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Abstract

The achievable accelerations of serial robot systemsraietl by the weight of the axis drives,
which are moved while traversing the given trajectory ofttnenipulator. By switching to par-
allel robot systems, it is possible to mount all drives onrige&l base platform. This reduction
in weight of the movable linkage increases the possiblela®ns, while retaining suitable
position accuracy. Much weight can be reduced further ondaygucomposite fibre materials
for cranks and rods of each parallel linkage. Such systeenggnt and stiff and enable low cy-
cle times, but unfortunately they are usually poorly damagelastic structures and therefore
tend to perform unwanted elastic vibrations during motion.

In this paper, position dependent models are investigathith are suitable to generate
linearized elastic system models at arbitrary positionhiéwork space of the robot structure.
These models are further modified to include active piezotetepatch devices as actuators
and sensors, which can be used to control and observe thie stasctural deformations. The
final electro-mechanical coupled system model can be usgéeMelop and simulate state space
vibration control algorithms.

1. INTRODUCTION

The results presented in this paper are but a small part adinggvork on robotic systems
for handling and assembly done by a Collaborative ResearcleC@&underforschungsbereich
562). For a more complete overview of the research see refesdl, 2, 3].
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2. 4-DOF MECHANISM TRIGLIDE

2.1. Structural Concept

In figure 1 a TRIGLIDE mechanism is shown, which is a 3-DOF system comprised oéthre
linear drives connected with the tool-center-point (TCH)isTmechanism combined with an
additional rotational axis results in a robot with 4-DOF,igbhis suitable for tasks of handling
and assembly. Parallel kinematics in principle show a loato between work and installation

Figure 1. Triglide Mechanism. Left side shows combined workspace ofctwadigurations, right side
shows the realized demonstrat®IGLIDE.

space compared to the more common serial kinematics useaniiihng and assembly. The
presented demonstratorRIGLIDE is designed in a way to overcome this problem by designing
the structure so that a change between different configuratdf the parallel kinematics is
possible, thus combining the work spaces of the differenfigarations to a usable sum of work
spaces as shown in figutgBudde {]). The TRIGLIDE is capable of reaching accelerations up
to 10 times acceleration of gravity with a payload of up to 3lkgorder to exploit the potential
for short cycle-times in handling and assembly a vibratioppsession using smart structures
technologies is designed.

2.2. Componentsfor Active Vibration Suppression

As components for vibration suppression active rods aréamented into the links of the struc-
ture. Instead of using discrete piezostack actuators aepted in earlier paper§,[6], patch
actuators as shown in figuBeare used. The advantage of using this kind of embedded actuat
lies in the integrated prestressing of the brittle piez@mal, so that a complicated prestressing
mechanism needed for discrete piezostack-actuators iequired. The combination with fiber
composite material leads to an easy dimensioning of theagdmst the loads induced by the
handling and assembly processes. Using the design penaipdeimer [7], active rods for the
TRIGLIDE were designed, which are shown in figuteA free stroke of 35:um was realized
using embedded actuators with a ceramic layer of 0.2 mm. &hdting fiber orientation is 45°
with a wall thickness of the carbon-fiber structure of 1.5 mithva given inner diameter of
25 mm. The weight of the active rod of 456 mm length is app. 138up being lighter than the
passive aluminum rod as shown in figure



ICSV14 » 9-12 July 2007 » Cairns ¢ Australia

Figure 2. Active rods for theRIGLIDE: The left side depicts the embedded piezo-actuator and the fin-
ished rod, the right side shows a complete link including electrical connsabitihe actuators.

3. CONTROL ASPECTSAND EXPERIMENTAL RESULTS

The dimensioned rods are built into a completGLIDE-structure mounted in a frame as
shown in Fig.3. Parallel kinematics expose the problem that they havegihgrstructural
stiffness with changing position in work space, which cagiks vibrational control of the
structure. For vibrational control a robust control stggtédescribed in Zhowg] and with more
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Figure 3. Left side shows the active frame mountedcLIDE-structure, mid side depicts the controller
cabinet with piezo amplifiers and filters and right side shows refererinéspno the Y-Z plane.

details regarding the particular problems of parallel na@i$ms in Algermisser®[ 10]) is used.
For theTRIGLIDE-structure the mechanical behaviour is uniform for evergosition but non-
uniform for different Z-Y positions with respect to the giveoordinate system in Fid. This
non-uniformity is documented by the first two plots in figdrevhere the frequency-response
functions of different actuators to the measured acceterat the TCP at reference point 7 and
3 as given in figure show varying eigenvalues. To overcome this problem the spdce is
segmented and different controllers for the segments weveldped. Because the vibration-
controller is linked to the central control of the robot asdéed in [L1] it is possible to
switch between the controllers depending on the positiomdrk space. The effectiveness of
vibration control is shown by the right plot of figuddor reference point 1 depicting broad band
reduction of vibration. These results are obtained doiststm the setup as shown in figue
while controlling vibrations in the three translational B Tests under working loads while
doing handling and assembly will be done later this yeamn thieing the possibility to assess
the impact of vibration suppression on cycle times. Furtiank will be done to do vibrational
control of the TCP in 6 DOF, controlling also the rotationdinations.
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Figure 4. Left side shows frequency response function from link Ictelaration in X-direction, mid
side from link 3 to acceleration in X-direction, both for reference poistaghed line) and 3(solid line),
right side shows frequency response function from link 2 to acceleratiX-direction without (solid

line) and with control (slashed line) for reference point 1.

4. FE-BASED ELASTIC POSITION DEPENDENT MODEL

The approach of using system identification to get a modéhksia to control the elastic de-
formations of the robot structure has to use interpolatiategies on the workspace, to be
applicable at arbitrary positions of the TCP. FE-based nsodéh embedded non-linear kine-
matics can be used directly with guaranteed continuousrigmey on the parameters describ-
ing the trajectory.

Figure 5. Schema of tHeRIGLIDE-structure.
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4.1. Geometric consider ations

The formulation of the elastic model for th&IGLIDE-structure needs some geometric treat-
ment, which can be derived from figuée showing the most important geometric parame-
ters. The occuring forces and moments will be describeditalse reference coordinate sys-
temsOp,, attachted to some poitft,, which will be exactly described in the following. The
most compact and exact way to describe the locations kineatigitis to use transformations
like Og = B - Op, coupling the systerd, with Op by the transformatio8. The elementary
translational and rotational transformatichga|, 7,[b], 7. [c], R.[a], R, [b] andR.. [c] will

be used to describe translations and rotations with respéoe xyz-axis by the values b and

c respectively. According to figurB, all the neccessary reference coordinate systems can be
obtained by the relations

T,[—b1 — a1] - R.[180°] - O, Oasesy = Ry [180°] - 7, [a1] - Ops,,
T,[~bs — as] - O, Onss), = Zy[az] - Ogs,,
T,[—bs — as] - R.[-90°] - O, Onases), = Ty[as] - Ons,.
OAS = [CIJ O, Ogs, = [%} OasGs);
Ocs(sp) = Ra[—90°] - T2 [ei] - Oes;. Ocs(sn) = Ra[—90°] - T:[—ei] - Ocs,
Osp, = R[] - Ocs(sp), Osn, = Ra[3i] - Ocssny -
Ospery = Ry [180°] - T.[(;] - Osp, Osnepy = Ry [180°] - T.[4;] - Os,,
Ocpspy = Ro[—90°] - T2 [e;] - Ocp, Ocpsny = Ro[—90°] - T.[—¢;] - Ocp,
Ocpsp) = R [ 3i] - Ospar), Ocpisn) = Ra[3i] - Osneery,
Ocp, = R[] Onrp). Onppry = Zy[r1] - One,
O = T.[f] - One, Onppry, = Zy[r2] - R.[180°] - Ope,
Oer = R.[¢] - Onp, Onpery, = Ry [180°] - Ty [rs] - R [90°] - Onp,

Op = Tz[ ] 7;[272} 'Tz[pl] - Ogr.
1)

All parallel structures contain kinematically closed Isofherefore to solve the underlying
non-linear equations of motion, which can be obtained instesgyatic way using the transfor-
mations just given, numerical solution precedures mustgpdied in general. In case of the
TRIGLIDE-structure, the so called direct kinematical problem (DMiRh prescribed drive po-
sition parameters,, ¢2, g3 andg, = 1 as well as the inverse kinematical problem (IKP) with
known TCP parametersp, yp, zp andyp = v from the trajectory planning module can be
solved explicitly by elementary operations.

4.2. Dynamic equationsfor therigid body system

The full set of dynamic equations for a rigid or elastic moafahe TRIGLIDE-structure can be
obtained by an application of the so called Jourdain priedqi?]

3
Z5Pk:=z56]z‘fqi+5¢7'¢7 (2)
K i=1
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which relates all internal and external virtual power in fystem. Heref,, denotes the trans-
latorical drive forcesy,, the drive moment of the fourth rotational drive mounted o TICP-
platform, and the sum includes all rigid and elastic compdsmer bodies of the system. Espe-
cially for rigid bodies with mass», center of gravityc and inertia tensod, the virtual power

IS given by
T

v mI mé'| |la—g n

5w] ”m& J w ]
Note that all vectors and tensors (including the earth tmion g) are used with respect to a
body fixed reference system, which moves with absolute itglag acceleratiom and angular
velocity w. The swung dash operator is defined as usual by the crossghtodu-= w x c. The
inertia tensotJ, with respect tac can be used to calculate the inertia tengoe Jo + méé’
of the body reference system.

From these equations and the kinematical restrictions empdsition parameters and its
variations, a very efficient real time C-code has been derivbith was used as dynamic model
of the rigid bodyTRIGLIDE-structure in the computed torque control method simildrassbeen
done before for the HEXA-structure (HesselbaéB]). The non-linear dynamic model was
also built in the multi body systesiMPACK to verify the calculated drive forces of the realtime
model. In order to excite all parts of the systems, compdidahree dimensional trajectories
have been used as shown in figiice After some code debugging, finally the forces of both

wJw

Figure 6. Example trajectory for the model verification.

models matched within floating precision.

4.3. Dynamic equationsfor the elastic system

To obtain an elastic model of therIGLIDE-structure, the rigid rods are substituted by elastic
Euler-Bernoulli beams with circular cross section and theesponding joints are supplied by
discrete rotational springs and dampers. In equa@rtife virtual power Poeami. COrrespond-
ing to the elastic potential of the beam and the beam massiwatitin is given by

¢ ¢ ¢
8 Poeamk = pA/ S (2)T i (2) dz + E[/ S (2)Tw” (2) dz + EA/ ou'(2)u'(2)dz, (4)
0 0 0
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with the transversal deformatian(z) and the longitudinal elongatiom(z). The beam is seg-
mented and using the classical FE-approach, suitableesdgfand mass matrices are generated.
In the present configuration, the active piezoceramic gst@re actuated identical for each
beam, which results in an equivalent external force pai aU proportional to the supplied
voltageU and acting in beam direction at both ends of each beam. Theagte actuation
factor o and other parameters of this elastic formulation have bé&taireed by suitable FE-
modells of the concrete assembly of the beams in fi@uiige external virtual power to extend
the Jourdain principle in equatioB)(is given by (dux(¢) — dux(0))aUy. If all these equations
are combined, a position dependent linearized matrix eguat the well known form

M,ii + Dy + Kqu = f + Bz, y=Cyii, Gau=0 ()

can be derived. The mass mati,, damping matrixD,, stiffness matrixk, are position
dependent, which is indicated by the subsctpdf the drive position vectorz denotes the
electric voltages applied to the individual active rogfsis a general force excitation, which
includes inertia forcesy describes the accelerations of the TCP platform, which shbal
decreased by the vibration controllarare the choosen finite element nodes @hdepresents
the linearized equations of the kinematical constraintsciByosing some vecto®, from the
kernel of G4, e.g. modal shapes from a modal analysis of equaBrtifese equations can be
simplified to

Mq2+1§qz'+1§'qz:<1>§f+3qw, y:éqé, u=®,z with (6)
M,=®!M,®, D,=®D,®, K,=® K, ®, B,=®.B,, C,=C,®, (7)

These models have been set up for tReGLIDE-structure, but they are yet not fine tuned and
there is ongoing work to compare their frequency responsetiions with measured data. Once
they fit the data, they can ease simulation studies for copgdormance and enhance the
control layout over the workspace of the parallel robotctrte.

5. CONCLUSION AND OUTLOOK

In the field of handling and assembly smart structures tdolgies have proven to be useful
to further enhance the performance of robots. The more camapproach of active vibration
suppression using piezoceramic actuators could be adaptide problems of parallel kine-
matics using a suitable controller design. The use of sarfended actuators as presented in
this paper proved to ease the design process of active cansosignificantly, due to the fact
that no external pre-stressing of the actuators has to be, deeding to more conventional de-
signs. Further investigations will be done in order to daaiimnal control of TCP in all DOFs.
Different active components e.g. torsional actuators adbvey actuators will be investigated.

The position dependent elastic model of ttraGLIDE-structure will be adapted by FE-
updating procedures to fit the frequency response curveajneld by measurements at the
specified grid positions in figur&
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