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The paper describes the recent advancements gained on the MPI motion simulator
project. The aim of this project is the use of an anthropomor phic robot as actuation system
for a motion platform intended for real time flight smulation. Almost all commercially
available mation platformsrely on the so called Stewart platform, that isa 6-DOF platform
that can bear high payloads and can achieve high accelerations. On the other hand an
anthropomor phic manipulator offers a larger range of motion and higher dexterity, that let
envisage this novel motion simulator as a viable and superior alternative [1,2]. The paper
addresses the use of a new inverse kinematics algorithm capable of keeping joint velocities
and accelerations within their limits. Preliminary experimental results performed using the
proposed algorithm along with possible further improvements ar e discussed.

I. Motion Platform and Washout Filters

he MPI Motion Simulator is based on the industriabot Robocoaster, manufactured by KUKA Roboter
GmbH, which has been modified for use as a rea-timotion simulator [2]. The logical structure bé&twhole
system is shown in Figure 1 where the main fundbimcks are highlighted.
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Figure 1. Block structure of the Simulation and M otion system.

The goal of the motion system, along with the Viigaéion system, is to provide a virtual environmeto the
pilot so that he/she can experience cues similéngécones of a real vehicle. Due to the limited kgpace of the
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platform, a one-to-one motion mapping between thgdtory of the simulated vehicle and the trajectof the
cabin cannot be obtained. It is thus of paramonngoirtance to characterize and attempt to reprotheenotion
information that are important for the task and ttwuld affect pilot's behaviors. In order to ataar and evaluate
the motion cues that the platform can supply, thes€ical Washout Filter (CWF) motion cueing aldamit is
employed in this preliminary implementation: Fig@.eThe motion cues that are considered as oufgheaircraft
dynamic model are the linear specific forces,dnd the angular ratees. The platform attempts to reproduce a
specific force vector and an angular velocity veab the pilot's location in the simulator that eppmate the
stimulus that the pilot would experience in an ataircraft.

The Classical Washout Filter makes use of theditirdination mechanism which exploits the graviégter to
recover for low-frequency specific forces that, do¢he limited workspace of the platform, havébéowashed out.
The filter can be seen as composed of two connettadnels: the high frequency components of theipéorces
and angular rates are reproduced by direct mofidheoplatform, while the low frequencies composesate mainly
reproduced by tilting the cabin on the platform éydhe visualization system [4].
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Figure 2. The Classical Washout Filter including the Simulator and the Platform 1K.

Since the outputs of the washout filter are therddslisplacement and the desired attitude of #ien; this can
be seen as a 6-DOF trajectory generator for thanaatuation system. The problem of reproducingdinspecific
forces and angular velocities is then turned ihtogroblem of real-time trajectory following.

A. The Platform I nver se Kinematics Problem

Differently from a Stewart platform, the inverse&matics problem (IK), that is finding the needeid angles
of the anthropomorphic robot given the posture is p,, and attitudes,,) of the cabin, may present some
problems. Past work has shown that it is possiblese an exact IK algorithm to generate robot jamdles [1]. The
algorithm described in the above mentioned artildes not take into consideration the presence i$tcaints to
maximum joint velocities and accelerations that nb&yimposed by a robot control system. The MPI omoti
platform is built over the Robocoaster system whgkquipped with a robot controller that guarastagange of
safety countermeasures that allow a human opet@tide the robot. For safety reasons it is nosie to use the
Robocoaster without its controller and safety rul€eese safety rules include constraints to maxinjamt
velocities and accelerations that guarantee thatcdntroller is always able to perform a safetypstsing
accelerations which are tolerable by a human omh@and by the robot structure itself.

By this motivation, any IK algorithm to be used dhe MPI motion platform must deal with the
velocity/acceleration constraints of the controlledbot, which has been studied by the authors Jn d4&d, in
particular produce joint trajectories that resghetgiven constraints.

As anticipated, analytic solutions of the IK prablere available only for simple manipulation stures and
suffer from not being able to handle joint rate awteleration limits, and lack robustness to siagtigés. The
differential kinematics, which maps joint ratesth@ velocity of the cabin in the Cartesian spaes, lose used to
iteratively solve for the inverse kinematics prableThe inverse differential kinematics was firstramuced in [7]
under the name of resolved rate control. This teglenderives the joint velocities that result ie thesired motion
trajectory by inversion of the Jacobian matrix nlmegrate them to compute the desired joint anglaerefore the
reconstruction of the joint angles by numericalegration leads to drift phenomena of the solutias; a
consequence, the achieved end-effector positionaaiethtation might differ from the desired ones.feedback
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correction term was introduced to recover for theors in the Cartesian space and to avoid numedcé
instabilities ([8],[9]). For the goal of this praje a classical first order Closed Loop Inversedfiratic (CLIK) [6]

algorithm was considered preliminarily. Figure 3Hlights this concept: the reference signgl contains both
position and attitude references for the robot effieetor (generated by the washout filters), thegrator between
g and (represents an ideal robot (which integrates joiiibeity commands into joint anglesk(lrepresents the
robot forward kinematics (which transforms jointgles into robot end-effector positiondf is a gain matrix
(which weights position and attitude errors) andegates, together with the velocity feed-forwatg, a Cartesian

velocity reference signa¥ which is translated into desired joint velociti®eg the matrixJ_l(q). The approach

clearly requires the inversion of the Jacobian iwaf((Q), which may not be possible or numerically tractadl

and near kinematics singularities [1]. Close toekiatics singularities the Jacobian (pseudo) invkisematics
algorithm becomes ill-conditioned and results imegigh joint velocities and control deviations @1[11]). Based
on this framework, alternative solutions to avdid tnatrix inversion problem have been proposeidmture, such
as the Jacobian transpose CLIK algorithm ([8]).

Another of these alternative solutions is the Datnpeast Square (DLS) approach that exploits theegpaf
CLIK for real-time IK solution, and is capable teal with joint velocity limits [3]. This paper pressts a modified
Damped Least Square resolved rate control (mDIb&},is capable to handle both joint rate and acatdm limits.
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Figure 3. The Closed L oop Inverse Kinematics.

B. A Madified DLS Algorithm for Joint Rates and Acceleration Constraints

The goal of the family of DLS algorithms is to mirize the Jacobian matrix inversion error tradinfwath
limited joint velocities: if the Jacobian matrixric@e exactly inverted, then the noﬂvn— J(9 Cﬂz =0; this is not

possible near to singularities, thus the DLS atbami searches for the joint rat€ that minimize the Jacobian

matrix inversion error”V— J(9 Cﬂ2 and keep”q”2 as low as possible. The original DLS algorithm],([3.2])

derives the joint rate§] from the solution of the optimization problem:
. .12 21| U2
min Jv-3(@d’ +47 ")

v=Ke+ ¥

where the parameter is used to trade off between accuracy and fedyiluf the joint velocity required to
generate the given end-effector veloaityThe algorithm can be seen as a position conttoése which tries to

bring the errore(t) = X, (1) — %( 9 to zero, wherex, (t) is the desired cabin position and attitude, asgead

by the washout filter, and,(t) is the actual cabin posture; finally,(t) is a velocity feed-forward signal
generated by the washout filter as well. The pnobikescribed above has a closed form solution:
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c— (17 2\t
q=(I"(DAQ+A%1) " T(9r
where the parameter is generally varied as a function of the minimund anaximum singular values of the
Jacobian matrix.
In order to handle joint acceleration limits as Iwle optimization problem of the original DLS afghm was
modified using a joint acceleration term in plaé¢he joint velocity/rate term. Furthermore, in erdo proceed to a
real-time implementation, the modified DLS (mDLStimization problem is formulated directly in diste-time:

o) D= —argmin v )- 3+ 4%t )

t —ty
By using a first order approximation of the joilcaleration:
Gt ) O q(tk) _ q(tk—l) — CKtk) ~ C( tk—l)
a(t) =
t -t At

the optimization problem can be rewritten as:

q(t,) =arg mir{ %Ilv(tk )- Jag |’ +%A‘ | ot ) ot }Izj

where the parameteT trades off between smaller Jacobian inversionrgmad larger joint accelerations. Note
that, at each time step, the ter(ﬂ(tk_l) , that is the joint velocity vector at the previdirse step, is known and
comes from the solution of the inverse kinematicdbem at the previous time step.
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Figure4. ThemDL Salgorithm flow chart.

The mDLS problem has a closed form solution as:well
a(t) = (3" 3+ 7%1) T I+ (T 1+ 7)) d 1)
It can be easily understood that a constant Weigrﬂictor/T may not work well for all situations: when exact
IK is possible (i.e. far from kinematics singulee®) it would be best to relax completely the jofwtceleration
constraint (this is possible usinE =0), while when Jacobian inversion becomes badly itimme:d A should
have larger values. Adaptively changin_b according to distance from singularities appeavsahle solution. In
particular an iterative adaptation algorithm wawvedeped which tries to keepT =0 and increasesl when
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necessary only, i.e. when an acceleration limihitsby any of the joints, until the new mDLS sobuti q(tk)

guarantees that all the components of the jointlacation vectord(tk) are inside their respective limitd.is thus

adapted at each time step to guarantee that atsjogspect their limits. This algorithm is capabidimiting joint
rates as well by bringing accelerations to zeroitimyeasingA ) until all joint rates respect their limits. Figufl
shows a flowchart of the IK algorithm. A formal pfoof the stability of this algorithm is under démement and is
out of the scope of this paper. Its capabilitiegehlaeen ascertained during simulations and onéises t

Il. Simulationsand Tests

Experimental tests have been performed with a neali dynamic model of a two-seater light-weightraift. A
joystick was used to control the aircraft insidtheee-dimensional virtual environment. The dynamiadel of the
aircraft, the washout filter and the inverse kingosaalgorithm were implemented using Simulink, Mhihe
visualization system was based on DynaWorlds [EaIRimeWorkshop is used to implement the IK aldonis in
real-time. Figure 5 shows the MPI Motion Simulatwide the Cyberneum at the Max Plank Institut&ubingen
(Germany) during a simulation and a snapshot offteglay screen as seen by the pilot onboard thimc@he out
of the window view is reproduced using a panorasgi@en and a distortion corrected video projecarinertial
Mesaurement System (INS) composed by a triad aflammmeters and gyroscopes was placed on the &xteef
of the robot in order to record linear acceleratiand angular rates actually produced on the cabin.

Figure5. The MPI Motion Simulator and a snapshot of the graphical environment.

A complete analysis of the system would requireomparison between the accelerations produced by the
aircraft simulator and the accelerations measurad the end-effector, that is of the complete
simulator/washout/Inverse Kinematics/Actuator DyinegtPlatform Kinematics chain. Moreover, the evébraof
how well the CWF can be adapted or modified forrtiaot kinematics is out of the scope of this pagred will be
part of future work. In order to evaluate the irseekinematics algorithm only, the accelerations dmedangular
rates filtered by the washout and the ones prodacedrecorded on the end-effector will be compaBsleral
experimental tests were performed; the followingtisas present and discuss three of them.

A. Flight 1

Figures 6, 7 and 8 show the results of a simulationobtained with the described setup. Figure @shthe
trajectory errors of the cabin with respect to desired trajectory computed using the washout filfbese errors,
which remain limited to few millimeters, and lesmh 1 degree in attitude, are mainly due to theraabn on the
accelerations of the joints of the spherical wrist.
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Figure 6. Position and Attitudeerrors.

Figure 2 shows the acceleration and angular veleeibrs, i.e. the difference between the desimelarations
and angular velocities filtered by the washout iedones computed from the trajectory of the effieleédr.

Figure 3 shows, in the three columns, joint angtases and accelerations respectively. Saturatfojoint
accelerations of two joints of the spherical wiigd4 and g6) can be noticed around time 40s and thBssame
sample time at which large errors appear in the rgdes (see Figure 7).
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Figure7. Acceleration and Angular rateerrors.
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Figure 8. Joint angles, velocities and accelerations.
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B. Flight 2

Results from this second flight, which was perfodnweith maneuvers intended to excite strongly the dke

used to show the effect of the weighting paraméte«nf the mDLS algorithm. Figure 9 compares the @ekaabin
accelerations (as produced by the washout fili@ng)) the actual cabin acceleration produced throlighK on the
cabin. A portion of the flight was selected where tobot works very close to its wrist singuladtyd the mDLS
does a hard work to keep joint accelerations indigé limits. Several acceleration artifacts cannoted and they

are all in correspondence to the sample times mrwﬁ 70 1tis currently believed that the heights of thes

spikes could be reduced by enhancing the algorittuich varies/] in order to produce smoother variations and to
reduce the quantum cf} adaptation.
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Figure 9. Desired vs Commanded cabin accelerations and effect of the A parameter.

C. Flight 3

Results from the third flight, are used to compgaeedesired accelerations and angular velocititesefid by the
washout and the ones actually recorded by the IN$&e cabin: Figure 10. Since accelerations andlangates
were recorded outside of the system where the wadiiter and the IK algorithm were run, delays onahbe
evaluated. The data was aligned in correspondefnite dime at which the robot started to move s ttesired vs
measured data comparison is still possible. Osicilla on the accelerometer and Gyroscope data eamainly
addressed to the saturation of joint acceleratiomsneasurement noise, and to a non perfectly fstifig of the
accelerometer on the robot structure.
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Figure 10. Desired vs M easur ed cabin accelerations and angular rates.

Conclusionsand Future Work

The paper presented the recent achievements obhttin@rd real-time flight simulation with the MPIddon
Simulator. A modified Damped Least Square InverseHatics algorithm was developed in order to gateejoint
trajectories that always satisfy the robot joinbegy and acceleration limits. The complete systeas tested using
a cabin with a panoramic screen projector, a jolgstnd a tri-dimensional scenery generator. Expembal results
have shown the feasibility of the approach buthierttesting and developments are needed: in pkatithe tests
highlighted the presence of unwanted accelera@msangular velocities artifacts due to operatiothe vicinity of
robot singularities and consequent activation @& thDLS algorithm. In order to asses the amount uEing
distortion induced by such artifacts, it is worteing some kind of mathematical model of the piletgeption
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system, and to compare the desired specific foareb desired angular velocities, as outputted bydineraft
dynamic model, and the ones really produced byrtbgon platform. It is a critical point for the dag algorithm to
avoid any improper motion cue since it is commokhown that false cues have a negative effects en th
simulation. Indeed those negative motion cues cbrddk the illusions introduced by the visual systnd so they
should always be avoided whenever possible. Andsisele that needs attention is the exploitatiothefcomplete
robot motion envelope. Enlargement the range ofanatequires the development of a new class of waisfilters;
very likely, given the cylindrical symmetry of threbot workspace, a filter that works on cylindricalordinates
rather than Cartesian as the CWF does, might exnltrg span of the generated trajectories; neverbdhis
approach could lead to unwanted cross-axis effeaetsneed particular study and attention.
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