel 1991). In control applications,
inverse dynamics is usually applied to convert positions,
velocities and accelerations, computed according to some
desired trajectory, into the joint generalized forces which
will achieve the desired motion. In trajectory planning, in-
verse dynamics can be used to check that the desired tra-
jectory can be executed without exceeding the actuators’
limits. Analytically computing the inverse dynamics is a
difficult task, particularly in the case of closed kinematic
chains but, thanks to the symbolic manipulation capabili-
ties of the Modelica interpreter, the inverse dynamics can
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Figure 14. Stewart platform

Servomotor

Screw drive

Gearbox

Figure 15. Stewart platform: leg model

be automatically generated from the model.

The torques computed by the inverse dynamics have
been checked along the trajectory depicted in Figure 17,
obtained by controlling joint positions through 6 inde-
pendent PID controllers. The model of the Stewart plat-
form has been then copied and pasted (Figure 18 and
19), while modifying the input structure. Thanks to the
AngleToTorqueAdaptor model (Figure 20), instead
of the joint torques, the inputs are defined by the joint posi-
tions, velocities and accelerations computed by the direct
dynamics. The differences §; (i = 1,...,6) between the
torques computed by the direct dynamics and the torques
computed by the the inverse dynamics is shown in Fig-
ure 21, as it can be seen it is equal to zero (numerically
+1.5 x 10719 N). A standalone model can be also gener-
ated (Figure 22).

It is important to point out that the inverse dynamic
model was obtained directly, without any manipulation,
from the direct dynamic model, which in turn was built
in a modular way using only library models. Instead, all
the approaches mentioned in the introduction required a
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D,

Figure 16. Stewart platform base and kinematic parameters

Figure 17. Stewart platform trajectory

specific analytical approach, and in some cases the use
of symbolic manipulators. However, if on the one hand
the efficiency in the construction of the inverse dynamic
model can be considered as optimal, on the other hand the
question of the computational efficiency of the generated
model remains open, to be investigated in future works.

4 Conclusion

In this paper, the development of models of parallel
manipulators based on an object-oriented modelling ap-
proach is discussed. The models have been developed
based on components of the Modelica standard library
only, without writing a single line of code. Two differ-
ent manipulator have been considered: a Delta robot and
a Stewart platform. The model of the Delta robot has been
validated on the basis of experimental data, collected on
a real robot. The model of the Stewart platform has been
considered in order to automatically generate the inverse
dynamics model, which is in general a quite difficult task
to be performed manually. The main future development
seems to be the verification of the numerical efficiency of
the automatically generated inverse dynamics model, for
the purpose of real time control and planning.
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