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Introduction

The students’ assignment was to model and simulate a
parallel kinematic structure using MATLAB/Simulink plus
appropriate toolboxes. The results had to be verified with a
real-world model also built by the project group, thus plac-
ing emphasis on the relevance of modelling and simulation
in modern mechatronics. The software needed to run the
real-world model had to be real-time. However, automatic
software generation was used to relieve the students of the
need to write real-time software, which would have dis-
tracted them from the original goal. The parallel kinematic
structure chosen was a simple table that compensates for
movements of the base platform, to which it is linked by
linear guides.

To keep the upper platform horizontal and at a de-
fined height, two degrees of freedom in orientation and one
degree of freedom in Cartesian position are necessary. The
3DOF parallel manipulator with RPS joint structure (rota-
tional — spherical — prismatic) proposed in [1] fulfills these
reguirements. Using a manipulator with SPR joint structure
[1] would increase the working space, but the calculation
of the inverse kinematics would need more calculation
power.

This platform will be used as teaching aid in mecha
tronics studies as an example for calculating the inverse
kinematics of a simple parallel kinematic manipulator. A
commercia application can be found in keeping tables,
floors or solar panels of a vehicle or vessel in a defined
orientation. In contrast to a pure mechanical solution, pa-
rameters (damping, target orientation) can be easily modi-
fied online.

Inverse Kinematics

The platform has three degrees of freedom which can
be verified with Griibler's formula[3]. | represents the total
number of rigid bodies of the mechanism, including the
base; n is the total number of joints and d; the number of
degrees of freedom of joint i. The mobility m of the plat-
formis
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In the following the height of the centre (Cartesian z-
coordinate) of the upper platform and two angles describ-
ing the normal vector of the upper platform are chosen as
independent variables.

A base coordinate frame {G} is fixed on the center of
the base platform. The links are connected to the base
platform by means of pin joints at the fixed positions ®P,
spanning an equilateral triangle. An upper platform coordi-
nate frame {H} is fixed on the center of the upper platform.
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Fig. 1. Schematic representation and coordinate systems of the
3-RPS manipul ator

The links are connected to the upper platform by
means of ball joints at the moving positions "B; (see Fig.
1). The coordinate frame {H} with respect to the base co-
ordinate frame {G} can be described using ZYZ-Euler

angles by the homogeneous transformation matrix ﬁT [4]:
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where s, isshort for sin(y), ¢, for cos(y) .

The column vector [xC Yo Zc ]T denotes the trans-
lation from the center point of the base to the center point
of the upper platform. The position of the ball joints B,

with respect to the base frame { G} can be expressed as

Cp=ET-"B;. ©)
The inverse kinematic equation (eq. 4) defines the ac-
tuating length |i by determining the Euclidian distance
from ©B, to °P,.
li = norm(G B —GP, ): norm(ﬁT-H B —GP, )

(4)

The homogeneous transformation matrix ST de-
scribes the pose of the platform and the following two
paragraphs show, how the parameters of ﬁT can be de-
termined.

Orientation

The normal vector of the plane defined by the upper
platform sufficiently describes the orientation of the plat-
form and it is identical to the z-axis of the coordinate sys-

tem of the upper platform ZH with respect to the base
frame {G} :

M3
G2
Zy =|To3 |- ©)
]
Orthogonal mounted accelerator sensors based on
Micro-Electro-Mechanical Systems technology (MEMYS)
are used to measure the vector of acceleration of gravity.

The sensor values U; correspond to the directional cosines

of the gravity vector Iy :

Ug 3 CaSp
nor u 2 =T 23 | = Sa Sﬁ (6)
us r'33 Cp
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Defining 0< 8 <% the ZYZ-Euler angles « and 8
can be calculated as

a = atan2(rp3,n3),

()

B = acos(ra3). G)

N.B. For —%<ﬂ<0 the sin(8)<0 and so

o = atan2(~r,3,-113) and S = —acos(rag).
The remaining dependent parameter y is calculated
using constraint equations imposed by the pinjoints[1] as

y=-a.

©)

Position

The position of the moving platform is described by
the column vector [x. y. z.|' . The Cartesian coordi-

nate Z. is defined by the set point of the height of the
table. The dependant variables x. and y. can be deter-
mined using constraint equations imposed by the pin joints
(1] as

Xe = —% (L-cos())- cos(2r) , (10)

Yo =~ (1-cos(B))-sin(2a) (11)

Simulation

There are several reasons for realizing a model of the
platform. Firstly, it is possible to check the functionality of
the construction and to determine the working area by
simulation. Furthermore, the control program can be de-
veloped and tested before the real platform is available.
The mechanical construction is performed with the CAD
program SolidWorks [5] and the data is exported to Sim-
Mechanics [6], a simulation tool for mechanical systems.
Using SimMechanics the dynamic behavior of the platform
can be tested with areal or simulated control beforeit is set
up. The model of the manipulator respects geometrical
congtraints, joints and mass distribution. Friction is ne-
glected in this model.

Prototype

The prototype consists of a mechanical construction
(see Fig. 2) and a PC (Pentium 1V, 2Ghz) equipped with
data acquisition card (Meilhaus PCI2600i) which captures
the data of the accelerator sensors (Analog Devices
ADXL150) and outputs the pulses for the drive amplifiers
(SMC LC6D) for the linear stepper motors (SMC LXS).
The PC runs Windows XP with a real-time kernel (Real-
time Windows Target [6]) extension. This enables the
system to run Simulink modelsin real time.



Fig. 2. CAD-model and photograph of the 3-RPS manipulator

For measuring the static earth acceleration vector two
low-cost dual-axis micromechanical sensors are mounted
on the base in alignment with the base system {G}. Various
methods for compensating errors in gain, offset, linearity
and non-orthogonality are described in the literature[7-9].

The control program calculates the length of the
prismatic axis corresponding to eq. 4 from the signals of
the accelerator sensors with a sample time of 39.68 ms.
The sub-program which creates the pulses for the stepper
drives is executed with a sample time of 330 ps. The pro-
gram is tested using the SimMechanics model of the plat-
form and is used without modification for the real world
task. The Real-Time Workshop Toolbox [6] trandates
Simulink models into C-Code for specific target platforms.
The PC can thus be replaced by an embedded system and
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the program for the embedded system can be generated
directly from the Simulink model of the control program.

The linear drives used have a stroke of 100mm and a
lead of 30um per pulse. The maximum start-up frequency
is 1400 pulses per second and the maximum continuous
frequency is 3000 pulses per second (no load). This is
taken into account in the Simulink-program which controls
the drive.

Experimental Results

The manipulator is tested by manually changing the
orientation of the base platform. The setpoint values l; spoint
and actual values | . representing the lengths of the
linear drives are depicted in Fig. 3. The setpoint values are
calculated from the signals of the MEMS sensors and as it
can be seen in Fig. 3 the values are remarkably noisy,
which is caused by the vibrations of the stepping motors.
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Fig. 3. Actuating lengths of the prismatic joint axes (setpoint and
actua values)

The noise is filtered by the low-pass characteristic of
the motors and furthermore a hysteresis of +/-50 pulses is
applied to the setpoint value which causes a systematic
error of +/-1.5 mm in actual axis lengths. The experiments
on the target platform have shown that the stepping motors
induce a considerable amount of noise to the sensors. A
matter of fact that could not show up in simulations be-
cause of unavoidable simplifications made during the mod-
eling process.

Conclusion and Future Possibilities

The goal of this project was to use a simple paralel
kinematic structure to show the potential of modeling and
simulation in mechatronics with modern software tools. A
prototype had to be built, not to serve as a kind of rapid-
development platform, but rather to test the concept. How-
ever, even in this case MATLAB/Simulink is of great help,
because code-generating software is available, thus remov-
ing the tedious task of writing real-time software. In this
way the students could concentrate on their task and even-
tually build a real-world model from scratch: They selected
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