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Abstract. This work shows the position and orientation control of a non-linear model of a Stewart
platform with six degrees of freedom developed in the multibody systems environment ADAMS®
(MSC.Software Corporation). The non-linear model is exported to SIMULINK® (MathWorks, Inc.),
where the position and orientation control system is implemented as a tracking one with state-feedback
using the corresponding previously designed linear model controller. The SIMULINK® is also used to
implement the dynamics of the servovalves and hydraulic cylinders with pressure control servovalves
and to simulate the dynamic behavior of the flight simulator with hydraulic drives. These commercial
packages are used seeking to save time and effort in the modeling of complex mechanical systems and
in the programming to get the time response of the system, facilitating the analysis of several Stewart
platforms configurations.
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1. INTRODUCTION

Closed-kinematic chain manipulators that comprise two platforms coupled together by six linear
parallel actuators whose length variations produce the motion of one platform relative to another are
classified as Stewart platform-based manipulators. The development of the above mechanism proposed
by Stewart (1965/66) in the design of an aircraft simulator was motivated by disadvantages suffered by
conventional anthropomorphic open-kinematic chain manipulators whose joints and links are actuated
in series (Nguyen et al., 1993).

If the length of pistons change, an end-effector attached to the mobile platform can be moved in six
degrees of freedom space to obtain desired configuration (position and orientation) (Geng et al., 1992).
They have higher structural strength and higher stiffness since the load is proportionally distributed by
all six actuators. They can achieve higher accuracy in positioning and motion because the positioning
error on each actuator is averaged out instead of being accumulated at the end-effector (Geng et al.,
1992 and Lebret et al., 1993).

In general, there is a duality between parallel robots and serial linkage robots. For a 6-dof Stewart
platform, the complexity of the forward kinematics has to be compared with that of the direct
kinematics of the serial robot and, on the contrary, inverse kinematics are as easy as the forward
kinematics of serial robot arm (Geng et al., 1992 and Lebret et al., 1993).



Many variants of this structure have since been investigated; most of them are configurations
having six linearly actuated links with different combinations of link-platform connections such as 3-3,
3-6, and the more general 6-6 (Fig. 1) (Ben-Horin et al., 1998).
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Figure 1 - Stewart platform configurations.

We used a Stewart platform with configuration 3-3, with two equal triangular platforms. The
actuators are connected to the movable platform by spherical joints and to the stationary platform by
universal joints. This configuration is known as cubical Stewart platform because the actuators are
positioned as cubic edge.

Although much of the research in the literature has devoted extensive effort to the kinematics,
dynamics and mechanism design of Stewart platform-based manipulators, little attention has been paid
to the control problem of this type of manipulators (Nguyen et al., 1993).

The goal is to apply a position and orientation control to the movable platform with respect to the
stationary platform.

2. INVERSE KINEMATICS

Manipulation tasks are usually given as a set of position and orientation with respect to the global
coordinate frame of the robot’s end-effector trajectory. To achieve these tasks is necessary to transform
end-effector trajectory into active joints motion. This transformation also known as the inverse
kinematics problem is, in our case, the calculation of the position of the six actuators from a given
position and orientation of the movable platform (Ben-Horin et al., 1998).

To define the Cartesian variables we proceed to assign two coordinate frames {A} and {B} where
the first is local coordinate system that is chosen to be the centroid of the stationary platform and the
second is global coordinate system of the movable platform and has its origin at the mass center

(Fig. 2).
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Figure 2 — Vector diagram for the ith actuator.



If b, =(b, b, b_)" describe the position of the attachment of the universal joint in the stationary

ix iy Ziz

platform with respect to the coordinate system {B}; “a, = (a, a, a_)" is the position of the attachment

ix iy iz
of the spherical joint to the movable platform with respect to the coordinate system {A} and
®h, =(xyz) is the position of the origin of {A} with respect to {B}, then we can say that

"a,="b,+ (R "a, (1

where %R is the orientation matrix.
The length of the actuator given by the norm of the vector°d, = (d,, d, d.)" with respect to the

global coordinate system can be computed by
*d,="a,~"b, (2)

There are several ways to represent an orientation by three variables. But the most widely used one
is the Euler Angles Z-Y-X (Nguyen and Pooran, 1989), which represent the orientation of coordinate
system {A}, obtained after the following sequence of rotations from coordinate system {B}:

e A rotation of an angle « about the axis z,.

e A rotation of an angle £ about the new axis yj.
e A rotation of an angle y about the new axis xj .
The orientation represented by «, f and y is given by

cacf} casfsy —sacy caspPcy +sasy

R, (a,B.y)=|sacp sasfsy +cacy saspcy —casy =%R . c=cos() e s =sen(). 3)
—sp cpsy cpey

Substituting Eq. (1) into Eq. (2), we obtain

"d.=%R "a,+"b,~"b, fori=1.2,..6, 4)

furthermore, the length of the vector °d,, called /, can be computed from the vector components as
L =(d,’ +d,’ +d.})" (5)

Equation (5) can be rewritten, applying Eq. (4) and the properties about orthonormal orientation
matrix, as

1P =x"+y’ +27 +afx+afv+a;
+b, +b, +b. +
+2(r; ay 1y ay 50, )(x = by)
+2(ry a, + 1y a, +1ry; aiz)(y_b[y) (6)
+2(ry a, +r,a, +1ry;a,)(z-b,)
—2(xb, + ybl.y +zb,)
fori=12,...6.
Then given the position ®b, = (x yz)" and an orientation (a p 7), we can determine the length /,
of the actuators that lead the movable platform to the desired configuration.



3. STEWART PLATFORM DYNAMICS

If compared with the wide literature about Stewart platform kinematics, the studies of dynamics are
relatively few (Dasgupta and Mruthyunjaya, 2000). Important contributions can be found in Fichter
(1986) and Merlet (1987), which are applicable if the inertia of the actuators and the friction on joints
have been despised. Besides there are other works as Nguyen and Pooran (1989), Geng et al. (1992),
Liu et al. (1993) and Ji (1994). Herewith we can note the level of difficulty to get the model that
represents dynamic behavior of the platform.

We used two Stewart platform models obtained from dynamic modeling software 4ADAMS®. One is
linear and other is non-linear model both contained six inputs that are actuators forces and twelve
outputs, where six are the actuators displacements and the other six are differentials of these
displacements.

The linear model in state-space has been used to do the control about the linearization point. It is
constituted by four matrixes: 4, B, C and D. The A is a n xn matrix where n is a number of states
being equal to two times the number of system degree of freedom. As Stewart platform has six degrees
of freedom this is equal to twelve. The B is n x m matrix where m is six that is the number of system
inputs. The C is pxn where p is the number of system outputs and D is p xm with all its null

elements.
The non-linear model has been used to simulate the real platform behavior and to test the control
performance (Fig. 3).
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Figure 3 — Stewart platform modeling in ADAMS®.



4. CONTROL SYSTEM

A controllable open-loop system is represented by the nth-order state and pth-order output
equations of the form

X =Ax+ Bu (7)
E
y=Cx= {F}x (8)

where y is a vector px/ and w= Ex is a vector m x I representing the outputs that are required to
follow an input vector r.

The control design method consists of the addition of a vector comparator and integrator that
satisfies the equation (D’Azzo and Houpis, 1995)

z=r—w=r—Ex. 9)
The state-feedback control law to be used is
X
u=K,x+K,z=[K, KZ][ } (10)
3
K=K, K,]. (11)

This control law assigns the desired closed-loop eigenvalue spectrum if and only if (A,B) is a
controllable pair, and

B A4
rank[ }=n+m. (12)
0 -E

Equation (12) can be satisfied only if the number of w(¢) outputs that are required to track the input
r(?) is less than or equal to the number of control input m.

Satisfaction of the condition of Eq. (12) guarantees that a control law of the form of Eq. (10) can be
synthesized so that the closed-loop outputs tracks the command input (D’Azzo and Houpis, 1995). In
that case the closed-loop state and output equations are

g {x} {AWLBKI BKZMx} {0} S
x'=||= +| r=A,x"+B'r (13)
z -F 0 z 1
y=|c 0]{1:@'. (14)
z

The feedback matrix of Eq. (11) can be selected so that the eigenvalues are in the left-half plane for
the closed-loop plant matrix of Eq. (13). Thus, the outputs w () track the piecewise constant command
vector r(?) in the steady state. The control system is illustrated in Fig. (4).
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Figure 4 — Tracking system.

5. HYDRAULIC SYSTEM DYNAMICS IMPLEMENTATION

Due to the hydraulic system modeling hasn’t been considered to get the matrixes K, and K, of the
tracking control system, the inclusion of the hydraulic system must be done so that it doesn’t change
the control system and Stewart platform closed-loop equations. It was used, then, a servovalve with a
pressure-control servo that is one control system which measures its own output and forces the output
to quickly and accurately follow a command signal. Both actuators force determined by control system
with state-feedback and the actuators crown area are used to get the desired load pressure P, to each
actuator. These is the command signal that must be compared with the pressure difference between the
actuators lines measured with a transducing device to convert it to an electrical signal. This feedback
signal is compared with the command signal, and the resulting error signal is then amplified through
the controller and used to drive the servovalve (Neal, 1974).

The system output load pressure P, is subtracted from reference pressure P, producing an error

that will be the PI (proportional-integral) control input. The control system output, i.e., the servovalve
control action u is an electrical signal proportional to servovalve spool displacement x,. The servo

SIMULINK® blocks diagram is illustrated in Fig. (5).
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Figure 5 — Pressure-control servo blocks diagram.

To represent the servovalve was used a model in which the torque motor, the flapper-nozzle and the
hydraulic amplifier behavior are considered in modeling. This model was developed to pressure control
servovalve 15-010 made by Moog Inc. (Fig. 6).
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Figure 6 — Pressure control servovalve blocks diagram (Moog, 2002).

The flow gain, flow-pressure and total leakage coefficients were estimated from the fabricant
catalog of the servovalve. The other values were computed or estimated from both literature and
fabricant catalog indication.

The parameters values used in the simulation can be obtained in Montezuma (2003).

6. SIMULATION RESULTS

We have used simulation to check if the control obtained from the linear model can control the non-
linear model appropriately around the linearization point.
To avoid movements by gravity action before the control actuates to establish the position, we use
an initial value to the action control that maintains the Stewart platform in the initial position (Fig. 4).
To test the control was used a ramp input
0, para 0 <t<1
o(ty=st—1, para 1<t<?2 (15)
1, para t > 2

that multiply the position and orientation vector (x vzalp ;/)T . Its values are

x=0mm;y =30 mm;z=0mm

(16)
a=rn/60;f=n/60;y=r/18

that results in the following displacements of the linear actuator calculated through the inverse
kinematics

r=l, 1, ... L]
=[46.4425 —77.1581  215.1399 (17)
107.0298 —39.9325 —137.5990] .

The feedback controller is required to cause the output vector w to track the command input r in the
steady state.

The simulations were done taking into account the complete system with the pressure-control servo
and the hydraulic system dynamics (Fig. 7).
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Figure 7 — Tracking system with the pressure-control servo and the hydraulic system dynamics.

We can observe through the actuators displacement graphic (Fig. 8) that the output vector w is equal
to the command input r in the steady state, as required. The actuators velocity and force graphic are
used to determine the drive system characteristics as pressure and flow of the bomb in the hydraulic
systems or power and rotation in the electric systems (Fig. 8).
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Figure 8 — Actuators displacement, velocity and force.

Looking at the hydraulic system parameters graphic we can observe that there is a noise in the input
current response which can be caused by a numeric problem (Fig. 9).
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Figure 9 — Hydraulic system and pressure-control servo parameters.

The eigenvalues assigned to the system must be such that Stewart platform responds faster than the
system which is desired to simulate as an airplane, a robot or a milling machine. In the case of an
airplane the fastest mode, the short period, is around the 4.0 Hz for acrobatic airplanes to the 0.1 Hz for
large commercial airplanes (McLean, 1990). Otherwise, the elements of the gain matrix K mustn’t
have high values that impede the physical implementation of the system, both with respect to the noise
amplification and the necessity of high energy that is limited by characteristics of the actuator systems.
Based in these questions, we define the following eigenvalues set to the closed-loop plant A4,

o(4+BK)={-9,...—-9,-10,...—10,—11,...— 11

6 eigenvalues 6 eigenvalues 6 eigenvalues ( )

9rad/s =143 Hz, 10 rad /s =1,59 Hz, 11 rad /s = 1,75 Hz

that satisfies the conditions previously established to commercial airplanes.
7. CONCLUSIONS

The utilization of the commercial package of the dynamic modeling ADAMS® was very important
to give flexibility and quickness to obtain a complex dynamic model. The tracking system used is
efficient to control the position and orientation of the Stewart platform non-linear model, even to large
displacements. One difficulty found was the fact of the linearization done by ADAMS® to result in a
matrix system, so that multiplication of C by B, known as Markov parameter, that has a null rank. This
makes impossible the utilization of some multivariable control techniques as tracking systems using
output feedback.

The model of hydraulic system and pressure-control servo used show to be efficient to the
simulations that were done, it being able to be simulated quickly with consistent results.



Although this modeling and simulation process has been applied to the Stewart platform with the
purpose of studying the flight simulator behavior, the method can be used to model and simulate other
kind of systems as active suspension, automatic pilot of car, robot, robotic gripe, etc. The goal of this
work is to test and define a methodology to modeling and simulation of complex systems with many
degrees of freedom in a quick and efficient way.
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