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ABSTRACT: The Stewart platform is primarily used for generating arbitrary motions in three-
dimensional space. However, it can also be utilized for measuring the three-dimensional position of an
object attached to the moving platform. In this configuration, the Stewart platform functions as a sensory
system. One challenge of this application is the high computational cost associated with determining
the position of the moving platform relative to the fixed reference platform using data from six length
sensors. In this study, the sensory capabilities of the Stewart platform are investigated by introducing
a high-performance and numerically agile approach. This approach involves developing an extended
set of nonlinear algebraic equations that are well-suited for real-time applications. By applying this
proce-dure to derive the Cartesian coordinates of three points on the moving platform and comparing
the results with those obtained from computer-aided design software, a strong correlation is observed.
To further evaluate the effectiveness of the approach, its performance is analyzed when subjected to
harmonic time histories from six length sensors and when the legs’ base positions are arranged regular-
ly or non-regular on the fixed platform. The results demonstrate that the present method, particularly by
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updating initial conditions at every time increment, exhibits high computational efficiency.

1- Introduction

The Stewart platform represents one of the early
mechanisms devised to produce desired motions with high
degrees of freedom in three-dimensional space. It finds
extensive applications in the construction and design of
various motion simulators. It is composed of a platform with
six actuators of variable length connected to six fixed points,
three on each of the mobile platforms [1]. Figure 1 illustrates
the intended structure, with the lower base typically referred
to as the fixed platform and the upper moving base identified
as the moving platform.

Previous research has explored a range of methodologies,
including numerical methods, neural networks, analytical
techniques, sensor utilization, optimization of existing
approaches, and combinations of these techniques to address
the direct kinematic equations. Husti investigated an algorithm
that leads to a univariate polynomial equation of degree 40
[2]. Another prevalent method for the kinematic analysis of
this mechanism involves the closed-form formulation using
the Newton-Euler method [3], which subsequently allows
for the application of the iterative Newton-Raphson method
to solve the equations [4]. Despite the multitude of methods
proposed for solving kinematic equations [5-7], the Newton-
Raphson method [8] and its modified variants, as well as
combinations with other techniques [9, 10], hold particular
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relevance in addressing these equations.

2- Forward Kinematics Formulation

In this section, the n fully nonlinear algebraic approach is
presented. Figure 1 shows the most common configuration of
a Stewart platform. The longitudinal sensing devices, which
are usually in the form of pulleys, replace the actuators such
as hydraulic cylinders or linear motors. The final length of
each actuator connecting fixed and moving platforms is
determined by six input variables, which are relative length
changes of sensors. Key points’ coordinates on the fixed
platform complete the configuration relationships, taking
them as input parameters.

The governing equations of these constraints for sensors
and actuators in most of the previous research were developed
with vector mathematics. This article will, on the other hand,
propose scalar equations governing the distance constraints
between the main points on the platform. It involves the
determination of the intersection of nine spherical surfaces
centered on the main points of the platform. The nonlinear
equations of nine quadratic equations reveal the spatial
coordinates of the three main points on the moving platform.
These second-order equations are less nonlinear than
previous approaches based on higher-degree equations,
which therefore display smoother behavior. They take the
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Fig. 1. Overall view, coordinates, and nomenclature in
the Stewart platform.

Fig. 2. The assembled platform in the multibody envi-
ronment (the symmetrical and orderly arrangement of
fixed bases is shown).

following form, when assuming rigidity in both upper and
lower platforms:

('XP1 _bel)2+();P1 _be])2+(ZPI _ZPI,I)2=L12 (1)

(=X, )V 4y —yp) 4@y =2, =(BP) O

Subsequently, knowing the position of three points in
space provides nine unknowns, a determination of any
point in the moving platform is obtainable through three
more equations, therefore the coordinates of such points can
define a plane in the reference frame. The Euler angles can
be correspondingly estimated with any rotation sequence rule
with good accuracy.

3- Results and Comparison with Multibody Dynamic
Software

This section compares the results obtained from
MATLAB’s Simscape Multibody with simulations with the
method presently described. The modeling of the platform for
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Fig. 3. The assembled platform in the multi-body en-
vironment (the irregular arrangement of fixed bases is
shown).
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Fig. 4. The alignment of the mid-point trajectories of
the moving platform in the symmetric and asymmetric
configurations of the platform actuators.

both symmetric and asymmetric configurations was followed
by the definition of constraints as seen in Figures 2 and 3.
Periodic input functions were considered for variation in the
sensor lengths. The ode45 solver called for a tolerance of 1

. Note that this software solves governing equations in both
kinetic and time differential forms, resulting in a doubling of
the processor’s computational load.

Figure 4 presents the mid-point trajectories of the moving
platform in a symmetric and asymmetric state overlaid, which
can compare the proposed solution with multi-body software
results. The motion trajectories from the software fully
coincide with the trajectories from the proposed algorithm.

4- Conclusion

The present study introduces a new approach for direct
kinematics and sensory configuration of Gough-Stewart
platforms. The system copes with nine second-order nonlinear
equations concerning configuration constraints and solutions
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are found through the conventional Newton-Raphson, method.
While in this investigation, the system outputs the Cartesian
coordinates of three points on the moving platform relative to
a fixed frame more accurately and efficiently, requiring less
iteration and fewer steps hence faster convergence compared
to the past conventional methods. Forward kinematics
implemented simpler equations compared with the previously
reported methods. The proposed approach -eligibility was
examined for different regular and non-regular configurations of
the platform. Results are also compared with three-dimensional
software for accurate positions. The results were very close
to engineering design software results. One of the factors that
influence solution time and steps is updating of initial conditions
in time marching which can drastically reduce the time required
for direct dynamics problems. Under realistic conditions, six
longitudinal sensors generated three-dimensional harmonic
motion with the purpose of enabling the algorithm to closely
track the moving platform. Additionally, the comparison of
the differences between the present approach and the previous
methods, in view of the six nonlinear trigonometric equations,
illuminates substantial benefits from this research.

The proposed approach is promising for both speed and
accuracy of results obtained for application in various fields,
such as special movements of objects, precision instruments,
calibration of drones, system displacement analysis, and study
of fatigue in flexible components. Accordingly, it proves to be
highly flexible in the asymmetric setup between the moving
and fixed platforms of the Stewart platform sensors, which
essentially enhances its effectiveness in complex and practical
applications.
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Fig. 1. A general schematic of the Stewart platform configuration under investigation
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Fig. 2. Overall view, coordinates, and nomenclature in the Stewart platform
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Fig. 3. The position of the moving platform in space and the definition of Euler angles
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Fig. 4. Four assumed positions of the Stewart platform configuration along a trajectory
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Table 1. Coordinates of the rest position of the symmetric mechanism
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Table 2. Length of the sensors at assumed positions in the symmetric configuration

f v Y | RN Ao
YY# /AT -avA YAZIYYErPYY YEY/YAqAYY YWY/ OVYYVOF ARIATA R RN ¢ [\
YYA/-FAY AARVARARE A Va7 /Y- YYYA VY& HADOYA ARIATA R RRIA ¢ Lv
Ye0/YaYTAq VOV TOOYYIA AATARAAL\I4 YWY/ DOYAYY ARIATA R RN ¢ [V
YAO/ AYYTAA Y\#/AAF QY YA/ -AYD Y YT/ ADDAYS VVO/FY.-0F [\c
EVNOAYYS YAO/VAFOYA YAy FYVaYY VP DOYYEY WO/ FY--0F LA
f-0/afY.vY YEY/VYYYYY YYF VY55 VY /- FYovY VVO/FY.-0F L

AAQ



MY B ADY dio AF-F Lo & o)l BF 0593 €S yual SilKo swigen 4 il

Waxsuw Job wlwl p2 S 2% 0,8 (6l WS (owsiie (21ib 158105 5l Jols (saurdse T Joua

Table 3. Positions obtained from the CATIA engineering design software for the mobile platform
based on the sensors lengths
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Table 4. Euler angles obtained from the CAD software (degree)
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Table 5. Theoretical positions of the mobile platform based on the sensors lengths
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Table 6. Euler angles obtained from the present method (degree)
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Table 7. Coordinates of the rest position of the asymmetric mechanism
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Runge-Kutta of order 4 (ode45)
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Table 8. Sensors lengths at assumed positions in the asymmetric state
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Table 9. Theoretical positions of the moving platform based on the parameter lengths
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Fig. 5. The proposed functions considered as the input for each leg length
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Fig. 6. The status of the mobile platform in space while applying functions (symmetric configuration)
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Asymmetric Mechanism Diagram
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Fig. 7. The status of the mobile platform in space while applying functions (asymmetric configuration)
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Fig. 8. The assembled platform in the multibody environment (the symmetrical and orderly arrange-
ment of fixed bases is shown)
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Fig. 9. The assembled platform in the multibody environment (the irregular arrangement of fixed bases is shown)
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Fig. 10. The alignment of the mid-point trajectories of the moving platform in the symmetric configuration of the
platform actuators
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Asymmetric Platform Arrangement

Asymmetric Platform Arrangement
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Fig. 11. The alignment of the mid-point trajectories of the moving platform in the asymmetric configuration of the
platform actuators
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Table 10. Number of steps required for the calculations to achieve convergence of the equations
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Numerical Convergence in First Station (Symmetric)
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Fig. 12. Convergence diagram of the equations' solution in the symmetric state
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Numerical Convergence in First Station (Asymmetric)
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Fig. 13. Convergence diagram of the equations' solution in the asymmetric state
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Table 11. Experimental coordinates of the center of the upper platform
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Table 12. Coordinates of the center of the upper mobile platform obtained from the trigonometric method.
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Table 13. Euler angles obtained from the trigonometric method
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Table 14. Number of steps required for the calculations to achieve convergence of the trigonometric method
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