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Abstract - This paper introduces a novel control scheme aimed at extending the workspace of hexapod-based
dynamic driving simulators by exploiting redundant degrees of freedom. Dynamic driving simulators often face
limitations in their ability to render motion due to workspace constraints imposed by the hexapod design. The
proposed control algorithm optimizes the positioning in redundant degrees of freedom of the hexapod to maximize
the workspace in non-redundant degrees of freedom. This is accomplished by determining a favorable position
through an optimization algorithm, that minimizes a functional evaluated for the distance between the current

actuator position and the actuator’s limits.
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Introduction

Driving simulators are a crucial tool for studying
the dynamics between vehicle occupants, vehicles,
and their environment. Dynamic driving simula-
tors provide the ability to render motion to reduce
motion sickness in test subjects and increase the
immersion of the simulation. Many simulators rely
on Stewart platforms that can manipulate motion in
three translational and three rotational degrees of
freedom (DoF). Limited by the workspace envelope,
the rendered accelerations and angular velocities
can only be applied for brief amounts of time, need
to be scaled down, or modified otherwise.

To overcome the workspace limitations imposed
by the hexapod design, a secondary motion system
can be superimposed to extend the motion limits for
individual degrees of freedom. Common combina-
tions include 7-DoF simulators (Zeeb, 2010), which
consist of a linear rail and hexapod, and 8-DoF
simulators (Baumann, et al., 2012), which allow for
translation of the hexapod in two spatial dimensions.
In addition, these simulators can be combined with a
yaw table to extend the range of yaw motion (Fang,
Wautier, and Kemeny, 2021).

The degrees of freedom of a hexapod in Carte-
sian space are strongly correlated. Moving the
simulator in one degree of freedom can limit or
extend the range of movement in another degree of
freedom. When the hexapod is coupled with a super-
imposed motion system, the hexapod’s workspace
depends on the distribution of motion in the redun-
dant degrees of freedom. Motion algorithms, such
as classical washout algorithms for 7-DoFs, treat
the hexapod and the superimposed motion system
as independent entities and distribute motion based
on physical performance (Ellensohn, et al., 2020).
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Figure 2: Valid pose, all actuators within limits

The interaction and effect on the remaining hexapod
workspace is often neglected, leaving untapped
potential.

A dynamic driving simulator with seven or more
degrees of freedom allows for a hexapod motion in a
redundant degree of freedom, that can be compen-
sated by an opposite movement of the superimposed
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motion system. Thus, the hexapod working point can
be manipulated without affecting the resulting global
pose of the simulator. The control algorithm, that is
investigated in this paper, exploits this behavior by
shifting the operating point of the hexapod to extend
the hexapod workspace in non-redundant degrees
of freedom.

The following example demonstrates how a pre-
viously unattainable rotational pose can be achieved
by translating in a redundant degree of freedom.
Figure 1 shows a hexapod pose that is not valid
because the right actuator is compressed beyond
the limit. To decompress the right actuator, the rail
sled can be moved to the left and the upper hexa-
pod platform position, relative to the sled, can be
translated to the right. This way, the resulting global
position is unchanged, and the hexapod position has
been moved to a feasible pose.

To compute this superimposed motion in the re-
dundant DoF, an optimization algorithm is used that
minimizes an objective function based on actuator
extensions.

Research Questions

This paper explores an idea that integrates well
with existing systems and promises to extend the
workspace of a hexapod. However, some question
are to be addressed:

1. How can redundant degrees of freedom be lever-
aged to extend the usable hexapod workspace?
2. How much workspace can be gained by exploiting
redundant DoF?
3. What are the potential drawbacks and adverse
efo?:cgs of control strategies regarding redundant
oF?

Methodology

The algorithm presented in this paper computes a fa-
vorable position in terms of maximum working space
in the redundant degrees of freedom of the simulator.
This position is determined by an optimization algo-
rithm based on an objective function applied to the
extension of each actuator. Extensions that are close
to the limits of the actuators’ working space are pe-
nalized. The geometric relations of the Stewart plat-
form (Stewart, 1965) lead to a formulation to compute
the extensions of the individual actuators.

Inverse Hexapod Kinematics

A three-dimensional vector r,ctuator,i, that describes
the orientation and length of each actuator, is com-
puted based on the actuator mounting positions of
the moving base (mb) and static base (sb). The
mounting points of the moving base are translated by
rotation matrix C,..; and the translation vector ;4.

Tactuator,i = Crotrmb,i + Ttrans — Tsb,i (1)
li = ”Tactuator}iH - lcenter (2)

For the following optimization problem, the actua-
tor state for each actuator is reduced to a one-
dimensional variable I;, which corresponds to the dis-
tance to the center zero position of the actuator.
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Figure 3: Objective function for an individual actuator

Objective Function

In order to maximize the workspace, it is assumed
that the actuator stroke distance to the upper bound-
ary (ub) and lower boundary (Ib) must be maximized.
To achieve this goal, an objective function is formu-
lated, that is based on the inverse square law, as
shown in Figure 3. Since the optimization algorithm
may start at an infeasible pose, that contains invalid
actuator positions, the inverse square law is only
used up to a distance of e to the actuator limits.

€e>0 (3)
lub,e = lub — € (4)
lpe=Up + € (5)

The objective function is continued beyond the
shifted actuator boundaries as quadratic functions,
that are C? continuous with respect to the inverse
square function.

L+ Ei(li = lup,e) forily > lupe
+ k%(li —lupe)?

m forl; <OAIl; > llb,e

1+ Kk (llb,e — lz) for l; > lub,e

+ ko (lip,e — 1;)?

To combine the objective function of all actuators the
infinity norm is used, as the hexapod workspace is

restricted by the individual actuator, that is the closest
to its limit.

fopt(Crot;rtrans) = ||f17--;f6||oo (7)

Optimization Problem

The value of the objective function depends on the
rotational and translational state of the simulator.
The goal of the optimization problem is to minimize
the objective function by manipulating the rotation
or translation of the simulator along the redundant
degrees of freedom. In this example, the translation
Tirans N the y-direction is adjusted to a more favor-
able position with respect to the actuator extensions.
The optimization problem is bounded by specifying
upper and lower bounds for the optimization variable.
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min fopt(0r0t7 Ttrans T Y ey) (8)
yeR

subject to y < yup Ay > Y 9)

Since the optimization problem has a fairly smooth
and generally convex objective function, a gradient-
based solver is used to find the minimum of the func-
tional. In this work, the zero position was used as the
initial value for the solver. For a motion cueing algo-
rithm that makes use of this algorithm, it might be
more appropriate to use the optimal value from the
solution of the previous time step as the initial value.

Results

The results that are displayed in this section, are
computed for the motion system of ika’'s highly dy-
namic driving simulator (Wagener, et al., 2023). This
7-DoF simulator features a Stewart platform, that is
carried by a sled on a 12m long rail. The simulator is
therefore redundant for translations in the y-direction.

First, the method is applied to an exemplary
case, to show how the optimization scheme can be
used to expand the workspace. The workspace is
then systematically explored. In this way, it can be
visually determined, where the highest workspace
gains can be realized with the presented algorithm.

Exemplary demonstration case

Figure 1 shows a situation where a pose is requested
from the Stewart platform that cannot be achieved
without violating the stroke limits of the one actuator.
The pose is a combination of a -0.26 rad yaw and
a roll angle of 0.32 rad. High yaw angles combined
with high roll angles can occur when the driving
simulator renders the motion of a lane change during
tilt coordination on a curved road. To isolate the
effect in the yaw-roll plane, all other variables are set
to zero.

In Figure 4, the objective function is plotted against
the y-position of the hexapod. The objective function
decreases toward the green region, which indicates
feasible hexapod positions. An optimization solver
converges to an optimal y-position of -0.22 with
respect to the objective function. If the hexapod is
moved to the left relative to the sled and the sled
is simultaneously moved to the right by the same
distance, the actuator limit violation can be resolved.
Figure 2 shows the optimal pose and illustrates
that the previously unattainable position can be
achieved by freezing the global simulator position
and adjusting the sled position.

Workspace Envelope Evaluation

By performing a grid search in Cartesian space
and checking in actuator space, if the requested
poses are valid, the workspace envelope can be
computed. A grid is spanned in the dimensions of
the simulator and for each grid point it is determined,
whether the pose can be reached starting from the
current operating point. By analyzing the available
workspace, the potential of the algorithm to extend
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Figure 4: Objective function over redundant DoF
(roll=0.26 rad, pitch=0 rad, yaw=0.32 rad,
x=0, y=0, z=0, rail=0)
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Figure 5: Roll-Yaw Workspace (pitch=0,x=0,y=0,z=0,rail=0)
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Figure 6: Pitch-Yaw Workspace (roll=0,x=0,y=0,z=0,rail=0)
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Figure 7: Roll-Pitch Workspace (yaw=0,x=0,y=0,z=0,rail=0)

the workspace into non-redundant degrees of free-
dom depending on the situation is evaluated. Special
attention is given to chained rotations and rotational
limits.

In Figure 5, the area enclosed by the blue line
represents the workspace of a Stewart platform
in the roll-yaw plane. Since all other DoFs are set
to zero, the maximum achievable yaw angle as a
function of roll angle is represented by the blue
outline. Adding the optimal translation in the redun-
dant DoF to the equation increases the available
workspace. The green area shows poses that can
be achieved by superimposing the hexapod motion
in the redundant degree of freedom. The maximum
yaw angle at zero roll angle cannot be improved.
The workspace expansion algorithm shows the most
gains when multiple degrees of freedom are used
simultaneously. The total area gained in the roll-yaw
plane is 16.2 %.

The workspace between yaw and pitch angles,
Figure 6, is asymmetric in the pitch direction. This
means that the simulator can pitch further forward
than backward. The workspace gains in this slice
are rather small, a 7.6 % surface area gain, as
the actuators are already used efficiently in the
investigated layout of hexapod and rail. Most of the
workspace gains can be realized in the roll-pitch
plane, see figure 7. The workspace grew by 24.6 %
in comparison to the base workspace. Especially for
negative pitch angles, there is much more space for
the simulator to roll, when using the compensatory
motion algorithm.

Conclusion

By effectively extending the hexapod workspace,
the presented method allows to improve the per-
formance of existing motion cueing algorithms, in
particular for maneuvers that demand motion in
multiple degrees of freedom simultaneously. In the
roll-pitch plane, relevant for braking maneuvers
under lateral tilt coordination, workspace gains
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of over 20 % can be realized. This allows for a
more aggressive parameterization of motion cueing
algorithms. Motion algorithms that do not account for
the interdependence of degrees of freedom can use
the hmoc}ion system more efficiently by integrating this
method.

For motion cueing algorithms that already incor-
porate dependent motion constraints of the motion
platform, the method could be used to control one
redundant degree of freedom. This would allow the
motion cueing algorithm to solve for one less degree
of freedom and thus reduce its computation time.

Future work

The slices through the rotating workspace give a
good idea of workspace gains that can be achieved.
A three-dimensional workspace analysis could pro-
vide more comprehensive insights (Masory and
Wang, 1994). The concept of running an optimiza-
tion scheme to find a suitable position in redundant
DoFs can also be applied to rotational DoFs, such as
yaw tables, to open up new motion spaces.

The next step is to roll out this method to a real driving
simulator to verify its robustness and dynamic perfor-
mance under real-world conditions. As compensat-
ing motions are applied to a coupled motion system
this method is very sensitive to system latencies. The
effects of real world latencies and system control re-
sponses will be investigated.
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