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1. Summary

A strategy for the combined tracking and vibration control of a parallel mechanism is presented. The
investigated mechanism is a hexapod system with six degrees-of-freedom (DOF) that can realize
accurate motions of the tool center point (TCP). To compensate mechanical vibrations transfered from
the environment to the TCP, an active stabilization scheme based on a feedforward-feedback
controller is applied. The feedforward controller should compensate most of the vibration forces and
decouples the nonlinear hexapod dynamics, whereas the feedback controller compensates residual
TCP-vibrations and provides the desired tracking task. Some simulations have been carried out,
prooving the high performance of the combined stabilization and tracking system.

2. Introduction

Many devices that are sensible to mechanical vibrations require a system that decouple this devices
from the vibrating environment. The vibration isolation system that is investigated in this paper is a
parallel kinematic with six DOF, often referred to as hexapod or Gough-Stewart-platform ([1], [2]).
The hexapod consists of a lower and an upper platform, that are linked by joints with six legs which
are variable in length. On the one hand, the TCP can be aligned in all six DOF and on the other hand
the upper platform can be isolated from ground vibrations which affect the lower platform (Fig. 1).
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Figure 1: Hexapod system for tracking purposes (left) and stabilization of the upper platform (right)

Thus, a device that is mounted on the upper platform can be isolated from ground vibrations and can
execute a required tracking or positioning task at the same time. Applications where both these
features are needed are mobile tracking systems, like a telescope or an antenna on an aircraft or on a
ship [3].



Examples of the use of Hexapod systems

Applications in medical technology

Antenna precision alignment;
motion control for telescopes

Applications in machine tools for
highly precise motion between tool
and work piece

This contribution is focused mainly on the control and simulation to prove the feasibility of the
coupled stabilization/tracking system. The aim is to compensate vibration amplitudes up to 80 mm in
a frequency range up to 5 Hz while the TCP is in tracking motion. The test rig to test and to verify the
achieved results is still under construction. It consists of six electromechanical axes that are designed
with ball screw assemblies which are driven by brushless AC-motors (Fig. 3).



3 Kinematics

The kinematics of Stewart-Gough platforms is a broad field of research and an essential
requirement to provide a desired TCP motion. The solution of the geometrical relation
between the TCP position resp. orientation and the six leg lengths can be obtained either
by applying an inverse calculation scheme (inverse kinematics) or by using a forward

kinematics algorithm (direct kinematics). In figure 3, the basic geometry of one leg with
the moveable frame {M} and the fixed base frame {I} is shown, that will be used to

derive the geometrical relations. The inverse kinematics describes the relation between a
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Figure 3: Topology of a Stewart-Gough platform (one leg)

given T'CP-vector and the resulting lengths of the six legs. This algebraic relationship is

described by six nonlinear equations that can be solved unique by

b =it + Trpr - moi — 1w, (1)

b; = /1] -1bs, (2)

with the leg lengths b; (i = 1...6) resulting from a desired TCP-alignment
T
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The rotation matrix T'rps is a function of the rotation angles oy, 3, and ~y, of the TCP
and is defined by three cardan rotations (z-y-z-series).
The direct kinematics computes the TCP position ;¢ and the TCP orientation ¢ when a
set of six leg lengths b; is given. Generally, this quite complex analytical problem results in
ambiguous solutions because the developed algorithms are based on polynomials of very
high order. For example, Husty [19] and Innocenti [20] proposed different algorithms that
compute 40th order polynomials and thus result in a relative high number of possible
TCP-locations for a given set of leg lengths. Unfortunately, these analytical solutions are
very CPU-intensiv; a basic problem in real-time control systems. A yet faster scheme
to solve the direct kinematics is provided by the Newton-approach, a numerical scheme
that is based on successive approximation. To make sure that the correct local solution is
found, the Newton-approach has to be initialized with consistent initial TCP-conditions.

The calculation scheme is then given by

qap,k+1 - qap,k + J;I(qap)k) : (b —H (qa,pjc))v (4)



The probably most important matrix for Stewart-Gough mechanisms is the platform
Jacobian, describing the relation between the norm of the leg velocities b; (i = 1..6) (resp.

the gimbal point velocities) and the TCP-velocities ¢. With the unit vector

b
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the norm of the velocity of leg 7 is
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Here, the translation velocity of the upper platform is £ and the rotation velocity of the
upper platform is w. To simplify the calculation scheme, the skew symmetric "tilde”’-

tensor is used [14]:
T
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After substituting the inverse kinematics equations (1) and (2) in eq. (17), using the
tilde tensor and some additional transformations, a relation for the norm of the articular

velocities with separated generalized velocities follows.

bi = b% . {[Iai (it —ru)]" w+ (it —rus +0,)7 i} (19)
By applying this procedure to all six legs and allocating the elements in a matrix,
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the Jacobian J, of the platform is obtained, that was already introduced in eq. (4) to cal-
culate the direct kinematics numerically. The platform Jacobi matrix can give important
information about the geometrical condition of the system and is an important tool for
singularity analysis [13], [12].
Generally, three different singularities may occur. The most simple singularity is based
on the parameterisation of the rotation matrix T'jy,. If e.g. Euler-angles are chosen to de-
scribe the rotation sequences, then it may occur that at an angle of 90 degree a singularity
appears. A second and more descriptive singularity occurs when the platform Jacobian is
not regular, resulting in a structural singularity due to infinite leg forces. Thirdly, if the
inverse Jacobian matrix happens to be singular, the Stewart-Gough mechanism loses a
DOF.
To make sure that the mechanism is not moving to a singular configuration, the determi-
nant of the Jacobi-matrix can be used as a measure for the actual platform configuration.
The introduced mechanism in figure 1 has a singularity-free workspace, because the joint

limits would be exceeded before a singular configuration is reached.



4 Dynamics
Generally, the Jacobians describe the relation

. T
between the velocities of the independent coordinates ¢ = (t w> and the velocities a;

resp. €2; of the corresponding body, which leads to

z;=Jr;-q, (21)
and

Q=T q (22)
Thus, the accelerations can be obtained by

5@¢=JT,i'Q+jT,i'qa (23)
and

Qi=Jri g+ JIri-q (24)

Fortunately, the characteristic of parallel robots is that many identically designed com-
ponents are used. This reduces the number of structurally different Jacobi matrices to
four (platform, lower legs, upper legs and lower universal joints) that only differ in their
parameterisation. The Jacobians are developed kinematically in terms of vector geometry.
The procedure is always the same, i.e. considering the constraint equations by establish-
ing and combining two kinematic relations that describe the motion of the corresponding
body in a base frame.

However, if the complete state of each body is known, then the dynamics of the Stewart-
Gough-Platform can be derived in closed form by means of the Newton-Euler matrix

formulation [14]:
St - B+ Ih, (B - Mi) =0, (25)
i=1

with the active forces M resp. F', the change of linear momentum

. COg

pi =m; - ji'cogm (26)
the change of angular momentum related to a reference frame 0’
. 0/ ’ . - /

and the mass m; and the moment of inertia @?/ of body 4. By using this method, the equa-

tions of motion can be obtained as an ODE-formulation related to the fixed {I}-frame.

Platform Dynamics

Figure 6 shows the platform as an unconstrained body with the mass m, and the inertial

tensor ©,,. To provide a more variable formulation with respect to possible applications,



Figure 6: Platform as unconstrained body in space

the vector s can be changed by parameterisation with respect to the center of gravity of
another body that is fixed on the upper platform and represents a load that could be e.g.
a drilling tool or a telescope. The only active forces affecting the TCP are assumed as the
gravity forces. The servo forces generating a desired TCP motion will be considered later.
For this case, the derivation of the dynamic forces/moments of the platform is an easy
task, because the independent TCP coordinates g are the platform DOF, given in the
{I}-frame.
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Here, ;s = T'1pr -8 is the COG-vector transformed to the {I}-frame and ;©, = Ty -
( M@;og - - L mp) -T' 1y is the transformed inertial tensor with respect to the frame
displacement. In the Newton-Euler equations, the first three lines in the dynamic ratio
describe the forces generated by the change of impulse and the last three lines are the
result of a change in the angular momentum. If the platform-COG would be identical
with the TCP (s = 0), eq. (28) would describe the decoupled and well known principles

of angular momentum and linear momentum [11].



5 Ideal Stabilization

In an ideal system, a perfect vibration isolation can be achieved with a feedforward control when the
model of the system is known exactly. This can be seen if the problem is reduced to a simple rigid and
friction-free one DOF system that is illustrated in Fig. 2 (left).
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Figure 2: Topology of a 1-DOF vibration isolation system (left) and ideal feedforward vibration
compensation (right)

The system consists of a base panel which is fixed to a spindle support, a spindle (mass mj, rotational
inertia C) and a platform that is mounted on a ball screw (mass ms).

By applying a servo moment M., to the spindle, the rotation of the spindle is transfered in a
translation of the ball screw and the upper platform can be moved in vertical direction.

When undesired vibrations z(?) affect the base panel now, they are transfered to the platform. To block
the transmission of the vibrations and to keep ¢ at a desired constant value, the servo moment has to
hold the platform/ball screw statically and additionally it has to generate the angular acceleration of
the spindle.

That means, perfect vibration isolation is achieved when the servo moment is

M C z+(m, +m,)P? g), (1)

1

servo P (
where P is the pitch of the spindle. Fig. 2 (right) shows the corresponding feedforward control.
The same procedure can be applied to the hexapod system to block the transmission of six DOF
vibrations. But here, the equations of motion are more complex, because we have to deal with a multi-
input multi-output system (MIMO) due to the closed kinematical loops. But the same closed
kinematical loops that couple the dynamics provide a favorably high stiffness what makes it possible
to assume a rigid multi body system (MBS). The equations of motion are derived in minimal
coordinates by means of the Newton-Euler approach. The system consists of 19 bodies: The six
cylinders with the ball screws, the six spindle bodies, the six lower supports with the motors and the
upper platform. Fig. 3 shows the hexapod topology with one leg (left) and the test rig that has been
investigated (right). It should be noted that the photo on the right shows the first version of the
hexapod that is right now in the redesign process.
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Figure 3: Hexapod topology with one leg (left) and the first version of the test rig (right)



When it is assumed again that the upper platform is in a fixed condition (q = constant) and the
mechanical vibrations z affect the lower platform, then the servo moments A/, which guarantee perfect
stabilization of the upper platform can be obtained by

M

1

=J(q,2)" [M(q,2)i + G(z,2,9) + g(q.2)]. 2)
M6

Here, J is a Jacobi-matrix that projects all forces acting on the TCP in direction of the legs, M is the
mass matrix, G is the matrix of centrifugal and gyroscopic forces and g is the matrix which comprises
gravitational forces.

6 Stabilization and Tracking Control

The case of ideal vibration isolation is finally a force control that is sensitive to parameter
uncertainties, external disturbance forces and measurement noise. Thus, undesired TCP motions may
occur, because no information about the TCP-states are processed in the control loops. For that reason
an additional feedback controller is needed that can compensate possible residual vibrations of the
TCP. Further on, the tracking control of the TCP is the second task that the feedback controller should
realize. From this follows that each electromechanical axis has now two actuation tasks - the motion
tracking and the platform stabilization. Both tasks can be combined if feedback-linearization or
computed torque method is applied. Feedback-linearization is a model-based control scheme that has
shown to be a very effective for robots that require tracking capabilities [10].

The equations of motion when the TCP is moving and no vibrations (z=0) are present are

J(@'F,,, =M(q)i+G(d.9)+2(q) 3)

where Fj,,,, is the vector containing the six servo forces. The hexapod dynamics are decoupled when
the control forces F,.,., are chosen as

F., =@ (M(@V+G(4.9)+gq)) 4

with the new control variable v. The dynamics of the hexapod system are now linear and result in six
independent double integrators with

q=v. 5)

The double integrators are stabilized with a PD law and the control parameters Kp and K, are
designed by pole placement with the constraint that asymptotic behavior is provided, i.e. no position
overshoot occurs. The complete control law that decouples the hexapod and provides perfect tracking
1S

F,,, =3@)" (M(q)(diag{K, }d +diag {K, }§)++G(@.9) +2(@).  (6)

with the control deviation q .

However, if the additional stabilization task is required, then this control law has to be expanded with
the feedforward terms of equation (2), which takes into account the undesired vibrations z. The
resulting control law for stabilization and tracking control needs full state feedback and is obtained by

F,., =3(q.2)” (M(q.2)(diag {K, }d + diag {K, }q + )+ G(4,2.9.2) +&(q,2)) (7)

Fig. 4 shows the block diagram of the tracking and vibration controller.



G(4,2,9,2) l z
T

hexapod q

vy

Figure 4: Block diagramm of the coupled stabilization/tracking controller

The task of pure stabilization can be treated as a special case of equation (7). In contrast to the ideal
stabilization (equation (2)), the advanced controller measures the TCP-states and uses them in an
additional feedforward-feedback loop that is similar to a state controller. Thus, the effect of small
imperfections of the hexapod model are reduced and possible residual TCP-vibrations can be
compensated.

7 Simulation

Some simulations of the controlled hexapod system have been carried out to quantify the performance
of the nonlinear control scheme. The actuators are assumed as ideal torque generators. This first
assumption is valid in the desired frequency range (< 5 Hz) when the drives have fast inner PID-
current controllers. With respect to the realization of the experimental set up, it is necessary to reduce
the hexapod model that is used in the control law (equation (7)) to achieve real-time capabilities.
Simulations have shown that some effects generated by the equations of motion are small and can be
neglected, like the coriolis-forces generated by the cylinders. The resulting real-time control law was
programmed in C, implemented as S-function in Matlab/Simulink and coupled with a second model
which emulates the test rig that should be controlled. The equations of motion of this second model
are represented by differential algebraic equations (DAE) that are derived with the MBS-package
Simpack. The communication of both models is provided by Simat, a special Matlab/Simulink
interface that establishes a co-simulation between Matlab / Simulink and Simpack.

In the first simulation, the desired TCP conditionis q=[0 0 2z 0 0 O]T , 1.e. the upper platform
should be in an inertial fixed position and is just displaced in the vertical direction. The lower
platform is excited with noise between 0 Hz and 5 Hz around the two horizontal axis (¢, ). The
results are shown in Fig. 5.
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Figure 5: TCP alignment without (<5s) and with (>5s) vibration control (no tracking )



Before 1 = 5 s, the legs are clamped and no relative velocity between the upper and the lower platform
is possible. If the controller is active (> 5 s), the upper platform is stabilized with a high isolation
performance between 42 dB and 59 dB. The coupling of the hexapod-system is reflected in the lower
right plot, where the vibrations around the vertical axis (y) are excited by the controller. But the
amplitudes of the induced vibrations are relatively small in comparison with the achieved reduction of
the other TCP-coordinates.

The second simulation shows the platform stabilization with an additional tracking task of the TCP.
The vibration conditions are the same as in the simulation above and the TCP should track the desired
circle-path q = [17 sin{wr) Feos(wr) z 0 0 O]T in the x-y-plane.
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Figure 6: Deviation from the circle in x-y-direction (7., = 120 mm) during ground vibrations

Fig. 6 shows the corresponding deviations from the reference path of the TCP in the x-y-plane. Again,
the applied control strategy of vibration and trajectory control shows its high performance. The
maximum path deviation in the x-y-plane when vibrations affect the lower platform is 1.4 mm. The
maximum deviation of rotation is 0.18 ° and the deviation in vertical direction is just 0.2 mm. This
variations are also very small with respect to the radius of the circle path (120 mm) and the dimension
of the excitation (up to 42 mm at the border of the lower platform).

8 Conclusion

The presented nonlinear feedforward-feedback controller has shown its high degree of performance
for the combined stabilization and tracking of a hexapod system. Some simulations have
demonstrated that the hexapod system can be isolated from undesired ground vibrations. A vibration
reduction between 42 dB and 59 dB can be achieved when vibrations (DC-5 Hz) excited the lower
platform around the horizontal axes. Additionally, when the hexapod is in tracking mode and the same
excitations are present, the root mean square of the TCP-deviation is less than 0.5 mm,,s for linear
movements and less than 0.05°,,,; for angular movements.

To verify the achieved simulation results, the design of a test rig is already in process and will be
finished in the near future. The experimental realization will be a challenging task due to some
practical requirements, like the limited signal quality of inertial measurement units (IMU) to provide
full state feedback.
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