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Abstract

Today’s industry shows an increasing demand for flexible manipulators. As the control of these
systems by conventional control concepts lead to inaccurate movements, there is a need for control
concepts which deal with the flexibility of joints and links. During a recent Ph.D. study, a new
control concept has been developed for the control of flexible manipulators: Adaptive Computed
Reference Computed Torque Control (ACRCTC). This strategy showed good results for the joint-
level control of a 2D flexible translation robot. However, in practice, one is interested in the
movements of the end-effector. Therefore, this study is concerned with the implementation of the
direct CRCTC strategy on the XY-table.

This report is partly devoted to some practical facets of the implementation of the CRCTC
strategy because little is known about it. The possibilities of the implemented control strategy are
investigated for a set-point tracking and a trajectory tracking control problem. The simulations
show promising results for both control problems; the end-effector tracks the desired trajectory
fast and reasonably accurate in spite of the flexibility of the spindle. It is expected that the qualtiy
of the results will substantially decrease for experiments.
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Chapter 1
Introduction

Manipulators are used to perform tasks like arc welding, paint spraying and parts assembling.
These tasks are defined in terms of motion of the end-effector. Most of today’s manipulators are
designed stiff in order to avoid significant deformations and vibrations and to obtain the desired
positioning and tracking accuracy. As a consequence, these manipulators are quite heavy and
unwieldy. Increasing demands on accelarations, on the precision and on the energy consumption
require lightweight manipulators. However, lightweight manipulators introduce elastic deforma-
tions and vibrations during rapid movements and can cause instability if the controller is designed
under the assumption of perfect rigidity. In this case, a more complex control concept is required
which accounts for flexibility.

Recently, a control scheme is introduced that handles with the above mentioned problem: Adep-
tive Computed Reference Computed Torque Control (ACRCTC). This Computed Torque Control
scheme is based on a model that takes flexibility of joints and/or links into account. Instead of
surpressing the vibrations, this strategy applies such inputs that the elastic deformations remain
bounded. Former research dealt with the implementation of this strategy on a 2D flexible trans-
lation robot, the XY-table. Simulations and experiments showed promising results for joint-level
control; the control objective has been realized indirectly by controlling the joint-coordinates. In
practice, one is interested in the movements of the end-effector. This is comparable with writing
a letter: you control the movements of your hand with the position information which you obtain
from your eyes. Therefore, this study is focussed on direct control of the end-effector: the desired
trajectory is formulated in terms of the position of the end-effector and feedback control is based
on measurements of this position by a camera.

The overall objective of this study is the implementation of the direct CRCTC strategy for the
XY-table. First of all, a model of the experimental set-up is needed to restrict the CRCTC law for
the XY-table. The applied model and the CRCTC strategy are discussed in Chapter 2. Chapter 3
deals with the implementation of the CRCTC law and illustrates the used software packages. The
results of the simulations are discussed in Chapter 4. Finally, Chapter 5 shows the conclusions
and put forward some suggestions for future work.



Chapter 2

CRCTC of the XY-table

2.1 Introduction

In this study the XY-table is used to test the direct CRCTC concept. The experimental set-up
is described in section 2.2. As the CRCTC scheme is a model based approach, the applied model
of the XY-table is given in section 2.3. The CRCTC strategy and the derivation of the CRCTC
scheme for the XY-table are briefly discussed in section 2.4.

2.2 The experimenfal set-up

The XY-table, see figure 2.1, is a translation-translation manipulator which consists of two slide-
ways in X-direction and a transverse slideway with the end-effector.

I M~ zzr wreer
SLIDEFAY *

SLIDE

END-FFFECTOR SLIDEFAY

\ #0TOR 2

y
(f——=—7 ke HOTOR 1

SPINDLE

Figure 2.1: The experimental set-up

The motors generate the torques u; and ug for the X- and Y-translation respectively. The belt
wheels of the two slides in X-direction are connected to a spindle that is driven via a transmission
by motor 1. Along the transverse slideway, the end-effector is belt driven by motor 2.

The stiffness of the spindle can easely be changed in a broad range. If the spindle is flexible,
its elastic deformation introduces an extra degree of freedom. Consequently, the movements of
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the end-effector along the Y-slideway will no longer be equal to moving in Y-direction.

2.3 The model of the XY-table

The applied model of the XY-table (Heeren [5]) is depicted in figure 2.2:

i d
: r
My / s
¥ m
m ¢
\%, i
I, W, & <
A .
&, T ’W‘k y(——;‘, I ¥
d Jl wl &

Figure 2.2: Model of the XY-table

With the following meaning of the symbols:

¢1: rotation of motor 1 [rad]

@2 rotation of motor 2 [rad)

3: rotation of the non-driven end of the spindle [rad]
i;: current applied to motor j; j=1,2 [4]

Jj: rotor inertia of motor j [kgm?]

wj: Coulomb friction torques at motor j [N'm)]
m,: mass of the end-effector [kg]

m,: mass of the slide [kg]

my: mass of the transverse slideway [kg]

k: torsion stiffness of the spindle [Nm/rad]
d: distance between the parallel slideways [m]
I: length of the transverse slideway [m]

r: radius of the belt wheels [m)]

As this study is concerned with flexible manipulators, only the flexible model of the XY-table
is discussed here. Except the spindle, the drives and transmissions in this model are assumed
to be rigid. This also applies to the slideways of the manipulator. Further, viscous friction is
supposed to be neglectable and the friction between belt wheels and belts is assumed to be small
with regard to the Coulomb friction in the motors.
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The dynamic model of the XY-table is of the following form:
M(p)¢+ Clp, 9)¢ + Kp + wsign(p) = Hu (2.1)

where ¢ is the column of the generalized coordinates ¢ = [1 ¢2 @3]T and u is the column of
input torques. The term C(p, ¢)¢ accounts for Coriolis and centrifugal effects, K¢ represents
all internal torques due to linear, elastic deformations and wsign(g) describes the torques due to
Coulomb friction in the system. The matrix H is the so called distribution matrix and the torques
u; are assumed to be proportional to the motor currents i;, i.e. u; = g;.i;. A detailed describtion
of the dynamic model of the XY-table can be found in Appendix A.

For direct control of the end-effector, the coordinates z and y have to be controlled instead of
¢ and ¢ so that a new set of generalized coordinates can be used. In that case, a coordinate
transformation has to be performed on the dynamic model (2.1). This transformation also contains
a substitution of the flexible coordinate o3 by z3, i.e. the position [m] of the slide along the slave
X-slideway, because of the desire for a model with uniform dimensions. This facilitates the physical
interpretatation of the results. The new set of generalized coordinates y = [z y z3)7 is related to
¢ according to

p=y. (2.2)
Here, ® is continious and differentiable with derivative ¥:
69P;
¥y = -EE- (2.3)

After coordinate transformation the new model is given by
M*§j+C*y+ K*y + wsign(y) = Hu (2.4)

where M* = M¥, C* = M¥ + C¥ and K* = K®. The superscript * is omited in the rest of
this report because it is clear when the transformed system is used.

For the sake of completeness, it is noted that the feedback information of the coordinates # and
y is obtained from camera measurements of the end-effector position while the flexible coordinate
is determined from incremental optical encoder measurements of the rotation at the non-driven
end of the flexible spindle. However, this report only contains the results of simulations.

For a detailed describtion of the coordinate transformation, see Appendix A.

2.4 The CRCTC scheme for the XY-table

The CRCTC strategy (Lammerts [7]) is applied in order to cope with the flexibility of the XY-
table. This control strategy is illustrated from figure 2.3. The CRCTC scheme is based on
the Computed Torque Control (CTC) approach which compensates for nonlinearities. The main
problem in controlling a flexible manipulator is that the number of actuators is smaller than
the number of degrees of freedom. Usually, the applied control schemes attempt to surpress the
elastic deformations in order to obtain asymptotic trajectory tracking of the end-effector. However,
the CRCTC scheme attemps to realize this objective by restricting the vibrations in the drives
and links to an acceptable level. Therefore, a reference trajectory is computed for the flexible
coordinates.
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The reference trajectory y,_ is related to the desired trajectory y, in the following manner:
g =y,+tAe e=y,—y (2.5)

where A+ AT is a positive definite matrix.

desired ¥ actual rigid-body trajectory
rigid-body | genecrator
trajectory |of referencq
—— rigid-body
trajectory

gcherat.or
of input
torques

flexible
manipulator

[ e

generator
of referencq

flexible P
trajectory

i

actual flexible trajectory|

Figure 2.3: Global block scheme of CRCTC

The determination of the reference trajectory of the flexible coordinates P, is based on the property
of Eq.(2.4) that it can be split in a set of equations that contain the input and a set of nonlinear
differential equations that do not contain the input.

Hu=Mj +Cy +Ky, + wsign(y) + K€, ; &=y -y (2.8)

Myj_ + Maf, + Cop_+ Cob, + Kpp_ + Kol + w,sign(p) + Kré, =0 (2.7)

For better survey, the matrices in Eq.(2.7) are partitioned in terms of the rigid coordinates 8,
and the flexible coordinates p_. The input commands lead to the following error equation for the
closed loop system:

Mé, +Cé, + Kré. + Ke, =0 (2.8)

With the use of Lyapunov’s second method, it can be proven that asymptotic tracking of the
desired end-effector trajectory is achieved if a bounded solution p_ = p (t) can be determined
from Eq.(2.7).

For the presence of parametric uncertainty and unmodeled dynamics, an adaptive scheme can
be added to the CRCTC scheme in order to realize better trajectory tracking.

The implementation of this strategy on the XY-table is elaborated in the next chapter.



Implementation of the CRCTC
strategy

3.1 Introduction

A considerable part of this research is devoted to the realization of the implementation of the
CRCTC strategy on the XY-table. This chapter deals with some practical facets of the implemen-
tation in order to give better insight in the used methods, especially the applied software packages.
However, this should not be seen as a detailed manual.

3.2 Implementation of the CRCTC strategy

The software that is used for the implementation is illustrated from figure 3.1.

CONTROLLER
t H
o COLNEW \
\ i
! reference !
i} trajectory Pr :
i i
' MATLAB :
l l
i ]
desired X ‘I
trajectory i ot TLEXIBLE
—T C T CE : inpu
Tdr¥d ] ++/ ,  commands TT-ROBOT
S J
measurements
X,Y,¥3

Figure 3.1: A block scheme of the experimental set-up with software

The main problem of the CRCTC strategy is the determination of a bounded solution p, = p.(t).
Unfortunately, this is not always possible since Eq.(2.7) may be unstable. In this study, the
FORTRAN-package COLNEW is used to solve the nonlinear second order differential equation.
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COLNEW is based on the collocation technique and solves boundary value problems for ordinary
differential equations (Ascher et al. [1]). This method requires all quantities to be available for each
time in the interval [¢,¢.]. As this is certainly not the case in practice, this problem is solved under
the assumption that the desired trajectory is already achieved; the reference quantities and the
actual generalized velocities are replaced by the desired quantities and the term K¢, is neglected.
Although this solution is only an approximate solution of the differential equation, former research
(Lammerts [7]) showed good results for this method. It is noted that either the actual generalized
coordinates nor the actual generalized velocities occur in the modified differential equation. Hence,
the computation of the solution can be done off-line.

The control commands u can be computed if the reference trajectory p_ is available. The
control law will be called the modified CRCTC law as it makes use of the off- line computed desired
trajectory of the flexible coordinate. The determination of u also requires the second derivative
of p, to be available.!

Further, the control strategy needs information about the actual generalized velocities &, g
and 3. Possible ways to yield this quantities are the application of a numerical weak differential
scheme or a Kalman filter. For the sake of simplicity, the Euler differential scheme is used here:

(3.1)
5t |41 T

where T is the sample time, and y(i) are the available measurements on the i** sample moment.

For experiments, the input commands have to be C++ coded by the user and can be applied
to the XY-table with the use of the available TCE-modules (Banens [2]). These modules are
coded in C++ and implement basic tools to do experiments. At the same time, this standard
experiment interface encourages simple plug-in of a simulator. Both a 3 D.O.F. flexible model as
a 2 D.O.F. rigid model of the XY-table are available. The simulator contains a dynamic model
of the XY-table in the generalized coordinates z1, 22 (and z3 for the flexible system) i.e. the
position of the slides and end-effector along the slideways. As a consequence, the estimated model
parameters in Lammerts [7] has to be transformed into the desired quantities, see appendix B.
This transformation can be applied with use of methods as described in Koster [6]. For further
details about the simulator, see Banens [3].

As it is hardly possible to translate COLNEW in C code, MATLAB has to be used as an
‘intermedium’ to load the computed trajectory p, in the C++ program that contains the CRCTC
law. Further, MATLAB is used to analyse the results of the simulations or the experiments.

15  can be solved from Eq.(2.7) with use of the determined ﬁd and Py However, this solution yields abnormal
high acceleration gains which give rise to serious control problems. Therefore, _p_d is computed in MATLAB with
use of the function DIFF.
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Simulations

4,1 Introduction

The performance of the implemented control strategy is investigated for two control problems:
set-point tracking and trajectory tracking. The results of these simulations are discussed in this
chapter and are compared with a Computed Torque Control strategy.

4.2 Set-point tracking

4.2.1 The control problem

The first test case for the CRCTC strategy is the set-point tracking problem. The control objec-
tive is position control of the end-effector i.e. stabilization of the manipulator around a desired
operating point. This is of interest for e.g. pick-and-place and assembly tasks of manipulators.
The set-point tracking problem turns Eq.(2.7) into a constant linear second order differential
equation:
M,ypa + K,opa = Kofy — wssign(pa) (4.1)

where 8, = [24 yd]T and pg = #34. In order to determine a solution for the flexible coordinate 34,
this problem is formulated as a two point boundary value problem in COLNEW: the solution has
to meet the boundary conditions pg(0) = pa(t.) and p4(0) = pa(t.) where t. stands for the end
time of the simulation. COLNEW yields the constant solution p4(t) = x4 for this problem. This
is plausible if one considers that the term K8, can be written as K, 24 = C; the only possible
periodical solution is this constant solution.

The end-effector starts for all these simulations in O(0,0) with velocity ¥ = 0 and has to be
stabilized in the operating point z4 = 0.10[m] and y4 = 0.15[m]. The simulations are done with
a sampling frequency of 200[H z]. For the results of the set-point tracking problem, see Appendix
B.

4.2.2 Discussion of the results

First of all, these simulations are done in order to find suitable values for the control gains A and
K,. Both the recommended values in Lammerts [7] and the relation z; = re; (r = .01[m]) are
used as starting point to estimate the magnitudes of the gains of the direct control problem.

K. (¢ir — ¢i) = 100K, (&5 — ;) (4.2)

From Eq.(4.2), it can be concluded that the recommended gains of K has to be roughly multiplied
with a factor 100 and A has to remain unchanged. As asymmetry can occur in the tracking errors,
an extra integral-like control term Kje, is added to Eq.(2.6). All the simulations are started with
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the determination of K, and A while K;=0. If acceptable results are achieved, K; is used to
stabilize the drift of e,. For the sake of simplicity, these matrices are chosen to be diagonal.

applied input torques [N]

0.15 act. tra?iectory (1:<=.46[Nr{1/rad]) 400

2004 -
0.1r .
g | : : 0
-~ B : i

200 k- _

0 i i 5 -400
0 0.05 0.1 0.15 0.2 0 5

x [m] time{sec]}

Figure 4.1: The described trajectory of the end-effector and the applied input torques u; (-) and
ug (-.) for the CRCTC strategy (k=.46 [Nm/rad])

As far as the choice of the control gains goes, it can be noted that the bigger the control gains
of A (with constant K, ) the faster the desired position is achieved. As expected, the coordinates
z and z3 have to be weighted more heavily than the Y-coordinate because the influence of the
flexible spindle is felt in X-direction. The control matrix K, adjusts the damping of the error
system. Suitable values for the XY-table with the most flexible spindle are K,=diag[30 10 0],
A=diag[6 4 6] and K;=diag[.5 .4 0]. The thirth element of K, and Kj; is zero because these terms

are neglected in the differential equation and do not exist in the control law.

0.1

x_d-x[m]

0.1

time {sec]

x3_d-x3[m]

Figure 4.2: The tracking errors and elastic deformation for the CRCTC strategy for k=.46

[Nm/rad] (-)

time [sec]

and k=2.55 [Nm/rad] (-.)

0.15

0.1 -

0.05 -

y_d-y[m]

-0.05
0

0.1

time [sec]

x3-x1[m]

-0.05
0

time [sec]
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It is noted that it is tried to find a compromise between the fastness of the controlled system, the
positioning accuracy and the required input commands in this study. Figure B.1 shows the results
of a ’soft’ controlled system (K,=diag[30 10 0], A=diag[2 1 2] and K;=diag[.5 .3 0]). However,
the starting point of the CRCTC strategy is the realization of fast flexible manipulators which can
be moved with high precision. These exacting demands can lead to great efforts of the actuators.
As long as no ’bang-bang’ controller is realized, a short term chattering effect is accepted. The
torques of motor 1 are clipped to 246 [N] and motor 2 to 41 [N]. The results that are presented in
this report give an impression of the maximal realizable performance when the existing actuators
are used.

0.2 act. tra!iectory (k!=2.55[Nr!n/rad]) 400 applied input torques [N]
£ 0.1 0
B
0.05 -200
0 i ; 5 400
0 0.05 0.1 0.15 0.2 0 5
x [m] time [sec]

Figure 4.3: The described trajectory of the end-effector and the applied input torques u; (-) and
ug (-.) for the CRCTC strategy (k=2.55 [Nm/rad])

The results for the most flexible spindle, k=.46[Nm/rad], are depicted in figure 4.1 and 4.2. The
desired operational point is achieved with an accuracy of 2[mm)] in approximately 1[s]. The co-
ordinates z and z3 show a vibration with a frequency that is roughly equal to the undamped
natural frequency of the spindle, fo=7[Hz]. It is concluded from this vibrations and the elastic
deformation z3 — z; that the CRCTC law incorporates explicitly the flexibility of the spindle.
The input u; shows a ’chattering’ effect at the begin of the simulation which leads to actuator
saturation at some moments. The controller yields these torques in order to realize the vibration
of the spindle. From .7[s], the controller generates smaller input commands because the vibration
has to be damped and the end-effector has to be positioned in the desired operation point.

0.15 act. trajectory (}(:.46[Nrn/rad]) 400 applied input torques [N] CTC
0.3 ferrrmiemrseesirinmes ........................... -
> :
0 i
0 0.05 0.1 0 5

x [m] time[sec]

Figure 4.4: The described trajectory of the end-effector and the applied input torques u; (-) and
ug (-.) for the CTC strategy (k=.46 [Nm/rad})
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Further, the influence of the flexiblity is investigated: simulations are done with k=2.55
[Nm/rad), see figure 4.2 and 4.3 (K,=diag[8 2 0], A=diag[8 6 8] and K;=diag[.5 .4 0]). These
results are comparable with the most flexible system but this control problem requires relatively
smoother input torques. This is expected as the elastic deformation will be reduced on behalf of
the increased stiffness of the spindle. Consequently, the actuators have to supply smaller input
torques in order to realize good results. The coordinates =z and z3 show a vibration with the
undamped natural frequency of the new spindle, fo=16[Hz].

The results of the CRCTC strategy are compared with a version of the classical CTC method
for flexible manipulators:

Hu=M(j§, + Laé + Lpe) + Cy + Ky + wsign(y) (4.3)
where e =y, — . This control law results in a quite simple error equation:
€+ Lie+ Lpe =0 (44)

If the control matrices are constant with a positive definite symmetric part, this error equation
has a unique, globally, asymptotically stable equilibrium ¢ = 0. Here, L, = w2I and Lq = 2fowol
so that the error equations decouple and the choice of the remaining control parameters wq and
Bo can be based on well known concepts of linear, constant second-order systems.

The CTC method for flexible manipulators determines a desired trajectory of the flexible
coordinate in a comparable way with the CRCTC strategy. Lammerts describes this so called
Computed Desired Computed Torque Control strategy in [7]. However, the flexible coordinate x4
is approximated by £34(t) = z4(2) in this study as this comparision is only intended to get a global
impression of the value of the results of the CRCTC startegy.

0.1 x_d-x{m] 0.15 ¥-d-yim]
0.08 " e e e ‘
' 0.1H% ettt ]
0.06 ..'._;v ................................................ O 4 v
0.02 A
0 ol e
0 5
time [sec] _ time [sec]
0.1 x3_d-x3[m] 0.04 x3-x1[m]
0.04 b ....'L;‘ .................. e e e an e
0.02 -4 .................................................. B -0.02 T
0 0.04
0 5 0 5
time [sec] time [sec]

Figure 4.5: The tracking errors and elastic deformations for the CTC strategy for k=.46 [Nm/rad]
(-) and k=2.55 [Nm/rad] (-.)
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The results of the CTC controller for the most flexible system are depicted in figure 4.4 and
4.5. The operational point is achieved as fast and accurate as with the CRCTC method. It can be
made clear that the elastic deformations are relatively small because the desired flexible coordinate
x34 is equal to x4 so that the applied method does not explicitely account for the flexiblity in the
system. The input torque u; of the CTC method also shows the chattering effect. This is a
consequence of the required high control gains, wo=25{rad/s] and B;=3, in order to realize the

best compromise

11250,

0.15 act. trajectory (k=2.55[Nm/rad]) 400 applied input torques [N] CTC

ol 200

g : 0
> :

: -200

0 é -400

0 0.05 0.1 0 5
x [m] time [sec]

Figure 4.6: The described trajectory of the end-effector and the applied input torques u; (-) and
ug (-.) for the CTC strategy (k=2.55 [Nm/rad])

Further, the CTC strategy is applied to control the XY-table with a stiffness of k = 2.55[N'm/rad].
From figure 4.5 and 4.6, it is seen that the controller (wo=15[rad/s] and By=5) has to do great
efforts at realizing moderate results.

A reason for these disappointing results may be the need for a high damping ratio fy because
otherwise the end-effector coordinates run out of reasonable bounds or numerical problems occur.
The highly damped error system makes that the position and velocity errors have considerable
magnitudes for a considerable time. These errors in combination with the heavy control gains
result in the chattering effect of the input commands.

Both the results of the CRCTC and CTC strategy are considered relatively accurate. However,
more powerfull actuators are required in order to realize better results.

4.3 Trajectory tracking
4.3.1 The control problem

The second research topic is the realization of a predescribed circle in the XY-plane: z4 = Asin(wt)
and yq = Acos(wt) where A=.1[m]. The simulations are done for the circle (T'=2[s]) that is
applied in Lammerts [7]. As the desired trajectory of the end-effector is periodical with period
time T = 27 /w, we want to compute a bounded, periodic solution pg(¢). This problem is also
translated to a two point boundary value problem in COLNEW with the boundary conditions
pa(0) = pa(te) and p4(0) = pa(te). It is noted that the friction term which is mathematically
described by wgatan(1000i£34) has to be removed from Eq.(2.7) because the algorithm does not
converge when this term is included.

All the simulations for the trajectory tracking problem are done for the most flexible system.
It is concluded on behalf of the results of the CRCTC strategy for the set-point tracking control
problem that if the most flexible system shows good results this also will apply to the systems
with less flexiblity. First of all, it is tried to realize trajectory tracking if no initial position and
velocity errors occur: e =0 and ¢ = 0.
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If this is possible, the next step is the realisation of the desired trajectory in spite of initial
errors. These control problems are called respectively problem 1 and 2 in table 4.1. The CTC
controlled system is called problem 3. Further, this table contains the used control gains.

4.3.2 Discussion of the results

The simulations without initial errors yield the results that are depicted in figure 4.7 and 4.8.

0.1 act. vs. desired trair.

400 applied inpult torques [IN]

E o . ol
>
-0.05 i“.\_ =200
-0.1 o : L -400 ;
-0.1 . . . 03 0 5 10

time {sec]

Figure 4.7: The described trajectory of the end-effector and the applied input torques u; (-) and
uz (-.) for the CRCTC strategy (¢ =e = 0)

The desired end-effector trajectory is tracked reasonably well in the end. The X-coordinate shows
a peak during the first transient. This phenomenon can be explained with the incorporation of
the flexibility in the CRCTC strategy: the controller makes use of an elastic mode of the spindle
in order to realize the desired trajectory. The elastic deformation of the spindel shows a vibration
with the natural frequency of the spindle fo=7[Hz]. This deformation is equal to a torsion of the
spindle of approximately 1 [rad] with peaks of 6 [rad].(ps — ¢1 = 2(z3 — z1)). The controller has
to apply every 2 seconds a control command that ’chatters’ for a few moments as the vibrations of
the elastic deformation have to keep going by supplying energy to the system. From these input
commands, it can be concluded that the controller has to do great efforts in order to realize the
desired trajectory.

The big tracking error é,;, is remarkable because it is expected to become zero on base of the
theory. It is tried to reduce this error by enlarging the thirth element of A. It is seen that this is
difficult when K, do not exist in Eq. (2.7). At the same time, the computed z34 is an approximation
which yields in some cases a non-reasonable, desired elastic deformation of approximately .2[m)].
Therefore, it is concluded that this error should not be counted heavily.

Problem Control gains ex(te) [mm] | ey(te) [mm]
1 K,=[30100] A=[555] K;=[8.10 5 4
2 K,=[30 10 0] A=[6 4 6] K;=[3 .20 6 6
3 wo=30 Bo=1 1 5

Table 4.1: A survey of the results of the various controllers.

The CRCTC strategy is studied next when the end-effector starts in O(0,0) without initial velocity.
The results can be found in the figures 4.8 and 4.9 and are comparable with the above mentioned
problem although the weight factors of e, and e;, have to be enlarged. This fact is comprehensible
as the controller has to be more exerted to realize the trajectory tracking in X-direction than in
Y-direction because of the flexible spindle. An acceptable accuracy, see table 4.1, is combined
with fast tracking in both cases. It is noted again that the obtained accuracy is limited by the
used actuators. If better performances are desired, more powerfull actuators are required.
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The results of the CTC strategy are shown in figure C.1 and C.2 and are compared with the
CRCTC strategy. The CTC controller combines higher precision with strongly vibrating actuator
commands. The elastic deformation is smaller but this is expected as z3q is equal to z4. This
controller tracks za4 reasonably well.

0.1 x_d-x [m] 04 x3_d-‘xS[m]
0.1
02
03 5 04 5
5 10 0 5 10
time [sec] time[sec]
5 0.1 elast. deforr‘n. x3-x1{m]

derTxZ§ [m/s]

1
w
3
—
-

0 5 10 0 5 10

time [sec] time [sec]

Figure 4.8: The results of the CRCTC strategy for: (1) the system without initial errors (-) and
(2) when the end-effector starts in O(0,0) (-.)

0.1 act.: vs. desired !trai. 400

applied inpult torques [N]

0.05 : :

y [m}

-0.05 e -

o 15 1 E— )

-0.15 5 i
202 0 02 0.4

time {sec]

Figure 4.9: The described trajectory of the end-effector and the applied input torques for the
CRCTC strategy. The end-effector starts in O(0,0)

Simulations are also done for the CTC strategy with use of the desired trajectory zg; that
is computed for the CRCTC strategy. The CTC strategy shows the same big error e;,. It can
be demonstrated with these results that the controlled system is not been able to track at the
same time the desired X-position of the end-effector and the desired trajectory of the flexible
coordinate. The desired trajectories also lead to non-reasonable desired elastic deformation. Even
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for very high control gains (wo = 1000[rad/s] and By = 10), the control objective can not anything
like as approximated.

Finally, it is noted that all model parameters are supposed to be known exactly and no un-
modeled dynamics exist during all the simulations. Therefore, this simulation environment is an
ideal show case. In practice, the tracking performance is expected to decrease substantially.



Conclusions and
recommendations

5.1

Conclusions

The simulations of the direct CRCTC strategy show promising results for both the set-
point tracking and the trajectory tracking problem in spite of various approximations. It
is emphasized that the results are obtained in an ideal simulation environment. For the
most flexible system, k = .46[Nm/rad), the desired trajectory is tracked quickly with a
maximal position error in X and Y-direction of 6{mm]. It is seen that the results improve
when a modified version of the CTC strategy for flexible manipulators is used. However, the
controlled system has to do great efforts in realizing these results for all the simulations. If
better results are desired, more powerfull actuators are required. In practice, the results are
expected to decrease substantially.

The implementation of the direct CRCTC strategy on the XY-table is realized. This im-
plementation is time-consuming because the FORTRAN-package COLNEW and various
programming languages have to be used.

The available simulator and TCE-modules serve well with all the programming work. How-
ever, future experiments have to prove the value of the simulator. It is noted that the
simulator runs some times into numerical problems. This can probably brought on the
modelled friction.

5.2 Recommendations

The promising results justify further research. Future research should be concerned with
the performance of the implemented strategy in practice. As the performance is expected
to decrease for experiments, the direct CRCTC strategy can be expanded with an adaption
mechanism in order to cope with parametric uncertainty.

Some attention have to be paid to the determination of the flexible coordinate. The value
of the computed trajectory of the flexible coordinate should be examined because it can not
always be realized by the controlled system. In other words, the necessity of the off-line
determination should be inquired because the CTC strategy shows good results with the
approximated, desired trajectory zsq.

17
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The model of the XY-table

A.1 The flexible model of the XY-table

The dynamic model of the flexible XY-table can be written as:
M(p)g + C(p, )¢ + Ko + wsign(¢) = Hu

where ¢ = [p1 p2 @s]? is the column of the generalized coordinates. The model matrices have
the following structure:

M 0 Ms Ciyy Cip Cis
M= 0 My M C=]|Cy 0 Cos

Mz, Mz Mas C31 Cs2 Ca3

K= 0 0 0

|: Ktot 0 _Ktot
—Kit 0 Kot

where:

My = Ji + (m, + Fmu(5)? + me(250)%)r?
Mg = May = (3me(§) — §me(§)? + me(¥3) — me(235)%)r?
My = Ja + mer?
Mss = M3z = m,;(g-——L“"'d"’3 “)r?
Mss = (ms +my — me(4) + Ime(5)? + me — 2m () + m.(835)%)r?
3.
C11 = mepar(5z)e2
3 . .

Ciz = Caz = mepar(5r)($1 — ¢3)
Ciz=-Cn
Ca = -Cp2 \
Ca1 = me(d — par)(5z) 2

3 . 0
Cs2 = me(d — par)(5r) (1 — ¥3)
Caz = —C3;

The parameters in the model matrices are estimated in former research and have the following
values:

my=2.3kg] m;=8.5[kg] m.=2.3[kg]
1=1.25[m d=1[m] r=.01[m]
Ti=0022[kgm?] | Jo=.000158kgm?] | Keor=K[Nrmi/rad]
w1=30[{N'm] we=9[Nm] w3=20[N'm]
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A.2 The coordinate transformation

In order to design a direct control scheme, the dynamic model has to be transformed into a model
with the generalized coordinates y = [z y z3)7. Therefore, the following kinematic relationship is
applied: ¢ = ®y.

D 1

¥3 1

Figure A.1: The several coordinate systems

The following relationships can be extracted from figure A.1:

o1 = (23 + g2 (z — 3))
12
@

2 =%
T
3 = =2

The first and second derivative of ¢ can be written as:

. . 59;
="y where V= 3—1;1—
and .
$=Vy+¥j where ¥= b

The matrices ¥ and ¥ are given by:

\Ile =
=7| © 1 0 “rD- | 0 0

3% warE-cs) THP g__ 2D [U E-EtuTH -
0 0 1 0 0 0




Results of the set-point tracking
problem

B.1 The model parameters

The dynamic model of the XY-table that is implemented in the simulator describes the flexible
system with the generalized coordinates z;, z2 and z3. For the meaning of this quantities, see
figure A.1. As the model that is proposed in this study is formulated in the generalized coordinates
z, y and z3, the model parameters have to be transformed to the new desired quantities of the
simulator inputfile SIM_P.DAT.

c = zzk = 10%k[N/m]
my = ;-5175.]1 = 1.03[kg]
my = ZJo = 1.58[kg]
where i stands for the gear of the transmission. The input commands of Eq.(2.6) have to be
divided by r? because the simulator requires input commands in [N].

21
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B.2 The results of simulations

300, appllied inpult torquesl IN]
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005 e N e e e -
0
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Figure B.1: CRCTC with k = .46[Nm/rad] and K, = [30 10, A=(2 1 2} and K; = [.5 .3].



Appendix C

Results of the trajectory tracking
problem

C.1 The results of the simulations

0.1 vy dylm] 1
0.05 1.‘ """" 7 0 ',, RN e et e e :
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IR W ""_ !
0.05 i -1.5
0 5 10 (¢} 5 10 ¢
time [sec] time [sec] !
05 ery [m] 1 er x?jn]
0
0.5 )
1 . i 1
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L der X {my/s] 5 der y [m/s]
0 X : :
-1 V 0
2 J ...... o sk |
3kt
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0 5 10 0 5 10
time {sec]
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Figure C.1: CTC with wo = 30[rad/s], Bo = 1. The end — ef fector starts in 0(0,0).
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Figure C.2: CTC with wo = 30{rad/s], Bo = 1. The end — ef fector starts in O(0,0).
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Figure C.3: CTC with wo = 30[rad/s], Bo = 1. The end — ef fector starts in O(0,0).
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