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ABSTRACT

Parallel manipulator robots play a very predominant role in industries, because of their high stiffness, high
payload capacity and simple structure. Use of parallel manipulator is mandatory and the Stewart platform comes
as a forerunner because of its 6-dof capability. Present study about development of control strategies, to achieve
higher performance by incorporating more structural system information, this work represents the explicit
compact closed form of dynamic equations in the task space by applying the Newton-Euler approach for the
Stewart platform manipulator. Newton-Euler equations describe the combined translational and rotational
dynamics of a manipulator. The driving forces acting on the legs are determined according to the dynamic
formulation. The formulation has been used for studying dynamic problems of a specific Stewart platform
manipulator. Modeling of the Stewart platform was done using Solidworks2009.with the help MATLAB CAD
translator a Simulink model was generated, using Simulink and Sim Mechanics block diagram approach a suitable
control system was developed to simulate the dynamics of the Stewart platform. Simulation results reveal the
effect of the leg inertia and that of its parts, respectively, on the dynamics of the complete system, and results
shows the effectiveness of the proposed method and the dynamic equations of the Stewart platform manipulator.

KEYWORDS: Stewart platform manipulator, Newton— Euler method, kinematics analysis, dynamic formulation,
CAD translator.

l. INTRODUCTION

As the science and technology of robotics originated with the spirit of developing mechanical systems
which would carry out tasks normally ascribed to human beings, it is quite natural that the main thrust
was towards using open-loop serial chains as robot manipulators. Such robot manipulators have the
advantage of sweeping workspaces and dexterous manoeuverability like the human arm, but their load
carrying capacity is rather poor due to the cantilever structure. Consequently, from strength
considerations, the links become bulky on the one hand, while on the other they tend to bend under
heavy load and vibrate at high speed. Though possessing a large workspace, their precision positioning
capability is poor.

In a husk, open-chain serial manipulators possess both the advantages and the disadvantages as of the
human arm. Hence, for applications where high load carrying capacity, good dynamic performance and
precise positioning are of paramount importance, it is desirable to have an alternative to conventional
serial manipulators. For possible solutions, one can look to the biological world and observe that the
bodies of load-carrying animals are more stably supported on multiple in-parallel legs compared to the
biped human, human beings also use both the arms in cooperation to handle heavy loads and for precise
work like writing, three fingers actuated in parallel are used. In general, it can be expected that robot
manipulators having the end-effectors connected to the ground via several chains having actuations in
parallel will have greater rigidity and superior positioning capability. This makes the parallel
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manipulators attractive for certain applications and the last two decades have witnessed considerable
research interest in this direction.

1. PARALLEL MANIPULATOR

Parallel manipulators [1] have become popular in different applications owing to their good positioning
accuracy and rigidity. As the end effectors of parallel manipulator are connected with base by at least
two independent kinematic chains, they give high stiffness which cannot be provided by conventional
serial manipulator [2]. Therefore, Parallel manipulators are used where high load carrying, high ratio of
rigidity to weight, stable functioning, good control of velocity, acceleration limits and accurate
positioning capability are needed. However, there are several disadvantages of parallel manipulators.
Due to limited workspace the legs can collide, difficulty in forward kinematics, closed loop architecture,
higher non-linearity, loss of stiffness in extra ordinary position and longer time requirement for
simulation [3].

A parallel manipulator typically consists of a moving platform and a fixed base that are connected
together by several limbs. Because of the closed-loop architecture, not all of the joints can be
independently actuated. In general, the number of actuated joints is equal to the number of degrees of
freedom of the manipulator. The development of dynamical model is important in several different
ways. A dynamical model can be used for computer simulation of a robotic system. Various
manufacturing tasks can be examined without the need of a real system. Second, it can be used for the
development of suitable control strategies. Third, the dynamic analysis reveals all the joint reaction
forces and moments necessary for sizing the links, bearings, and actuators.

I1l. STEWART PLATFORM

The Stewart platform as shown in figure 1 is a six-degree-of-freedom mechanism with two bodies
connected together by six extensible legs. In 1965 Stewart [4] “describes a mechanism, which has six
degrees of freedom (DOF) controlled in any combination by six motors each having a ground
abutment”. He proposed that the mechanism be used for a flight simulator for training of helicopter
pilots. But Stewart was not the original inventor of this type of mechanism. Stewart’s proposed
mechanism is only a different configuration of the six linear jack system developed by Gough [5] in
1947. Gough was one of the reviewers of Stewart’s article and in his review he states that he designed
a similar tire test machine in 1949. That’s why it called as Gough- Stewart platform.

Figure 1. Stewart Platform

Stewart platform being representative of parallel manipulators, gained popularity over serial ones.
Parallel manipulators have been used since 1980’s when high load carrying and precise positioning
capability are needed. Stewart platform is classic example of a mechanical design that is used for
positioning control. It is useful to study because it is widely accepted design for a motion control and
accurate positioning capability. It provides a large amount of rigidity for a given structural mass,
enabling the Stewart platform system to provide a significant source of positional certainty.
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IV. GENERALIZED COORDINATES AND ROTATION MATRIX

To describe the moving platform of the Stewart platform manipulator, six coordinates are needed. Three
of these are positional displacements (position of a fixed point in the moving platform with respect to
the reference frame). The other three coordinates are angular displacements (orientation of the moving
platform with respect to the reference frame). Euler angles are [B,6,@]" is used to determine the
orientation of a rigid body after following rotational sequence.
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Figure. 2. Rotation transformation

i.  First rotating over an angle g around the y-axis. Accordingly, the z-axis rotates to z'-axis,
Similarly Y-axis rotates to Y ' -axis.
ii.  Then rotating the resulted frame over an angle 6 around the intermediate -x" axis. Accordingly,
the Z-axis rotates to Z' -axis, and the X' -axis to x'’-axis.
iii. Finally rotating over an angle ¢ around the X-axis. Accordingly, the Y’ -axis rotates to y"’- axis
and Z'-axis rotates to Z;-axis. Then the frame X; Y1 Z; is obtained.
Therefore, the fully parameterized rotation matrix is

cfB.co cB.s6.sd —sB.ch SB.s¢ + cB.sO.co
R =|sB.cO cB.cd + sB.sB.sP sB.s6.cp — cf.sO Q)
—s60 cO.5¢p cl.co

Where s () =sin (.), ¢ (.)=cos(.).

V. MODELING OF STEWART PLATFORM

Hydraulic & Pneumatic legs consist of a Dummy (or) Spacer cylinder connected to the base and an
actuating cylinder connected to top plate of the Stewart platform. The assembly here forms lower part
of each leg. Upper end of each leg assembly consists of the Piston and a Rod connected to the Top Plate.
The lower plate is designed of circular cross-section with 2000 mm diameter and 30 mm thickness. The
plate consists of six holes such that two pair holes are drawn as a single set. And these three sets of
holes (two) are equally spaced. Each hole is of diameter 50 mm; the angle between pair of holes set
(two) is 120 degrees (through hole).

A Universal joint is used for joining the bottom plate with six legs and also connects the both top plate
and upper legs. The dimensions of the universal joint [7] are given shown in figure 3.
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Figure 3(a) Universal Joint
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Figure 3(b) Universal joint (Sectional view)

The outer cylinder is of 100 mm in length and having 50 mm outer diameter and 40mm inner diameter.
The inner cylinder (or) piston rod is of 90 mm in length and 40mm in diameter which is to be fitted into
outer cylinder. Piston rod is connected to the top plate by a universal joint. The Top plate is 600 mm in
diameter and having six holes same as base plate. Top plate is assembled by universal joint (figure 4)
at other end and total leg expansion is limited to 190mm.

Figure 4. Universal joint (solid works model) Figure 5. Stewart platform (Solid works model)
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The complete assembly of a typical stewart platform is as shown in Figure 5. Design and assembly of
the Stewart platform is modelled in SolidWorks2010.

VI. CAD TRANSLATOR

Computer-aided design (CAD) tools allows to model machines geometrically as assemblies. Although
this approach is excellent for geometric modeling, it is difficult to incorporate controllers and perform
dynamic simulations. Simulink and SimMechanics use a block diagram approach to model control
systems around mechanical devices and simulate their dynamics.

CAD translator enables to translate CAD assemblies from CAD platform into a Physical Modeling
XML file compatible with SimMechanics, which generates a SimMechanics block diagram model from
XML file to simulate the dynamics of the CAD assembly in the Simulink environment. The CAD
translator is designed to work with the CAD platform.

6.1 CAD-TO-SIMMECHANICS TRANSLATOR

The translator transforms geometric CAD assemblies into Simulink block diagram models. The
intermediary between a CAD assembly and its SimMechanics model is XML file in a special Physical
Modeling format.

Using the translator with a CAD assembly involves following steps: figure 6.

CAD Platform | CAD | XML
assembly ~ | Translator ~| File
1
Simulink B SIM Mechanics modal
Modal Generation

Figure 6. CAD translator flow chart

e Exporting the assembly from the CAD platform into a Physical Modeling XML file. This XML
file later used in SimMechanics.
e Then converting the Physical Modeling XML file into a SimMechanics model in Simulink.

6.2 GENERATING MODELS FROM PHYSICAL MODELING XML

A CAD assembly can specify part and mate information sufficient to generate a SimMechanics model
consisting of Body and Joint blocks and representing the assembly. Once the file exported a CAD
assembly into a Physical Modeling XML file, it can generate a SimMechanics block diagram model
with this file. Although the generated model will run, sometimes need to manually simplify and
complete it in order to fully represent the original dynamic system.

6.3 EDITING AND COMPLETING CAD-BASED MODELS

The mech_import command generates a model containing only Machine Environment, a Ground,
Bodies, and Joints. A complete SimMechanics model typically contains other blocks, including
Constraints, Drivers, Sensors, and Actuators (from the mechlib block library), as well as blocks from
Simulink, such as Scopes. Creating a complete SimMechanics model requires inserting and connecting
these additional blocks in the generated model.

6.4 BUILDING A CAD ASSEMBLY FOR SIMMECHANICS

SimMechanics is a dynamic environment for simulating body motions. The CAD translator creates a
Physical Modeling XML file that represents the assembly parts as bodies and maps the assembly mates
into a corresponding set of joints. After that it needs to specify enough information in CAD assembly
for SimMechanics to construct a dynamically meaningful model from the XML file.
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6.5 SPECIFYING MASS PROPERTIES OF ASSEMBLY PARTS

The CAD assembly parts need to have masses and inertia tensors. When it generates the SimMechanics
model, this mass property information is used to specify the properties of the SimMechanics Body block
corresponding to each assembly part. Usually, CAD platform computes masses and inertia values from
the mass density and geometry of the assembly parts. Otherwise, must specify the mass and inertia
tensor with respect to the part’s center of gravity. The SimMechanics CAD translator computes the
center of gravity of each part automatically.

6.6 SPECIFYING MATE GEOMETRIES

CAD assembly mates restrict how parts can move with respect to each other. Without any connecting
mates, a pair of CAD parts can move with six unrestricted Degrees of Freedom (DoFs) relative to one
another. Mates between pairs of parts reduce the six to fewer DoFs. In SimMechanics, joints express
DoFs between bodies, because bodies by themselves carry no DoFs, and then must specify the mate
geometry in the CAD assembly consistently and in enough detail for SimMechanics to reconstruct the
assembly DoFs as joints. The relationship between mates and joints is not, in general, a simple mapping.
Some SimMechanics joints have only one DoF, while others represent more than one DoF. The
translator often combines multiple DoFs into one joint.

Each joint is connected to each of two bodies at a body Coordinate System (CS). The mate geometry
determines the joints into which the translator transforms the mates and controls the position and
orientation of the body CSs. Each of these body CSs has an origin and axis triad fixed relative to its
body. The translator creates body CSs on the bodies as necessary for connecting joints.

6.7 SPECIFYING INITIAL CONDITIONS OF MOTION

The initial condition of motion for the whole assembly is just its geometrical configuration. All initial
velocities are assumed to be zero. SimMechanics begins dynamic simulation of the corresponding
model in this state, unless change the model after generating it.

VII. SIM MECHANICS MODEL OF STEWART PLATFORM

In figure 6. F1, F2, F3, F4, F5, F6 represent driving forces for each limb. V1, V2, V3, V4, V5, V6 are
velocity of each limb in Stewart platform and CS1, CS2, CS3, CS4, CS5, CS6 refers for coordinate
systems 1 to 6 (for six limbs). Driving force ‘F’ is given to the cylindrical joints as shown in figure 7.
The Demux

block extracts the components of an input signal and outputs the components as separate signals. The
output signals are ordered from top to bottom output port.

The input source values of desired positions are given in the form of a matrix; it is the combination of
rotational matrix and positional matrix. The input angular displacements source values are shown in
figure 8 (orientation of the moving platform with respect to the reference frame) Xangie, Yangte @Nd Zange.
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Figure 7. Sim mechanics model of Stewart Platform

The input positional displacements source values are shown figure 9. (Position of a fixed point in the
moving platform with respect to the reference frame) Xposition, Y position @Nd Z position.

7 7
Xpositi
Sine Wave 1 Xangle Sine Wave 4 pOSton
YV Yo
V 2 . Yposition
Yangle Sine Wave 5
Sine Wave 2
0.19
Constant!
7
. Zangle P@
Sine Wave 3 V Zpasition
Sine Wave 6
Figure .8 Input angular displacements Figure .9 Input positional displacements

7.1 EULER ROTATIONAL MATRIX

The angular displacements Xangie, Yangle aNd Zangle are substituted in rotational matrix i.e. from Equation
1. The positional displacement and angular displacement are substituted in Euler’s rotational matrix as
shown in figure 10. Finally, the reshaped matrix is obtained and named as Euler XYZ.
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Figure.10 Euler’s Rotation matrix
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To determine desired position matrix, leg vector which obtained from Euler XYZ matrix is now

input

to leg lengths.

Leg Length

Figure 11. represents leg length for one leg where leg vec 1 represents leg vector , “2” represents leg
number and ‘3’ represents nominal leg lengths. After performing dot product and taking square root of
the dot product which will give the desired leg length for on leg, similar procedure is followed to get
the desired leg lengths for reaming legs . The leg vectors are divided into six independent leg vectors
(i.e. for six legs) which are shown as ‘A’ and ‘B’ in figure 11, where A represents leg vector and B
represents nominal length of leg (190mm) which is also divided into six parameters. The complete leg
length vector is represented in figure 13
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Figure 11. Position matrix for 6 legs
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Figure 12. Feedback system
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Two sensors are added to the Stewart platform to measure the velocities and trace the positions of end
points of platform. Six body position sensors are connected at junctions each leg which measures the
rate of deformation of the associated legs. sensors 1 and 2, in figure 12 represents position and velocity
the feedback signals respectively for each leg of Stewart platform which get multiplied by gain values
to compensate initial resistance from the joints of the Stewart platform .The force in each limb can be
independently controlled. The limb force always acts in contemporary direction as specified by the
orientation of the leg. The incoming signals from stewart platform are modulated by control signals Kp,
Ki and Kd represents the gain parameters from the controller.

7.3 STEWART PLATFORM WITH CONTROLLER

The complete Stewart platform with feedback and control system is shown in figure 14. Including

scope which if used to track the position and accordingly gain values are adjusted to get desired

output.
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Figure .14 Stewart platform with controller
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VIIl. SIMULATION PARAMETERS

The parameter values used in simulation are given below. The initial position of the Stewart platform
was specified as.
Base plate coordinates in meters

0.0962 0.0772 -0.0742 -0.0962 -0.019 0.019
0 0 0 0 0 0
—0.0336 —0.0665 —0.0599 -0.0336 0.1001 0.1001

Top plate coordinates in meters

0.0607 0.0128 —0.0145 -—0.0652 —0.0507 0.0507
0 0 0 0 0 0
0.0203 —0.0628 —0.0669 0.0208 0.046 0.046

Nominal length in meters
[0.19,0.19,0.19,0.19,0.19,0.19]7
Mass of top plate :6.77406 Kg

IX. RESULTS AND DISCUSSION

The simulation was performed for time duration of 5seconds using the parameters values. First step is
the final position of top plate given to control system. It is the desired position of upper top plate
(moveable plate). Desired position which is in the form of matrix and this is called as desired matrix.
The desired matrix is combination of both position matrix and rotational matrix.

Parameter values of position matrix and rotational matrix are

0.04565 0.04565 0.04565 0.04565 0.04565 0.04565
Position matrix [ 0.192 0.192 0.192 0.192 0.192 0.192]
0.0102 0.0102 0.0102 0.0102 0.0102 0.0102
0.9908 0.0953 — 0.09575
Rotation matrix = | —0.1044 0.99 - 0.09531]
0.0857 0.1044 0.9908

The rotational matrix multiplies with top plate co-ordinates which forms a matrix that is named as
Matrix multiply. As explained above Top plate coordinates are generated by CAD-Translator

Matrix multiply (product)

0.0582 0.0187 —0.007962 —0.06659 —0.05464 0.04583
—0.00827 —0.004648 —0.00789 0.004827 0.00091 —0.009679
0.02532 —0.06113 —0.06753 0.01502 0.04123 0.04992

Matrix multiply product was added to the position matrix and then subtracted from the base plate
coordinates. Base plate coordinates are generated by CAD-Translator. The output is named as leg
vectors.

Leg vector
0.007647 —0.01286 0.1119 0.07525 0.01001 0.07248
0.1838 0.1967 0.1999 0.1969 0.193 0.1824
0.06912 0.01557 0.002573 0.05882 — 0.04866 —0.03997

Hence the leg vectors and nominal leg lengths as input to compute vector of leg lengths block.

Leg lengths=[0.006484 0.007723 0.03912 0.02881 0.009245 0.01027]
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Figure 18. Velocity feedback vs time

For simulation the final position of the platform has given as input parameter. The time (to) to reach the
final position. A time dependent sinusoidal input is given reach the specified position and orientation
such that the input velocity increases sinusoidal from zero to maximum velocity. Figure 15 shows
sinusoidal input which is used move the platform from initial position to final position.

Figure 19 shows the input force vs time graph, initial response to force input is more due to presence of
joint friction in universal joint. Once the applied force overcomes the joint friction, i.e. static friction.
The Stewart platform starts following the input force. Similarly, initial velocity is more as we can see
in figure 18 which starts the platform with jerk, once it over comes it moves to its final position
figure 17 shows percentage error approximately 0.02 which well expectable.

X. CONCLUSION

The Stewart platform manipulator has been formulated by the Newton—Euler method, an algorithm has
been developed by using MATLAB routines. Dynamic analysis of six D.O.F. Stewart platform
manipulators with prismatic actuators has been performed. The results obtained with this stiffness
model were found to be valid and implementable. By changing the position and orientation of the
moving platform the model was tracked and was found to valid results. The leg length variations and
the corresponding actuator displacements were also studied and were found to be within the workspace.
The output of this work can be used to get important design information with respect to stiffness of the
Stewart platform manufacturing for machining purposes.
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