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Abstract: In motion simulation, motion platforms enable the simulation of forces and angular
velocities acting, for example, on a person in a car or in an airplane. Other applications include
perceptual research and testing the dynamic behavior of mechanical structures. This work presents a
novel motion platform consisting of a Stewart platform with two additional rotational axes on top.
A Stewart platform can perform highly dynamic movements, resulting in high forces and torques
acting on objects mounted on it. The actuators of the two rotary axes must be sized in such a way that
they provide sufficient drive torque for each movement of the Hexapod to prevent slippage. In order
to select suitable drives, an optimization problem is formulated that generates trajectories in which
the torque for the two additional axes is maximized. This method can also be used to determine load
cases, which are used to perform a stress analysis of the entire structure on the Stewart platform
using finite element simulation.
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1. Introduction

Motion platforms are used in flight and driving simulations to imitate a real sense
of motion. For example, they reproduce the accelerations and rotation rates that act on a
person in a car or an aircraft. Thus, they play an essential role in pilot training and vehicle
development. Further motion platforms are used in perception research and for spatial
disorientation training. Another field of application is testing the dynamic behavior of
mechanical structures or fluids.

Motion platforms come in many different types, all of which have advantages and
disadvantages. The majority of motion platforms are based on Stewart platforms [1]. A
Stewart platform consists of two frames, where the lower frame is firmly anchored to the
ground and the upper frame can move freely in space. The two frames are connected by six
linear actuators with ball joints and universal joints. There are three attachment points on
both frames, to each of which two linear actuators are attached. Since the attachment points
of the lower and upper frames are arranged in a triangle and shifted by 180 degrees to each
other, this results in a very rigid system. Usually, a cabin is mounted to the upper frame,
where a pilot can take a seat. However, the platform’s workspace, both translational and
rotational, is heavily constrained by the reach of the linear actuators. For example, extensive
roll maneuvers are not possible because the robot cannot turn the platform overhead.

Motion platforms based on industrial robots are designed to overcome this problem [2].
The advantage of a six-axis robot over a Stewart platform is a larger workspace, whereby
the rotational workspace especially is considerably larger. A Stewart platform, on the other
hand, has higher stiffness and allows a higher payload at a comparable size. Some motion
platforms extend the Stewart platform with additional linear axes [3,4] and an additional
rotational axis [5] to increase the workspace. This work discusses a novel motion platform

Eng. Proc. 2022, 24, 24. https:/ /doi.org/10.3390/IECMA2022-12895

https:/ /www.mdpi.com/journal/engproc


https://doi.org/10.3390/IECMA2022-12895
https://doi.org/10.3390/IECMA2022-12895
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0003-2244-6831
https://orcid.org/0000-0002-8367-2704
https://iecma2022.sciforum.net/
https://doi.org/10.3390/IECMA2022-12895
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/IECMA2022-12895?type=check_update&version=1

Eng. Proc. 2022, 24, 24

2 of 5

based on a Stewart platform on which two additional rotational axes are mounted. The
platform concept was initially presented in [6]. As a result, the platform has high stiffness
and the rotational workspace is extended to be similar to that of an industrial six-axis
robot. After the motion platform, a method is presented to determine the maximum torque
expected in the two additional axes in a worst-case scenario. This torque is required for the
design and selection of the drives used in the rotational axis. Further, this method allows us
to determine the maximum moment or the maximum force at a certain point on a structure
in a certain direction, which can be used as external moments and forces in a stress analysis.

2. Novel Motion Platform

Figure 1 shows a scheme of the novel motion platform in front and side views. The
basis is formed by a Stewart platform, which is extended by two additional axes. A
turntable, which represents axis 7, is mounted directly on the Stewart platform and allows
for endless rotation in the yaw axis. Axis 8 is mounted onto a screw structure and is
arranged perpendicular to axis 7, allowing an endless roll rotation. There are slip rings in
both axes for current and data supply. The axes are driven by a motor-gearbox combination
that provides the required torques and holding forces. On top of axis 8, a cabin is mounted,
in which a pilot can be seated. The same cabin is already used in the DLR Robot Motion
Simulator [2].

Turntable
(Axis 7)

Stewart
Platform

“ ‘

Figure 1. Scheme of the novel motion platform for which a method is presented to size the motors
for axis 7 and axis 8.

3. Methods

To choose suitable motors for the two additional axes, the desired rotational speed
and the maximum motor torque need to be known. While the rotational speed can be
chosen as desired, the maximum torque must be calculated. Therefore, a desired angular
acceleration is required. In common methods for motor sizing, the root mean square (RMS)
Torque or RMS Power is used as a measure to avoid overheating of the motor. In the case
of the motion platform, however, the maximum torque is many times greater than the RMS
torque and the duty cycle is low. Thus, overheating is not a critical design criterion in
this application.

The simplest way of calculating the maximum motor torque Mmax is to multiply
the desired angular acceleration & with the mass moment of inertia [ and add the load
torque M :

Mmax = al + My. 1)
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The mass moment of inertia I includes the inertia of the motor, the gear, and all parts
which are connected to the axis. The load torque My, results from gravity and friction
forces. This method is commonly used in applications with a single actuator, such as an
elevator, or to estimate the motor torque in more complicated systems with low dynamics.
For motors that are connected to an actuated base, such as an industrial six-axis robot or a
Stewart platform, this method of calculating the torque is not sufficient. Additional torques
resulting from the movement of the base need to be considered.

The motors of the two additional axes should be sized to provide sufficient torque,
regardless of the Stewart platform’s movements. A multibody simulation model of the
machine needs to be used to represent the influence of all motors on each other. With the
help of the model, an optimization problem can be formulated, which takes into account
the position, velocity and acceleration limits of all motors:

max M(q(t))

subject to q(O) = q(tend) = neutral/
4(0) = &ltene) = (0) = dlkena) = O, ®
Smin < ‘/h‘(t) < Smax,
[q(t)] < qmax  |d(H)] < Gmax,
with i=1,...,6 and t € [0,teng]-

By varying the motor positions or joint angles q, a trajectory q(t) was determined
at which the objective function M(q(t)), which describes a torque, becomes maximum.
The torque M(q(t)) was calculated with the help of the multibody simulation model and
represents, e.g., the torque in the seventh or eighth axis. When solving the optimization
problem, all motors started and stopped at a certain configuration qpeytra1 and all motors
were at rest at t = 0 and t = ftong. The maximum velocity max and the maximum
acceleration gmax of all motors were taken into account, as well as the position limits smin
and smax of the Stewart platform motors.

The programming language Modelica was used to set up and solve the optimiza-
tion problem as well as to model the multibody system. Modelica is an object-oriented
programming language for modeling dynamic systems, allowing textual and visual pro-
gramming [7]. The simulation model of the platform was based on the Modelica MultiBody
Library, which is part of the Modelica Standard Library. To solve the optimization problem,
a optimization library for interactive multi-criteria optimization tasks was utilized [8]. In
combination with the Modelica multibody model, it is possible to perform an optimization
called Trajectory Optimization. For this purpose, the model needs inputs that control the
joint’s position and outputs that represent the criteria required for the optimization. The
criteria are the objective function and the position, velocity and acceleration limits.

In Trajectory Optimization, a B-Spline of degree 3 was generated for the inputs of
the model. Each B-Spline was parametrized by N control points, which were arranged
equidistantly over the duration of the simulation. The control points were then varied by
an optimization algorithm so that the objective function was maximized. For more detailed
information on Trajectory Optimization, the reader is referred to [8].

4. Results and Discussion

To show the difference between Equation (1) and the optimization problem (2) the
result of both methods for calculating the maximum torque in the 7th and 8th axis is
presented in Figure 2. It depicts the calculated torque M over time ¢. The blue line shows
torque My siar and Mg stat, Which result from Equation (1) and the orange line represents
torque My opt(q(t)) and Mg opt(q(t)), which result from solving the optimization prob-
lem (2). For both methods, an angular acceleration of 100° s~2 was used for axis 7 and an
angular acceleration of 130°s~2 for axis 8. Angular velocity limits for axis 7 and axis 8 were



Eng. Proc. 2022, 24, 24

40f5

set to 230°s~! and 130° s, respectively. The position, velocity and acceleration limits for
the actuators of the Stewart platform were set to the values specified in its documentation.

The sequential quadratic programming (SQP) algorithm, provided by the DLR Opti-
mization Library, was used to solve the optimization problem (2). The number of control
points for each input was set to N = 30 and the simulation time was set to teng = 5 s for
axis 7 and to tenq = 3 s for axis 8. A simulation time of 5 s and 3 s, respectively, was found
to be sufficiently long because the velocity and acceleration limits of the actuators were
fully utilized. The full utilization of the limits is also the reason why it is assumed that the
resulting trajectory represents a global optimum.
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Figure 2. Torque in axis 7 (left) and axis 8 (right) which result from solving Equation (1) (——) and
the optimization problem (2) (——). The solution of the optimization problem (2) represents the
maximum torque, which occurs at the worst case movement of the motion platform.

As can be seen in Figure 2, the torques My opt(q(t)) and Mg opi(q(t)) are significantly
higher than M7 gt and Mg grat, thus it can be concluded that it is important to take into
account the movements of the structure or machine on which a motor is mounted when
sizing the motor.

It was also possible to specify a moment in a certain axis or a force along a certain
axis at a specified point in the multibody simulation model as the objective function to be
maximized in the optimization problem (2). This approach provided load cases that could
be used as external moments and forces in a stress analysis. In addition, the translational
acceleration and angular acceleration could be determined by the multibody model, which
were required for a stress analysis in a finite element software. The problem with this
approach is that only one moment or one force could be maximized at a time. Suppose
multiple moments and forces are defined as the objective function to be maximized. In
that case, the different moments and forces are not maximized simultaneously, but each is
maximized individually at any time between t = 0 and ¢ = t.,4. This method was used for
the motion platform to determine four load cases, which were used to size the structure
mounted on top of the Stewart platform.

The motion platform is currently being built. Once completed, measurement cam-
paigns to validate the simulation results are planned. Additionally, a planning algorithm
to optimally perform Cartesian movements exploiting the redundant platform design is
in development.
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