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Adaptive backstepping control for an XY-table 
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Faculty of Mechanical Engineering 

Eindhoven University of Technology 
P.O. Box 513,5600 MB Eindhoven, The Netherlands 

Abstract 
Adaptive controllers, based on backstepping, are verified on practica- 
bility, and are used to improve the control of an experimental setup: an 
XY-table. Theoretical bounds for the adaptive schemes indicate strong 
transient performance. So far little is known about the robustness of the 
controllers. The robustness, with state and output feedback controllers, 
is verified with experiments for the XY-table. 

The controllers based on state teedback showed good results. They 
were easy to implement and their parameter tuning appeared straight- 
forward. The controllers based on output feedback were more difficult 
to implement. In experiments the range of possible tunings was re- 
stricted due to a conflict between numerical accuracy and real time 
requirements. Two extensions on the original control scheme are pro- 
posed. Both extensions result in more freedom in the controller design. 
In the allowable tuning range, the results were still inferior to the results 
obtained with state feedback. 
Keywords: Adaptive control, backstepping, mechanical control systems. 

1. Introduction 
In the past, several robust control design methods, e.g., using adapta- 
tion, have been employed for an XY-table [ 13. For all controllers used 
up til now the tracking error is still large due to (1) limited closed-loop 
bandwidth, (2) limited sampling frequency, (3) difficult to tune (adap- 
tation) gains, and (4) model errors. Sometimes ultimate tracking is 
achieved only, while the transient performance may be unacceptable. 
A general problem of implementation of traditional adaptive control 
schemes is that they have hardly become tools for systematic engineer- 
ing design. Each adaptive scheme leaves up to the designer the choice 
of various filters, design coefficients, initialization rules, and so on. It 
is still unclear how the adaptive system’s performance, especially Its 
transient performance, depends on these design choices. 

A recently developed adaptive design method may be a solution 
for these shortcomings. It removes some of the disadvantages of adap- 
tive controllers and probably some of the shortcomings of the control 
of the XY-table, clear guidelines for the transient performance are 
presented. The new method is based on recursive design procedures, 
referred to as backstepping [2]. Analytical bounds and simulation stud- 
ies have shown that the new adaptive designs achieve better transient 
performance than the traditional schemes [3, Section 1.31. With the 
introduction of tuning functions, KrstiC et al. [4,5] got a design that 
removed the over-parameterization originally present. 

In [3] different backstepping designs are presented state and out- 
put feedback controllers, Lyapunov as well as estimation-based. So far, 
little is known about robustness of controllers based on backstepping. 
Therefore a question remains: What happens if some assumptions in 
the stability proofs are shattered, e.g., by unmodeled dynamics? 

Here this question is partly answered by experiments, with con- 
trollers based on backstepping, for the XY-table. The main contribu- 
tions of the research presented in this paper are 
1. a test for practicability of controllers based on backstepping, em- 

phasis is on the question if transient performance is also improved 
in the presence of parameter errors and unmodeled dynamics, 

2. an extension of the output feedback control scheme to improve its 
tunability. 

The paper is structured as follows. Section 2 kicks off with a 
short introduction of tuning functions design. For output feedback two 
extensions are proposed to obtain more freedom in controller tuning. 
Section 3 shows the experimental setup, the XY-table, followed by the 
presentation of the results of state feedback controllers in Section 4. 
Results of output feedback are in Section 5 .  Finally, Section 6 winds 
down the paper with conclusions and directions for future research. 

2. Tuning functions design 
Tuning functions design is an advanced form of adaptive backstepping. 
For an nth order system a controller is recursively designed in n steps. 
It is assumed that the system model can be written in a parametric 
strict feedback form, for example 

where 8 E Rp is a vector of unknown constant parameters, p ( x )  and 
91, . . . , % are smooth nonlinear functions taking arguments in R” 
with p(x )  # 0, b’x E R”, and b is an unknown virtual control coeffi- 
cient called the “high frequency gain.” In thc ith step, the subsystem 
consisting of the first i equations of (1) can be stabilized by a proper 
choice of the “virtual control” xj+~ and a parameter update law. This 
is a traditional Lyapunov based design, with the advantage that the 
Lyapunov function is known. ‘The virtual control is used to compute a 
stabilizing function which makes it easier to compute the next virtual 
control. The parameter update law is not implemented but considered 
as a tuning function, this function is also used in subsequent steps. At 
the last step the actual control U is at our disposal, then the parameter 
update is used. Mathematical descriptions of different tuning functions 
design methods can be found in [3]. In this section only a mathematical 
description of a modified K-filter, which is used for state estimation 
for the output feedback controller, is detailed, because it is changed. 

The output feedback control scheme is modified to obtain more 
freedom in controller tuning. The first extension is a change in the 
K-filters as described in [3, Section 10.11. The state estimation filters 
are presented for linear systems in the observer canonical form 

i] = x2 - Cln-]Y 
. . .  

Xp-I = X p - a m + l Y  

xp  = xP+l -amy + bmu 
. . .  

in-1 = xn - a1y + b1u 
in = -soy + bou 
y = XI, 

werea = [an-l, . . . , ao]‘andb = [b,, . . . , bol’arevectorsofunknown 
constant parameters. Equations (2)  can be written as 

i = A x + F ( y , u ) B ,  X E  h“‘ (3)  

Y = el x, r 1. Corresponding author. Email: A.G.de.Jager@wfw.wtb.tue.nl 
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where thep = n + m + 1-dimensional parameter vector O is defined by 
r n  1 

In the absence of full state measurements, filters are needed in the 
design of an output feedback control law. Two filters are employed for 
state estimation 

Cb where C = olx@-l) and the vector k = [kl, . . . , knl' 
1,-1 1Np-l) 1 

chosen so the matrix Ao = A - ke: is Hurwitz. The vector ei is the ith 
unit vector in R". A positive constant design parameter Cb E R is added 
compared to the original scheme. For Cb = 1 this scheme is the same 
as the original one. Consequences of the extra design parameter are 
explained later in this section. With these filters the state estimate is 

P = 6 +Re* (4) 

where B* = [bi, bm+ . . . , bo, uTIT and b: = b&b. Now by substitut- 
ing (3) and (4) in the derivative of the state estimation error E = x - P, 
t: can be written as 

t: = A ~ E .  

As in [3, Section 10.11, it is possible to lower the dynamic order of 
the Q-filter by exploiting the structure of F(y, U). Rewriting the filters as 
in [3, Section 10.21 results in the filters in Table 1. The only difference 

Table 1: Adapted K-filters 
?j = Aoq+e,y R" 

= Aoh +e,u h E R" 
c = = -[A%'q, . . . , Aoq, q] 
vi = A$, j = O ,  . . .  ,m-1 
v, = cbA$h 
a = [vm,. . . ,VI, vo, SI 
5 = -A ;;17 

from the original tuning functions scheme is the parameter cb. With 
these filters the system equations can be prepared for backstepping. 
The procedure of adaptive backstepping is the same as for the original 
filters. The only difference is that b; is estimated instead of b,. 

The effect of adding the extra parameter Cb in the filter design is 
shown with the help of the equations of the z-error system, as computed 
in [3, Section 10.21. The z-error system can be written as 

z = A h , ,  t)z + WE&2 + Wdz, t f8* - bkQr + &)&I. ( 5 )  

The structure of A, is important. The influence of Cb is shown with a 
second order system. For this system the matrix Az(z, t )  is given by 

where ci and di are positive, constant design parameters. Suppose A,z 
is dominating in (3, i.e., parameter estimate errors and state estimate 
errors are small compared to z. Then the dynamic behavior of the con- 
trolled system is govemed by the eigenvalues of A,. In the original 
tuning functions scheme (Cb = 1) the eigenvalues cannot be placed 
freely, because there is no freedom in changing the off-diagonal ele- 
ments in A,(z, t) .  The behavior of the controlled system depends on the 
value of b,. For example, when b, is large it is not possible to obtain 
eigenvalues of A, with a small absolute value. In the modified version 
b; appears in the off-diagonal elements. As b i  can be chosen freely, 
the eigenvalues of A,  can be placed freely. 

Another extension to the tuning functions design achieves the same 
effect in the z-error system, but results in different dynamic behavior of 

the controlled system. Simply by applying a change of coordinates to 
the dynamic system (2) another possibility is achieved in influencing 
the off-diagonal elements inA,(z, r ) ,  as explained below. All the states 
are scaled by a constant positive design parameter c, 

xi == c,x;, i = 1, . . . , n. 

Now the system (3) can be written as 

where the parameter vector 0** is defined by e** = . 
Applying the backstepping procedure to (6), as described in [3, 

Chapter lo], results in the same controller with the difference that c,b 
is estimated instead of b (and 6 becomes the estimate of l/(csbm)). 
Now, csbm appears in the matrix A, instead of b,. Again the goal of 
having complete freedom in placing the eigenvalues of A, is achieved. 

This extension can be applied easily to linear systems as the out- 
put y appears linearly in the system equations. For nonlinear systems 
the output y appears in a nonlinear function multiplied with an un- 
known constant system parameter. Now scaling the states changes the 
nonlinear function by a factor not the same as the scaling factor. So, 
then all the parameters ai have to be adjusted. 

The closed-loop dynamics with the second modification differs 
from that of the first modification, in which the filter is adjusted. The 
reason is that with the second modification, besides the changes in b, 
the magnitude of the error variables zi and the A-filter are influenced 
directly by c,. With the first modification, besides bm, only the h-filter 
is influenced directly by C b .  The usefulness of the two extensions will 
become clear from the experiments with the output feedback controller. 

3. Experimental setup 
A schematic representation of the XY-table is shown in Fig. 1. 

Figure 1: S8ketch of the XY-table 
The XY-table is an experimental system with several degrees-of- 
freedom, moving in the horizontal plane. Rvo of the degrees-of- 
freedom are coupled by a spindle with a stiffness that can be varied. 
This spindle is assumed completely stiff in the model used to design 
the controllers, as are the springs connecting the belts with the slides. 
We use a model with two degrees-of-freedom and Coulomb friction, 
written in strict feedback form, to which backstepping can be applied 

i l  =x2 

= blgl  + el sign(m), x-direction: 

j.1 =y2 
j.2 = b2u2 + 6 sign(y2). 

y-direction: 
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The system parameters of the XY-table are approximately 

0 6 -  

2 0.4- 
- 
- 

0 

81 = 1.2 [Nkg] 
02 = 4.4 [N/kg] 

bi = 1/34 [ lkg]  
b2 = U2.3 [ lkg] .  

- - 4 -  
E 

- 5 2 -  

PW $ 0  - 

Remark that all rotary movements of the motors, etc. , are lumped to the 
planar movement of the slides and the coordinates x and y correspond 
with the position of a “target” point on the end-effector. Because the 
manipulator moves in the horizontal plane there are no gravity forces. 
The model used for the output feedback controller design is different 
because in ‘the output feedback control scheme nonlinearities may 
only depend on the output variable. For that reason, then the Coulomb 
friction is not modeled and the friction terms in (7) and (8) are omitted. 

For satisfactory control of the XY-table several problems have to 
be taken care of. 
1. Motors and amplifiers have their own dynamics and range. 
2. The transmission between actuator and slide consists of belts and 

wheels, which are assumed stiff. 
3. Unmodeled viscous friction is present. 
4. In the controller design the system parameters are assumed to be 

constant. This is not true in practice, e.g., the magnitude of the 
friction depends on the position of a slide on the slide-way. 

5. The position measurement of the end-effector is not synchronized 
with the controller due to limitations in the optical measurement 
system hardware. This results in an unknown, time dependent, time 
delay (up to the sample time) of the position measurements. 

6. Time delay caused by the computation of the inputs. This is reme- 
died by a Kalman filter which predicts the states one step ahead. 

7. The differential equations for the dynamic controllers must be 
solved within the sample interval. 
The desired trajectory, used in all experiments, is a circle, x, = 

-Rcos(wt), y. = Rsin(wt), were o = nt/(2T,2) for 0 5 t <: 2Tc, 
0 = 2?~/7‘~ for 2Tc I t < t,d, and R = 0.25 [m], Tc = 2 [SI. During 
the first cycle the angular frequency increases linearly, starting from 
zero and smoothly connecting position, velocity, and acceleration, ex- 
cept for y,, to the second cycle. Now, too large inputs (larger than 
the maximum inputs), as a response on initial errors, are avoided. The 
radius R and the cycle time Tc are chosen so the inputs stay in the 
range were the dynamics of the actuators are approximately linear. For 
experiments with the XY-table C++ is the programming environment. 
The controllers are implemented with TCE (Tools for Control Exper- 
iments) [6], a collection of small modules in C++ which implement 
basic tools for control experiments. To compare experiments the Root 
Mean Square value (RMS value) of the tracking error is used. 

4. State feedback controller results 
Emphasis in the experiments is on the main goals of research as men- 
tioned in the introduction, verification of practicability and checking 
the modifications. Experiments were done for two situations 
1. control of motor rotations, 
2. control of end-effector position. 
In most experiments the parameter estimates are initialized at 0. 

4.1. Control of motor rotations 
The first experiment aims at controlling the motor rotations. For the ex- 
periment a torsion spring with a small spring constant of 0.8 [“/rad] 
is used. Tuning of the controller is done by first keeping parameters c, 
small and choosing the adaptation gains so the estimates of the para- 
meters converge fast to values approximating the real values, without 
becoming too fluctuating. Then, the transient performance is system- 
atically improved by increasing the parameters ci as far as possible. 
This tuning resulted in the parameters in Table 2, exp. 1. 

For the first experiment results are presented in Fig. 2 during the 
first four cycles, including the cycle with increasing angular frequency. 
The computed RMS values are RMS, = 0.042 [mm] and RMS,. = 
0.23 [mm]. The RMS values are computed over the last three cycles. 
Graphs containing tracking errors and the RMS values show good 

Table 2: State feedback controller parameters 
Exp. Dir. I c1 c2 K r Y 

x 1 100 100 5 100 500 
I Y I 70 70 5 500 5 - X I  5 5 5 100 500 

Y I 80 80 5 200 2 L 

20 - 10 

s 2 0  

-10 

100 - 
L o  z 

-100 

t [SI t Is1 

I 2.5, varrh02 varrhol 40, 

OO L-JO 5 > o,:ou 10 
t IS1 t [SI 

Figure 2: Results, control of motor rotations 

transient performance. The tracking errors in y-direction are larger 
than those in x-direction. The main cause is the measurement accuracy. 
Uncertainty in the friction also contributes to the tracking error. For 
the y-direction the friction forces are large relative to the inputs. 

The tracking error behavior shows for both directions, especially 
the x-direction, peaks when the velocity changes sign. This is due to 
the unmodeled dynamics, all unmodeled springs and belts first have to 
be tightened before movement of the slide is possible again. During the 
first cycle the parameter estimates, especially in y-direction, change 
fast. After that, the parameter estimates converge slowly. 

The computed inputs are a bit fluctuating, this is due to the con- 
troller’s response on errors in the state prediction by the Kalman filter, 
At every sample point errors are present in the predicted states, mainly 
due to measurement errors and unmodeled dynamics (for example 
backlash).This is also the reason why the transient performance can- 
not be improved indefinitely. Increasing the parameters ci will cause 
a better tracking error performance (theoretically), but will also cause 
the state estimation errors to become more important. First, these er- 
rors become relative large and, secondly, the controller reacts stronger 
on them. This results in a strongly fluctuating input. If the fluctuations 
become too large the actuator saturates, resulting in worse transient 
performance. 
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4.2. Control of end-effector position 
The experiments in the previous section did aim at tracking a ref- 
erence for the motor rotations. This is, especially when the torsion 
spring is really flexible, not the same as control of the position of the 
end-effector. In this section attempts are made to control the position 
of the end-effector directly. Besides the extra influence ,of unmodeled 
dynamics, another problem is the end-effector position. This is ac- 
quired by a dedicated computer which needs time to process the raw 
data of a CCD camera, approximately the same as the sampling time 
T, = 0.002 [SI. This introduces an unknown and changing time delay. 
Because of the extra flexibility (introducing more degrees-of-freedom) 
and larger measurement errors the closed-loop system is more likely 
to become unstable, therefore the control parameters are adjusted so 
the controller becomes less aggressive. This is achieved by decreasing 
c1 and c2 for the x-direction and decreasing the adaptation gains in 
y-direction, giving the design parameters in Table 2, exp. 2. 

Again a torsion spring with a small spring constant of 0.8 [“/rad] 
is used. Results of the experiment are presented in Fig. 3. The graphs 

x uackine error difference ~ 1 . ~ 2  

I I I 
6 8 10 4 6 8 10 

t Is1 t IS1 

Figure 3: Results, control of end-effector position 
show the tracking error in x-direction and the difference between the 
two x-slides x1 - XZ. The latter shows the flexibility, XI and x2 differ 
up to 10 [mm]. The tracking error behavior in y-direction was similar 
to the results of controlling the motor rotations. Tracking errors were 
slightly larger due to the measurement equipment and to the increased 
influence of the unmodeled dynamics. Computed RMS values of the 
tracking errors are RMS, = 4.2 [mm] and RMS, = 0.39 [mm]. 

The torsion spring imposes a limit on the performance. The influ- 
ence of the torsion spring is clearly shown in the graph containing the 
difference x1 - x2. The closed-loop system is most likely to become 
unstable when the end-effector is near the x2 slide, which is not di- 
rectly driven. Increasing any one of the control parameters will result 
in a stronger fluctuating difference XI - XZ. Increasing the parameters 
is possible till the fluctuations become that large that the belts start 
skipping teethes on the belt-wheel. 

Tuning of the parameters influences the dynamics of the closed- 
loop system. So it could be expected that proper tuning results in a 
better behavior of the controlled system. Several ways of improving the 
transient performance have been tried for the XY-table (e.g.. starting 
with all controller parameters small and increasing one or few of them 
as far as possible). None of the tunings led to the desired tracking 
error behavior with bounded and not too large difference x1 - x2 and 
small tracking errors. The use of a three degrees-of-freedom model for 
the controller design might be a good solution for satisfactory control 
of the end-effector position of the flexible XY-table. However, two 
difficulties have to be overcome, (1) there is no general extension of 
the theory for the control of MIMO systems yet, and (2) the system 
equations must be written in a parametric pure feedback form. 

As mentioned, the torsion spring has a small spring constant. 
Experiments show that when increasing the spring constant, at some 
point the springs connecting the belts to the slides impose a limit on 
the controller tuning and performance, instead of the torsion spring. 

5. Output feedback controller results 
Before describing experiments for the XY-table the influence of the 
new design parameters is discussed. 

Limited freedom in the design of the output feedback controller is 
already established in Section 2. Simulations have proven the expec- 
tations. If the initial errors are large, the term with A ,  dominates in ( 5 ) .  

In A, the off-diagonal elements are the high frequency gains b;, which 
are large for the simulated XY-table. If the controller is chosen fast 
(i.e., large d; and ci) the closed-loop response is aggressive, resulting 
in large control efforts, too large to be of practical use. It would be 
desirable if by decreasing any one (or a combination) of the controller 
paranieters the response could be shaped at will. However, this does 
not happen. As can be expected from (5 )  the tracking error becomes 
more fluctuating if controller parameter(s) are decreased, also resulting 
in large inputs. So, with the: original controller no satisfying control of 
the XY-table can be obtainr:d in the presence of large initial errors. By 
influencing the off-diagonal elements in A, by use of one of the two 
new tunable parameters, it was possible to obtain the desired shape of 
the response without large control efforts. This is a new and desirable 
feature of the controller. 

Increasing any one of the parameters c; and d; improves the tran- 
sient performance, but the absolute values of the eigenvalues of the 
(linearized) differential equations increase rapidly, making these equa- 
tions more difficult to solve accurately in real time. Now, by using both 
extensions proposed in Section 2, it is possible to place the eigenval- 
ues of the differential equations and b; = b;C,/Cb freely. In a restricted 
parameter range the differential equations are easy to solve by using 
simple methods. In all experiments first order Euler integration is used. 

Again, experiments witlh the XY-table were performed for the two 
same cases. The same desired trajectory as in the previous section, 
with in the first cycle an increasing angular frequency, is used. 

5.1. Control of motor rotations 
In previous experiments the position was measured, from this mea- 
surement the position and velocity were predicted one step ahead by a 
Kalman filter. Now, the same filter is used to predict only the position 
one step ahead, and not the velocity. In the previous section, the errors 
remaining after filtering also imposed a limit on performance. If the 
filter states, especially the velocity prediction, are not used, perfor- 
mance may be improved. As the output feedback controller only uses 
the position prediction, it might perform better. 

Tuning the controller is done by first giving Cb and c, values so 
the differential equations are easy to solve and by does not become too 
large. The adaptation gains were chosen not too large to prevent fast 
rising estimates, By increasing ci and d; the tracking error performance 
was improved, resulting in the parameters in Table 3, exp. 1. 

Table 3: Output feedback controller parameters 
Exp. Dir. 1 c1 = cz dl = dz Cb cs n n 

100 1 . 1 0 ~  1 . 1 0 ~  1.10~ 1.10~ 
30 5.10-~ 5 . 1 0 ~  1.10~ 1 .10~  
50 1 . 1 0 ~  1 . 1 0 ~  1.10~ 1 .10~  
25 5 . w 5  5.10~ 1.10~ 1 .10~  

Initial parameter estimates are chosen as &(O) = 1/&(0) = 1. By 
setting both kl and k2 equal to 2, the matrix A0 is Hurwitz. The results 
of the controller applied to the XY-table are presented in Fig. 4 during 
the first four cycles. Computed RMS values of the tracking error are 
RMS, = 0.54 [mm] and RMS, = 3.5 [mm]. 

Compared to the state feedback controller the tracking errors are 
large. Achieving better transient performance seems not possible in the 
restricted parameter range. Any further increase of the parameters ci, 
d;, will cause the differential equations to become too stiff. The input 
in y-direction already shows consequences of the limited accuracy of 
solving the differential equations. Increasing c; andor d; would make 
the variations in the input signal worse. 

5.2. Control of end-effector position 
For this controller too, an attempt is made to control the position of 
the end-effector. Because this closed-loop is sensitive for instabilities, 
the parameters c; and d; are decreased. Settings are summarized in 
Table 3, exp. 2. The experiment is for the rigid XY-table (torsion spring 
is replaced by a rigid shaft), so the results, presented in Fig. 5 for three 
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5 5 10 
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Figure 4: Results, control of motor rotations 

cycles, are not comparable with the previous ones. The computed RMS 
values are RMS, = 3.6 [mm] and RMS, = 4.9 [mm]. 

2o x-trackme-error 2o v-tracking-error 

t [SI t [SI 

control ul 
400- 
2M) 20 --. 

2 0  B o  
z 

-200 -20 

t [SI t [SI 

Figure 5: Results, control of end-effector position 
A feature of the results is that the tracking error and input, for 

both directions, are fluctuating. The computed input u1 exceeds the 
maximum input a few times (e.g.. at t = 5.2 [SI and 6.2 [s]). This did 
not happen in the previous experiments. 

Further investigation showed that the fluctuations in y-direction 
were mainly caused by the shifting time delay, due to the optical mea- 
surement hardware. Checking the influence of the different sources of 
unmodeled dynamics showed that in n-direction mainly the unmodeled 
Coulomb friction caused the fluctuations. 

If the unmodeled dynamics are reduced (sampling and measuring 
are synchronized and the friction is partly compensated) there is im- 
provement, but the controller parameters still cannot be chosen so the 

tracking error becomes acceptable. Obviously, the controller cannot 
handle the remaining unmodeled dynamics. If the controller parame- 
ters are adjusted, so the transient performance theoretically improves, 
the controller will induce a more fluctuating tracking error behavior 
and larger control inputs. The controller can be made more aggressive 
until the belt starts skipping teethes on the belt wheel or the maximum 
inputs are exceeded, but even then the error is not good enough. 

The freedom in the design of an output feedback controller is lim- 
ited to the range where the differential equations are easy to solve. 
Therefore, the conclusions of the output feedback controller are also 
limited. In simulations (not presented) the controller seemed well capa- 
ble of handling the unmodeled Coulomb friction. However, in simula- 
tions there was more freedom in the design of the controller, real time 
computation not being an issue, the Coulomb friction was constant 
and, besides that, the only unmodeled part was the torsion spring. 

6. Conclusions and recommendations 
Here the most important conclusions are summarized and recommen- 
dations for further research are given. 

Experiments indicated good practicability of the state feedback 
controller. 

0 The output feedback controller could be implemented in a re- 
stricted controller parameter range only, due to the stiffness of the 
differential equations. In that range the results were inferior to the 
results obtained by the state feedback controller. 
The extensions proposed in this report proved to be successful, 
more freedom in the design of the controller was obtained, and 
it provided also a tool to influence the stiffness of the differential 
equations. 
In the experiments for control of the end-effector position, the 
closed-loop system could become unstable, due to the springs con- 
necting the belts to the slides or due to the torsion spring. For the 
rigid XY-table and using state feedback, control of the end-effector 
position was improved by controlling the measured end-effector 
position. For the flexible XY-table, best tracking error behavior of 
the end-effector, in x-direction, was achieved if the motor rotations 
were controlled. 
Control of the end-effector position seems open for improvement. 
The following modifications seem promising, (1) decrease the time 
delay due to the measurement hardware, (2) compute the end- 
effector position with the measurements of the positions of the 3 
slides, or (3) use a 3 degrees-of-freedom model in controller design. 
Especially the results with the state feedback controller encourage 
further research in controllers based on tuning functions design. 
More advantages of these controllers may appear if the controllers 
are implemented on a strongly nonlinear system. 
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