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Summary 

SUMMARY 

One goal of a control system for a manipulator is to let an end-effector track a desired 
path, with a desired velocity. The control is often based on a model that represents the 
dynamic behaviour of the system. The desired input signals, usually forces or torques, are 
computed on the basis of this control model. In practice the model does not exactly 
c û ~ e s p v ~ d  with the actii21 system. ?hemmena like un,model!ed higher d e r  dynamics, €or 
instance af amplifiers 2nd semors, urrmgly tuned parameters, measurement noises and 
disturbances cause differences between model and reality. When the control system is 
affected less by these modelling errors, the controller is called more robust. During the 
design of a control system for a manipulator, two goals are mainly pursued; minimal 
tracking errors and robustness to modelling uncertainties. Often these goals are conflicting. 

Research is done to the question if the measurements of the accelerations of the end- 
effector of a manipulator will contribute to a more robust control. Two methods of 
acceleration feedback are examined, one with a direct feedback in the control law and a 
second that uses the information of the accelerations in the observer part of the control 
scheme. By means of simulations and experiments, with different modelling errors and 
disturbances, the p í ~ p e ~ - t i e ~  of botlm methods are determined. 

It turned out that both methods result in a reduction of tracking errors, also in the case of 
parameter errors, disturbances and unmodelled dynamics in the form of additional 
flexibilities. The robustness was however hardly affected compared with the same 
controller without acceleration feedback. The reason for this is probably the fact that the 
control goal is the tracking of a desired trajectory of the motor-rotors of the manipulator 
and the accelerations are measured on the end-effector. Due to the existence of dynamics 
between those two points the contribution of the acceleration measurements to a better 
robustness is reduced. Another aspect is that with the method of direct feedback the effect 
of the modelling errors will reduce. This will not automatically lead to an improvement of 
the robustness. 
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Introduction 

1. INTRODUCTION 

Industrial robots are being applied in practice for several reasons, economical and technical. 
An economical motive can be the fact that in some situations it is cheaper to let a robot 
execute certain actions instead of human beings, especially when a certain action has to be 
repeated very often. As a technical consideration can be mentioned the possibility to use large 
forces or torques in order to move or work heavy píûdttctts. Paether technical reassom to apply 
robots Es the use f~ '~h  activities that require iiruch Me: movements and with much more 
accuracy than a person could. Especially the realisation of very accurate movements, with a 
desired velocity, is a field in which control systems have a large impact. In these cases the 
controlling is often based on a model of the manipulator system. This model, in the form of 
differential equations, represents more or less the dynamic behaviour of the mechanical 
system. In order to come to a satisfactory control in this way, generally two methods can be 
distinguished. 

TRe first method is to try to obtain a control model that describes the dynamic respomse of 
the manipulator as complete as possible. An extensive research into the controlled system has 
to be done in advance in order to gather all available information of the dynamics of the 
system. A complex model, with inciusion of higher order dyncimics, will !ike!y be the result, 
An exact tuning of the occuring control parameters is realised by an adaption-scheme and 
theoretically a full dynamics feedforward control will be sufficient to obtain a satisfactory 
tracking Performance of the manipulator. A problem with this method appears as structural 
model errors occur like unmodelled high frequency dynamics. These can be caused by 
flexibility in links and joints, dynamics of amplifiers and sensors, backlash or other modelling 
errors. Parameter adaption is often unable to compensate for structural model errors and the 
controller is for that reason not robust to these errors. 

The second method is to make use of a simplified model of the actual system, for instance 
only including second order dynamics. The performance of the controller in this case has to 
be realised by a more extensive control law, for instance with the feedback of more measured 
or estimated variables. To obtain robustness, design methods like the Ha-method and the p- 
synthesis can be used. With these design methods model errors can be specified and taken 
into account. The problem however is that these methods have not been developed completely 
for non-lineair systems. Also the existence of additional dynamics, resuIting in an actual 
system that is of higher order than the control model, is often not taken into account in the 
design method. 

The manipulator control laws that will be the subject of research in this report, can be 
classified under the second method. The control model is a simple second order model, 
neglecting higher order dynamics. The main topic of this report will be the answering of the 
question if the extension of the number of measurements of the system leads to a better 
controller performance, especially a higher robustness to model errors. The control of a 
manipulator has been extended with the measurements of the acceleration signals of the 
degrees of freedom. Two approaches of using the acceleration measurements will be 
discussed. The first approach is a direct feedback of the filtered acceleration signals in the 
control law. A control law with additional acceleration feedback is designed so that an 
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improvement of robustness to modelling errors is expected. In the second approach the 
acceleration measurements are used in a Kalman observer in order to obtain a better one-step- 
ahead prediction of the states. This should result in a better tracking of the desired trajectory. 
An improvement of the robustness would be a welcome consequence but no prediction about 
this can be made with this method. 

In chapter 2 the inethod of direct acce!er2th feedback will be presented and discussed. With 
simdatisins and expenmefits on a XY-table the performance and robustness of a controller 
using this method, is examined. 

Chapter 3 deals with the extension of a Kalman observer with acceleration measurements. 
Again simulations and experiments have been done to determine the consequences of this 
extension. 

In chapter 4 the combination of both approaches of acceleration feedback in one controller 
is briefly discused. 

In chapter 5 conclusions are drawn and in chapter 6 suggestions, concerning a possible 
continuation of this investigation and potential improvements, are mentioned. 

2 



Acceleration feedback 

2. ACCELERATION F'EEDBACK 

To improve the dynamic behaviour and robustness of a manipulator a control law is derived. 
In this control law, which is adopted from [2], the meassured accelerations of the degrees of 
freedom of the manipulator are filtered, weighted and used in an additional lineair way. 

To describe the manipulator that has to be coniroiied the follovviïîg dynzìiiric mûde', is used: 

with: 

9 
M 
CQ 
W - 
Hu 

= vector with generalized coördinates 
= positive definite mass matrix 
= vector with Coriolis and centrifugal forces 
= vector with forces due to fiction and gravitation 
= vector with input forces 

To realise acceleration feedback an existing control law is enhanced with an additional 
acceleration feedback loop. The existing control law that is used, is a function of 4; g ijd Qd 
qd and t only: 

So the controlled system will be: 

Refering to [2] a control law with additional acceleration feedback can be of the following 
form: 

Here R(&t, contains the weighting factors for the accelerations. In order to maintain the 
same controlled model response as the existing control law, when using acceleration feedback, 
the existing part (2.2) has to be manipulated or weighted too. Solving ij from equation (2.1) 
yields: 

3 
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i 
I 

Substitution of ij in control law (2.4) and elimiation of Hg using equation (2.2) yields a 
definition of the function r(&t): 

with I is a unit-matrix. 

This form of function ~ ( d ~ f )  will give a same controlled model response as the controlled 
model (2.3). This is only true when equation (2.1) counts, thus when there are no modelling 
errors. In the case of differences between the dynamic model of the manipulator, on which 
the control Saw is based, and the real system that has to be controlled, an other situation 
occurs. These differences, modelling errors, are caused by the fact that (higher order) parts 
of the dynamic behaviour of the real system are not modelled. Also differences between the 
used model parameters and the real parameters count as modelling errors. Taking into account 
these modelling errors the expression for the controlled system becomes: 

in which is a vector that represents the modelling errors. 

With the use of the control law (2.4) with acceleration feedback and the firnction &et) as 
in (2.6), the equation of the controlled system with regard to the modelling errors will be: 

It is easy to see that in order to reduce the influence of the modelling errors, compared to the 
existing control Iaw, the matrix R can be chosen as: 

R = -aM 

Substitution in (2.6) yields: 

with a > O. 

- r = ( l + a ) d  - a ( C q  + 2) 

and: 
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H u  - = (l+a)t '  - a ( C 4  + - aM4, (2.10) 

In that case the influence of modelling errors on the controlled model behaviour will reduce 
with a factor (I + a), compared with the use of (2.2) as control law. The controlled model 
is now of the form: 

M ~ L  + Cq + - z/ = (í+a)-'u (2.11) 

In the case of very stiff manipulators, where the position o, the end-effector is assumed to 
be completely determined by the positions of the motor rotors and the number of degrees of 
freedom is equal to the number of inputs, an improvement of the robustness is to be expected. 
This is because in this case the structure of the manipulator model (2.1) will correspond rather 
well with the actual system. Tlhe modelling errors that occur, and the tracking errors that are 
the consequence of these errors, will then be directly compensated by the acceleration 
feedback. How much they will be Compensated, is depending on the value of a. Theoretically 
an infinite value of a will rednice the tracking errors that are caused by modelling errors to 
zero. 

It is not to say if acceleration feedback in this form leads to an improvement of the tracking 
behaviour with a manipulator system that contains additional flexibility as well. This wil1 be 
investigated by means of experiments. 

To investigate the behaviour of this controllaw in a model of a stiff manipulator system and 
to check the closed-loop stability, the controllaw (2.4) was implemented in a simulation model 
of the so-called XY-table. In this simulation model no extra flexibility is present. The 
implementation and investigation of the control law (2.10) wil1 be the subject of the next 
paragraph. 

5 
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2.1. SIMULATIONS WITH ACCELERATION FEEDBACK 

2.1.1. MODEL OF THE CONTROLLED SYSTEM 

To investigate the behaviour of a controlled system with acceleration feedback, simulations 
are done. The system which is used foï seveïal soits ûf cont~ûl-iri-vestigatiun is the Xi-table. 
Tke XY-table is a liame on which it is possible to Iet aii end-effcctûr follow- a certain desired 
traject in a horizontal plane, the XY-plane. Because the properties of acceleration feedback 
will also be investigated on the XY-table later on, it is desirable to use a model of the XY-  
table as the system that is to be controlled during the simulations. Figure (2.1) is a top view 
of the XY-table and figure (2.2) is a schematic representation. To move both X-slides in 
figure 2.1 in X-direction the motor A drives, via transmission C, shaft D which is connected 
to the slides by means of two belts E. The end-effector can be moved in Y-direction directly 
by the motor B which is connected to the Y-slide H, on which the end-effector is mounted, 
also by way of a belt. For a detailed description of the =-table one is refered to [i] and [23. 

I i 

I 
9 -  

A = X-motor 
B = Y-motor 
C = transmission 
D = driving-shaft 
E = belt 

F = X-slideway 
G = X-slide 
H = Y-slide 
I = belt wheel 

A = slide wheel 
B = Y-slide 
C = belt wheel 
D = belt 
E = motor ~ 

figure 2.1 figure 2.2 

For the derivation of a simulation model of the XY-table the controlled system is supposed 
to be completely decoupled in both directions. The movement and control in X-direction will 

6 
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not affect the behaviour in Y-direction and vice versa. The model of the XY-table is of the 
form: 

Mg + ,a& = HU - (2.1.1) 

with matrix M a constant mass matrix. 
Written nut for both directions the model is: 

P,X + w, = Fx 
Pg + w, = Fy 

where: 
PI, Pz = constant mass parameter 
w,, wl = forces due to friction 
F' Fy = input-forces 

Information about the values of the mass parameters and the form of friction-forces, used f ~ r  
the derivation of the control law, is in appendix A. 

The existing control law (2.2) which has to be enhanced with acceleration feedback, is taken 
from [l] (app. E) and consists of a computed torque, a feedforward and a PD-feedback part. 
The parameter-adaption that is used in [I] has been omitted. The control law has the 
following form: 

(2.1.2) 

with: 

i$ 

S = sliding surface = e - A e  
Kd, A = gain matrices 

= estimated constant mass matrix 
= reference acceleration = & - A &  

e = velocity error = 4 - &  
e = tracking error =4-% 
lij 

a = desired positions 
= vector with estimated friction forces 

The vectors 4 and g are the estimated values for the velocities and positions. The control law 
and the estimations are computed discretely, both in the simuIations as in the software of the 
XY-table. In a kalman obsemer the one step ahead prediction of velocity and position is 
performed as described in [i]. 

Adapting the control law (2.1.2) with acceleration feedback as described in (2.4) yields: 

7 
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r = ( î + a ) t ’  - a& (2.1.3) - 
with ‘t’ as in in (2.1.2) 

Substitution of (2.1.3) in (2.4), with R = -a, gives the new conto1 law: 

or: 

(2.1.4) 

(2. i .5) 

The equation of the model of the controlled system is now: 

In appendix A equation (2.1.5) is written out for the situation of the XY-table. The tracking 
in X- and Y-direction are considered as two independent control problems, 

2.1.2. SIMULATIONS 

The advantages of using simulations instead of real experiments are mostly the possibility to 
change model and modelparameters very easily as desired. Another advantage is that no 
damage can be done 60 the real hardware when errors in the controlling occur or extremely 
high input values are computed by the computer. Simulations however do have some 
disadvantages as well. It is nearly impossible to make a simulation model that behaves exactIy 
the same as the real dynamic system in case of systems with a complex dynamic behaviour. 
It is very hard to model the complete non-lineair dynamic behaviour of a system, including 
all higher order dynamics, friction, sensors and sensor noise, dynamics of the used amplifier 
and the exact effects of discrete inputs and a discrete estimation of the states with a 
continuous system. In the model used here this is also the case. Some simplifications with 
regard to reality have been made. These simplifications made for both moving-directions are: 

The system that has to be controlled, has been modelled as a genuine double integrator with 
a mass parameter and presence of friction. The friction is modelled in such a way that the 
input-signals, computed with control law (2.1.5), with also a friction compensation part, fit 
with the input-signals that are obtained from executed experiments, done with the same 
trajectory. For this reason the friction-tem was evaluated, partly ad hoc and partly based on 
knowledge of the real friction, in order to obtain input signals that are equal to the inputs of 
an experiment as good as possible. 

8 
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Sensor noise is modelled as white noise. 

Amplifier-dynamics are not included, only a white noise is added to the calculated input 
signal, a so called torque ripple. 

Dynamics of the motors are neglected. 

The transfer functions of the acceleration sensors are not taken into account in the simulation 
model. 

Filtering of the acceleration signals, which in reality is done by a first order pre-sampling 
filter and in the signal-amplifier by an adjustable filter, is not modeIled. 

2.1.3. STABILITY OF THE CLOSED-LOOP USING ACCELERATION FEEDBACK 

Before simulations with acceleration feedback are executed with a simulation model of the 
XY-table, the closed-loop stability of the controlled system has been regarded. To do so the 
influence of acceleration feedback according to (2.4) on a PD-controlled XY-table model, 
without mction and computed torque part, has been investigated. The reason for checking 
stability on a PD-controlled system instead of the system (2.1.6) is that this is easier to do 
with a simpler system. The influence however on the complete system (2.1.6) will not differ 
much from this situation because the computed torque part and the friction compensation part 
will not have a negative effect on the stability. 

The PD-controlled system for each direction is: 

M g  = Kd(q - q d )  ' Kp(q - q d )  (2.1.7) 

The transferfunction of the PD-controlled system is: 

(2.1.8) 

9 
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There is assumed to be no difference between M and i$? . 

With an eigenfrequency of fo = 4 Hz. and damping constant po = 0,7 the poles of the PD- 
controlled system are: 

sl,* = -17,6 2 18,Oi. 

The tramfe: h n d i ~ ~  of the used acceleration sensors are obtained from the accesory 
documentation which only exists of a bodeplot. The sensors are assumed to have a second 
order transfer function: 

D 

(2.1.8) 

More detailled information of the transfer functions of the acceleration sensors is found in 
appendix B. 

When the acceleration meassurernent and feedback is substituted in the PD-controlled system 
the blockdiagram of the control system becomes: 

The transfer function of the system is: 

(2.1.10) 
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with: 

and: 

and: u(s) =ul@) - u&) 

(PD-action) 

(system with, accelerâtim m e s -  

surement) 

(acceleration measurement) 

(system to be controlled) 

In appendix B more information about these transfer functions and the parameters used, can 
be found. 

The dominant control-poles for both directions are now: 

s1,2 = -17,6 2 18,Oi 
sl,, = -11,7 2 16,8i 
sl,2 = -8,s t: 15,3i 
s1,2 = -1,6 2 7,4i 

with: a = O; 
a = 0,5; 
a = l,O; 
a = 10,O; 

For a greater value o a the dominant poles of the controllec, system will have a positive real 
paa and the system will thus be unstable. Until a = 10, however, the controlled system will 
remain stable. As will be shown later on a bigger value than a = 1,0 à 1,5 will not be used 
in the control of the XY-table so this stability is satisfactory here. A comparison between the 
bode diagrams and Nyquist plots of the controlled system with and without acceleration 
feedback, for a = 1,0 is made in appendix B. As can be seen there the bandwidth of the 
controlled system does not change, using acceleration feedback. A little peak in the magnitude 
occurs at the eigenfrequency of the sensor. This peak will hardly influence the system because 
its frequency is high compared with the bandwidth and the fold frequency of the system. The 
stability of the controlled system is not affected, using acceleration feedback. Although a 
small extra loop appears in the Nyquist plots, the minimal distance to the point (-1,O) remains 
the same. The question if acceleration feedback will lead to a better tracking behaviour and 
robustness of the controller, will be the subject of investigation of the next paragraph. 
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2.1.4. CONTROLLER-ROBUSTNESS USING ACCELERATION FEEDBACK 

To investigate the possible improvement of robustness, using acceleration feedback in the 
control of a manipulator, a large number of experiments was done. Each time the same 
desired trajectory had to be followed. By changing parameters research was done to the 
influence of differences in model-parameters between the control law and the modelled X Y -  
table. The mass-parameters that are used in the simulated =-table, Mx in X-direction and 
My in Y-direction, were changed from 50% to 180% of the value that is used in the control 
model. At several values of the modelled parameter error the acceleration feedback weighting 
parameter a was raised from zero with steps of 0,I. As a measure of the tracking behaviour 
the mean absolute tracking error during one controlcycle was taken. With the simulations each 
time only one control cycle was done. With the experiments on the XY-table each time two 
cycles were done and the second was used in order to avoid errors due to wrong initiël values 
of positions and velocities. For the calculation of the mean absolute tracking error in Y- 
direction, in the simulations the first 50 samples were neglected because these errors are 
consequence of incorrect initial conditions. In reality one controlcycle lasts 3,s seconds and 
it is possible b~ let the end-effector run the trajectory one to four times during one cycle. The 
sampling time is 0,007 seconds so in 3,5 seconds 500 times a new Input is computed. The 
conversion of the digital input 60 the analog system is done by a zero-order holdcircuit. In the 
simulation model this is not necessary as the system is discrete as well. Due to the modelling 
method the effects are the same. 

The desired trajectory for each controlcycle during all simulations was: 

and their first and second derivatives for respectively desired velocity and acceleration. 

During these simulations the parameters of the desired trajectory and controller were: 

a = 800mm. 
b = 600 mm. 
f = 2/3,5 X-Iz. 

rd = 200 mm. 
fo = 4 Hz. 
B o  = 0,7 

O 1 2 3 4 
figure 2.3a time in s. Y-position in mm 
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desired velocity X, Y 
1000 I 1 I I 1 

figure 2.3b time in s. 

desired acceleration X, Y 4000 I I I 

I 1 I 

8 I 2 3 4 
-4000 

time in s. 

Figure 2.3 shows the desired trajectory. 

The results of these simulations are shown in appendix C.1. These results show that tracking 
errors grow as parameter errors grow. The tracking errors are reduced by the use of 
acceleration feedback. The optimal value of the acceleration feedback parameter a, where the 
tracking errors are minimal, is related to the value of the mass parameter of the simulation 
model, with a large mass parameter a larger Q is best and vice versa. Also a reduction of 
tracking enoas appears in the case of no parameter errors, especially in Y-direction. The 
phenomenon that tracking errors raise quickly above the optimal value of a is due to the fact 
that in the simulation model an additional noise component is added to the acceleration 
signals. For this reason a bigger a results in a more chattering input signal as shown in figure 
2.3~. When the chattering reaches a certain extend tracking errors grow. This effect appears 
at a lower value of a as the simulated mass parameter is smaller. This is because in these 
cases the input is computed too high, due to a wrongly assumed mass parameter. 

5 

2 

8 0  3 
a 

F? ." 

a .- 

O 1 2 3 O 1 2 3 -5 

figure 2 . 3 ~  time ins. time in s. 

To be able to say anything about the robustness of the controller the results are depicted in 
figure 2.4. In this figure the mean tracking errors are a function of the modelled mass 
parameter error for different values of feedback weighting parameter a. The steepness of the 
lines, seen from the points where Mx and My are loo%, is a measure of the controller- 
robustness against parameter errors. The steeper, the less robust. In appendix C.1 the same 
figure as 2.4 is shown with some other values of a. To give an even better view of the 
robustness to parameter errors the tracking errors are in appendix C.1 (figure C.4) set out 
related to (or scaled to) the tracking errors at the point where Mx and My are 100% i.e. equal 
to the control model. 

13 
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a : a = O  
b: a = 0,2 
c: a = 0,4 
d: a = 0,6 
e: a = O,$ 

figure 2.4a 

figure 2.4b 

Mean abs. tracking error using direct acc. feedb. X. 

Mass parameter Mx, in %. 

Mean abs. tracking error using direct ace. €eedback, Y. 

E 

G 

9 
E 

E 
E .- 
Li 

u 

4 
o 

0.5 I I 
60 80 100 120 140 160 180 

Mass parameter My, in % 

a: a = O b: a = 0,2 c: a = 0,4 d: a = 0,6 e: a = 0,8 

Both figures show that tracking errors, that are larger at larger parameter errors, are reduced 
by the use of a not too heavily weighted acceleration feedback. This is not only the case with 
parameter errors but also when there are no parameter errors, especially in Y-direction. This 
is probabIy due to the presence of other modelling errors. The model of the friction that is 
used in the control law considerably differs from the modelled friction in the simulation XY- 
table. This effect is bigger in Y-direction because there friction has relatively more impact. 

14 
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To extend the investigation of the robustness of the controller with acceleration feedback to 
modelling errors, more simulations are done. With these simulations another sort of modelling 
error is introduced. In the simulation model a disturbance force is added. The disturbance 
force has a sineform with a frequency that is chosen in such a way that it is higher than the 
frequency of the desired trajectory, lower than the added torque ripple and no correlation with 
or dependence on the desired trajectory or the modelled friction is present. The amplitude can 
be varied and is expressed as a percentage of the maximum tolerable input force in the 
I pseetinent direction. The disturbances are: 

F&t,,y = Key sin (0,02y) 

This way of modelling a disturbance is chosen because of the fact that modelling a 
completely independent signal avoids the possibility of compensation or strengthening some 
m~c%ell%ed dynamics, for instance friction, by the disturbance signal. 

During the following simulations the amplitude of the noise signal on the meassured 
aeceleratium was raised 2 little in Q K ~  t~ obtain acceleration signals that correspond more 
with those of experiments with the XY-table. The parameters of the desired trajectory and the 
controller are not changed since previous sirnulations, except of course a. 

Again a large number of simulations were performed and a was raised from zero with steps 
of 0,l at different modelling errors. In appendix C.2 the simulation results are shown. For 
different disturbances the mean tracking error is depicted as a function of a. To give a view 
of the robustness at different values of a figure 2.6 shows the increase of tracking errors at 
raising modelling errors. In the right graph the tracking errors are scaled to the tracking error - - 

at the point where the modelled disturbance is zero. 
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figure 2.6b a : a = Q  b: a = 0,3 c: a = 0,5 

In both directions the tracking errors, that are bigger at a higher amplitude of the disturbance, 
are reduced with acceleration feedback. The reduction is relatively not increased as the 
amplitude of the disturbance is raised, as can be seen in the right graph. 

2.1.5. CONCLUSIONS 

After simulations are executed to examine the behaviour and robustness of the control of a 
manipulator using acceleration feedback, a few general conclusions concerning the use of 
acceleration feedback in a controller with modelling errors can be drawn. 

A correctly weighted acceleration feedback reduces tracking errors that are due to differences 
between the model used for derivation of the control law and the simulated system, the 
modelling errors. 

The use of acceleration feedback does not affect the robustness of the controller much when 
the weighting parameter is chosen correctly. 

The results are hopefull enough to implement acceleration feedback in the software of the 
XY-table and perform experiments. 
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2.2. ACCELERATION FEEDBACK IN THE CONTROL OF THE XY-TABLE 

To investigate the behaviour of the control law with acceleration feedback on a real 
manipulator the control law was implemented in the software of the =-table. In the previous 
paragraphs the behaviour with modelled parameter errors and disturbances was investigated 
by simuIations. Experiments with the XY-table gives the oppertunity to investigate the 
behaviour of the controlled system in the case of some other differences between control 
model and real system. ,The dynamics of the XY-table are more complex than modeiied in 
the simulation modei and the esmtrsl asdel. Some phenomena thzt have their influence on 
the dynamic response of the XY-table (figure 2.1) are: 

The connections of the belts to the slides are reaIised by way of little springs which cause 
additional flexibility. 

The beIts touch the sides of the belt-wheels often, resulting in another friction-component. 

Backlash exists in the attachment of one of the belt-wheels in X-direction. 

The dynamics of motors and amplifiers. 

The measurement of the positions is done at the motor-rotor and takes place discretely. Due 
to this there will be effects of sampling and quantization. 

A large number of experiments were done with the XY-table and investigation has been done 
to three aspects, filtering of the acceleration signals, the performance of acceleration feedback 
with parameter errors and the influence of additional flexibility on the contribution of 
acceleration feedback to a better tracking performance. 

2.2.1. FILTERING OF THE ACCELERATION SIGNALS 

A serie of experiments was done to investigate the best way of filtering the acceleration 
signal. 

Filtering of the acceleration signal only took place in the signal-amplifier. The filters that can 
be adjusted there, are: 

a. Butteworth-filter with a pass-frequency of 2000 Hz. 
b. Butteworth-filter with a pass-frequency of 1000 Hz. 
c. Bessel-filter with a pass-frequency of 1000 Hz. 
d. Butterworth-filter with a pass-frequency of 10 Hz. 

A pass-frequency of 1000 Hz is much too high for a controlled system with a Nyquist 
frequency of 713 Hz and a bandwidth of about 4 Hz and is thus of no use. On the other 
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hand, in the case of a filter-frequency of 10 Hz, maybe too much information of the signal 
is filtered out. For this reason an external analog first order pre-sampling filter with a pass- 
frequency of 40 Hz was placed between the sensor and signal-amplifier for both acceleration 
sensors. In order to obtain a good filtering-performance the pass-frequency of the pre- 
sampling filter should maximally be one fifth of the sampling frequency [4]. The sampling 
frequency of the controller is 643 Mz during all experiments so the pass-frequency should be 
less than 30 Hz. To avoid a too large phase-delay at low frequencies a pass-frequency of the 
filter Q£ 4@ Hz was chosew. Now It is possible to choose between a pass-frequency S£ IQ and 
40 Hz for the acceleration signals. 

To investigate the best filtering frequency a comparison was made between 10 and 40 Hz, 
with and without the presence of parameter errors. Different extra masses (dMy) were placed 
on the end-effector and the acceleration feedback weighting parameter was raised. The desired 
trajectory during all experiments was the same as given in chapter 2.1.4. but the experiment 
was done in Y-direction only and with a "fast" and a "slow" traject. The results are assumed 
to be representive for the X-direction as well. 

In appendix D.l the results are shown. In the results is shown that with both ways of filtering 
the acceleration feedback is capable of reducing tracking errors, with and without parameter 
~T~CKS. With i! p ~ ~ ~ - f i t ~ p e n ~ y  of 40 Hz in most cases the smallest errors are obtained but with 
10 Hz the range of an a that leads to a reduction of the tracking error, is larger. The 
differences of both pass-frequencies of the filters, concerning the tracking errors, are not 
related to the amplitude of the occuring accelerations in these experiments. 

According to these results can be resumed that the overall performance of the pre-sampling 
filter of the measured acceleration signals, with a pass-frequency of 40 Hz, is a little better 
than the filter with a pass-frequency of 10 Hz. 

2.2.2. EXPERIMENT§ WITH PARAMETER ERRORS 

The same experiments of paragraph 2.2.1. are used to determine the performance of the 
controller with acceleration feedback with parameter errors. In appendix D.1 the tracking 
errors are depicted as a function of a for different values of the extra mass (dMy). In the 
figures is seen that the presence of parameter errors causes larger tracking errors and that 
these errors can be reduced by the use of acceleration feedback, with a "fast" as well as with 
a "slow" trajectory and with both pass-frequencies of the filters. It is however not possible 
to raise a to such a value that all parameter errors are compensated for and tracking errors 
have the same level as without parameter errors. This is caused by the appearance of 
chattering of the input signals at high values of a, as mentioned earlier. 

To get an indication of the robustness to parameter errors the tracking errors are in figure 2.7 
depicted as a function of the added mass for different values of a. A higher value of a than 
shown in these pictures, leads to a deterioration of the tracking performance in all cases, again 
due to chattering of the inputs. A correctly weighted acceleration feedback results in all cases 
in a tracking error reduction. The absolute reduction does not increase much as parameter 
errors grow. This means that no improvement of robustness appears. This is also seen in the 
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right graphs where the tracking errors are scaled to the value of the tracking errors in the case 
of no parameter errors. An improvement of the robustness to parameter errors should result 
here in a more horizontal line. 

According to the results of these experiments, the effect of acceleration feedback on the 
tracking performance of a controller, subject to parameter errors, can be resumed as follows: 

Tine use of rather correct9 weighted acceleration feedback. xesults in a better tracking of the 
motor rotors. The rûbùstness of the contrilled system to parameter errors is hardly affected 
by acceleration feedback. 

2.2.3. EXPERIMENTS WITH ADDITIONAL FLEXIBILITY 

More unmodelled dynamics can be added to the XY-table by making the shaft D in figure 
2.2 flexible. With a flexible shaft the Y-slide does not always line up with the Y-axis. With 
this an additional degree of freedom is introduced which is not present in the model used for 
the control law. A schematic drawing of the XY-table with the flexibilities due to the driving 
shaft and the connections of the belts to the slides is shown in figure 2.8. 

The encoders of the position-sensors are 
mounted directly on the shaft of the motor- 
rotor. The acceleration-sensors are mounted 
on the end-effector. Due to fiexibilities 
there will be a difference in movement 
between the end-effector and the motor- 
rotor. As mentioned before the approach of 
acceleration feedback that is discussed in 
this chapter, is based on very stiff 
manipulators, then an improvement of 
robustness to model errors is expected. To 
investigate the robustness to unmodelled 
dynamics in the form of additional 
flexibility, the stiffness Ks of the spindle 
can be changed stepwise and its effect on 
the contribution of acceleration feedback to 
the tracking behaviour can be determined. 

4 

figure 2.8 

To determine how much the flexibility of the drive-shaft contributes to the existence of the 
dynamics that are present between the motor-rotor (where position is sensored) and end- 
effector (where acceleration is sensored), a small investigation has been done. A comparison 
is made between the acceleration of the motor-rotor and the end-effector. To obtain the 
acceleration-signal of the motor-rotor the measured position was differented twice. From both 
signals the power spectra were determined. Also the estimated transfer function between the 
acceleration of the motor-rotor and the end-effector is determined. The results and their 
interpretations are to be found in appendix D.2. Generally can be stated that with a flexible 
shaft the frequencies under approximately 35 Hz are transfered less from motor-rotor to end- 
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effector, while higher frequencies are transfered better. With a stiff shaft the gain of the 
transfer function is closer to one than with a flexible shaft, in the complete frequency area. 
This implies that in the case of a flexible shaft more dynamics exist between motor-rotor and 
end-effector. Now investigation can be done to the contribution of the acceleration signal of 
the end-effector to the tracking performance of the motor-rotor as flexibility increases. 

Before executing this investigation the optimal tuning of the controller with acceleration 
feed'oack tias to be deieixiaed. Ufider the ~ ~ u m p t 2 0 ~  tk2t the mass- and friction-parameters 
are chosen e o n d y  i k  kst eûmbinaticn ef ?E-ac!ior? 2zd accderzttion weighting hm to he 
found. Theoretically a stronger PD-action will lead to a better tracking until1 instability 
appears or input signals become chattering. An illustration of the appearance of chattering as 
the eigenfrequency is raised, is depicted in figure 2.9. 
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As described in paragraph 2.1.3 a lower eigenfrequency of the controlled system can be 
maintained as a is raised. Thus on one side there is an expected reduction of tracking errors 
due to the acceleration feedback but on the other side the corresponding weaker PD-action 
will result in a deterioration of the tracking behaviour. There will be a combination of the PD- 
action and a that yields a minimum of the mean absolute tracking errors. A large number of 
experiments are done, with a stiff and flexible shaft, to determine this best combination. 

During these experiments the desired trajectory was always the same. The parameters of the 
trajectory are: 

f = 2/3,5 Hz. 
r, = 250 mm. 

During these experiments the controller (appendix A) was changed a little: The desired 
acceleration was used instead of the reference acceleration. This reduction of the D-action 
resulted in a better performance because the behaviour of the controller became less nemous. 

Repeatedly the controller had the end-effector follow the desired trajectory in X-direction and 
each time a was raised with a step of 0,05. This was done with different eigenfrequencies of 
the controlled system and with a stiff and a flexible driving shaft. Again the mean absolute 
tracking error of one control-cycle of 3,5 seconds was a measure of the performance. The 
results, with a few different settings of the eigenfrequency, are shown in appendix D.3. These 
results show that with a flexible shaft the value of the tracking errors are mainly determined 
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by the used eigenfrequency of the system, raising a hardly affects the tracking errors. With 
a stiff shaft tracking errors are reduced by the use of acceleration feedback. The best results 
are obtained with an a of approximately 0,65 and 5 = 5,75 Hz. In figure 2.9 the mean 
absolute tracking errors are depicted as a function of the eigenfrequency at some different 
values of a. Figure 2.9a is with a stiff shaft and 2.9b with a flexible one. 

Track. error direct acc.feedb. at diff. eigenfr., X-dir. 

- -  . a=O 
-------- : a = 0,3 
.......... : a = 0,55 

E ... 

Eigenfrequency controlled system in Hz. 

figure 2.9a 

A few interesting phenomena are observed: 

With a flexible shaft acceleration feedback hardly has any contribution to a better tracking 
performance. With a stiff shaft a reduction of the tracking errors appears. 

Acceleration feedback does hardly affect the optimal PD-action (or eigenfrequency). The best 
tracking performance appears at an eigenfrequency between 5,O and 5,5 Hz. With a flexible 
shaft and a = 0,4 even a slight increase of the maximum eigenfrequency and thus the 
bandwidth was possible with acceleration feedback. 

According to these results the optimal combination of PD-action and a (for this trajectory) 
can be defined as: 

An eigenfrequency of 5,O à 5,5 Hz for the controlled system. 

An a between 0,4 and 0,6. 

22 



Experiments with acceleration feedback 

Track. error direct acc. feedb. at diff eigenfr., Flex. shaft, X-dir 

- -  . a = O  
: a = Q74 

........... : a = O , 6  
Eigenfrequency controlled system in Hz. 

figure 2.9b 

With this knowledge finally the research to the influence of flexibility on the contribution of 
acceleration feedback to a better tracking behaviour can be performed. To do so a comparison 
is made between an optimally tuned controller without acceleration feedback and a controller 
with the best combination of PD-action and acceleration weighting parameter a. According 
to figure 2.9 the optimal eigenfrequency of the controller without acceleration feedback is 
5,25 Hz. This value will give the best performance and will not lead to unstabilities in the 
case of a stiff or a flexible shaft. The best results of the controller with acceleration feedback 
is to be expected with an eigenfiequency of 5,s Hz and with a = 076. With these controllers 
a comparison was made at a stepwise increasement of the flexibility of the driving shaft and 
thus the proportion of the dynamics between end-effector and motor-rotor. In figure 2.10 the 
result is shown. 

: a = O; fo = 5,25 
-------- : a = 0,6; fo = 5,s 

Flexibility parameter in Nm/rad 

figure 2.10 
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As expected the flexibility does affect the controller with acceleration feedback more than the 
one without. The contribution acceleration feedback has to a better tracking performance 
reduces as flexibility grows. The tracking errors of the controller without acceleration 
feedback hardly change as flexibility increases. According to these observations the following 
conclusion can be drawn: 

The use of the acceleration signal of the end-effector does not improve the robustness to 
unmodelled dynamics of the control of the motor-rotor-position. The tracking errors however 
are, with a well-chosen weighting of BD-action and acceleration feedback, always smaller, in 
spite of ur,mdelled dynamics. 

2.3. CONCLUSIONS CONCERNING DIRECT ACCELERATION FEEDBACK 

As described in this chapter simulations and experiments have been done with a controller 
with additional weighted acceleration feedback. For this purpose an existing control law was 
adapted. According to the executed simulations and experiments conclusions about the 
properties of direct acceleration feedback can be drawn: 

The robustness to modelling errors, including wrong parameters, unmodelled disturbances and 
unmodelled dynamics does not or hardly improve when acceleration feedback is applied. 

Acceleration feedback in this form and correctly weighted, does always result in a reduction 
of tracking errors that are due to modelling errors. 

The fact that acceleration feedback in this form leads to a better tracking performance but not 
really to an improvement of robustness, is, in the case of disturbances and parameter errors, 
not conformable with the goal of the control law. As is derived in this chapter the influence 
of model errors will reduce with a factor (i + a) in the case of a stiff manipulator. This 
should result in a reduction of tracking errors that is more or less proportional with the 
modelling errors. For this reason a certain extent of robustness to modelling errors could be 
expected. This is not the case in the simulations and experiments that are executed here. A 
reason for this could be the fact that also in thesituation of no intentionally added modelling 
errors acceleration feedback causes a reduction of the tracking errors. This will disguise a 
relatively less increase of errors as modelling errors grow, which is a definition of robustness 
to modelling errors. 

The fact that the robustness is not really improved in the case of additional flexibility is 
mainly due to the fact that the point where accelerations are measured is not the same as 
where the position is measured and where the control is based on. For this reason the 
contribution of the acceleration signal to tracking error reduction will decrease as flexibility, 
and thus the difference between motor-rotor and end-effector and between control model and 
reality, grows. On behalf of this, an improvement of robustness to these modelling errors is 
not to be expected in this situation. If the goal of the control should be the end-effector 
position and speed, the chance that acceleration feedback result in an improvement of 
robustness with additional flexibility as well would be more likely. 
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3. ACCELERATION FEEDBACK IN THE OBSERVER 

In chapter 2 the conclusion was that using acceleration feedback in a direct way, in the 
control law, resulted in a better tracking performance of the controller but not in an 
improvement of the robustness. Another way for the acceleration signal to have a contribution 
to the performance of the controller is to use the information of the acceleration in the 
observer. In the control scheme a discrete Kalman filter is used to estimate the position and 
velocity of the motor rotors one step ahead. This is done to compensate for the time-delay 
that is present in the controller. Until1 now the estimation is based on the position 
measurement, computed input, previous estimation of position and velocity and a model of 
the controlled system as described in [i]. In this chapter the Kalman filter will be extended 
with the acceleration measurement in order to get a better one-step-ahead-prediction, resulting 
in a better tracking performance and maybe an improvement of the robustness to modelling 
errors. Doing this the same problem as mentioned in chapter 2 appears, namely that the 
acceleration sensor measures the acceleration of the end-effector and the Kalman filter 
estimates the position and velocity of the motor-rotor, see figure 2.8. The subject of 
investigation in this chapter will thus be for how much the use of the acceleration signal of 
the end-effector can contribute to a better estimation of the motor-rotor-position and speed, 
resulting in a reduction of the tracking errors. 

For the derivation of the Kalman ñlter a simple model of the controlled system is used: 

with: u cs) = - -  u - w(9) 
-ns 

with: 

M = constant mass matrix 
H = constant matrix 
- U = vector with desired inputs 
E(@ = vector with forces due to friction 

This can be written in the form of a constant lineair first order equation: 

with: 

E = vector with states 
Y = vector with system-outputs 
A,B,C,D = constant matrices 
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The one-step-ahead prediction of the states x, using an obsemer, will be of the form: 

X(n - + 1) = AR(n) + Bu 7cs (n) 

with 

E(n) = C&(n) + Du -rrs (n) 

and: 

~ ( n )  = vector with measured outputs 
K = filter matrix 

The used matrices are described in appendix E.1. 

Because the discrete processing of the signals in the control scheme, the one-step-ahead 
estimation of the states has to be discrete way as well. In appendix E.l the derivation of the 
discrete Kalman filter, with the use of the measured acceleration signal, for the one-step-ahead 
prediction of the position and velocity of the motor-rotors of the XY-table is described. 

The intention of this chapter will be approximately the same as of the previous chapter. First 
research by means of simulations is described. Here the closed-loop stability and the tracking 
performance at parameter errors and disturbances will be subject of discussion. After that the 
implementation of the Kalman filter in the software of the XY-table is described. There again 
stability and the behaviour of the controller with parameter errors will be examined. Also the 
influence of extra added flexibility is determined. 
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3.1. SIMULATIONS WITH ACCELERATION MEASUREMENT IN THE OBSERVER 

3.1.1. SIMULATIONS WITH MODELLING ERRORS 

The first part of the investigation to the tracking performance and robustness of the controller 
with acceleration feedback in the observer will be the behaviour with parameter errors. With 
simulations the influence of differences Óetween the parameters of the control-model and the 
corresponding parmeters ~f the simulated XY-tabie is examined. The main goal of this 
examination is to investigate if the controller with the acceleration measurement in the 
observer shows a larger robustness to parameter errors as the one without. 

First the stability of the controlled system with the acceleration in the observer was examined, 
by simulation. To obtain an indication of how much the stability of the closed-loop is affected 
by the use of the acceleration measurement in the observer research has been done. During 
all simulations in this chapter, the same desired trajectory as in the simulations of chapter 
2.1.4 had to be followed. To investigate the stability, the frequency Q% the ~ ~ n t r o l l e d  system 
was raised with steps of 0,5 Hz per simulated controlcycle. A comparison was made between 
the mean absolute tracking errors of the controller with acceleration feedback and the one 
without. This was repeated for a situation with intentionally added parametei errûrs in order 
to examine if this affect the stability. The results, for X- and Y-direction are shown in 
appendix E.2. The diagrams are obtained with a spline function. 

A few interesting phenemena are observed there: 

Parameter errors of this size do not affect the stability of the controlled system 

The maximum frequency of the controlled system is reduced as acceleration feedback in the 
observer is applied. The appearance of unstability, in the case of acceleration feedback, is 
seen by an increase of the tracking errors at a higher frequency of about 6 Hz. 

Until unstability appears, parameter errors result in greater tracking errors. 

Acceleration feedback in the observer reduces tracking errors, with and without the presence 
of parameter errors, again until unstability appears. 

With the use of this knowledge the tracking behaviour in the presence of parameter errors is 
to be examined. 

In figure 3.1 the influence of a wrong modelled mass-parameter, Mx and My, in the simulated 
XY-table is depicted. The mass-parameters are given in % of the corresponding ones in the 
control law. In figure 3.2 the influence of a wrong modelled friction-parameter, Wx and Wy, 
is shown. Wx and Wy are the parameters of the constant friction compenent in the simulated 
XY-table, expressed in % of the friction-parameters used in the control law. In appendix E.2 
the same results are shown but with the tracking errors related to the value at the point where 
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M x  and My respectively Wx and Wy are equal to 100%. This is done to obtain a better view 
on the robustness. 
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figure 3.1 and 3.2 

The results show that an overall reduction of tracking errors is performed by the use of 
acceleration feedback. This reduction increases as parameter errors grow but the increase is 
not enough to result in a robustness improvement, this is seen in the scaled depictions of 
figure E.3. In X-direction the sensitivity for parameter errors is much larger than in Y- 
direction. This is probably due to the fact that in X-direction parameter errors in relation to 
the total1 of modelling errors, are larger. In Y-direction the difference between the model used 
for the simulation of the XY-table and the control model, is larger. Due to this the tracking 
errors in the case of no parameter errors are bigger and parameter errors have less influence. 
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The second part of the investigation to the effects of acceleration feedback in the observer is 
to determine the tracking behaviour of the simulated XY-table that is subject to a disturbance. 
Equal to the sineform disturbance signals used in chapter 2.1.4 a disturbance was introduced 
in the simulation model and the tracking errors were computed. The desired trajectory 
remained the same as before. In figure 3.3 the results of the controller with acceleration 
measurement are compared with those of the controller without the use of the acceleration 
signal. In the right diagrams the errors are again scaled to the value of the mean absolute 
trac-Lzg enom, obtained without modelled disturbance. 
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figure 3.3 

The results show that acceleration feedback in the observer results in a better one-step-ahead 
prediction of the states, indicated by a better tracking performance. 
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The robustness to disturbances does not change much as acceleration feedback is used in the 
Kalman filter. A slight improvement is seen in Y-direction while in X-direction a slight 
reduction appears. 

The differences in the scaled tracking errors between both directions is due to the fact that 
the absolute amplitude of the disturbances in X-direction is much larger than in Y-direction. 
Due to this the computed inputs in X-direction become chattering and reach the saturation 
value as the amplitude of the disturbance is more than about 20% of the maximum input. 
Until this value the controller is not very sensitive for the disturbance. In Y-direction the 
absoiute value sf dfsîuibances is much lower and no saturation occurs, The cozatrolled system, 
however, is much Iess robust to the disturbances with both control methods. 

3.1.2. CONCLUSIONS 

Based on the simulation results, the following cornelusions can be drawn: 

The use of acceleration measurement in a correctly tuned KaPman filter, permits a better one- 
step-ahead estimation of position and velocity, resulting in a reduction of tracking errors. 

The tracking errors that are caused by wrongly tuned control parameters and/or disturbances, 
are reduced by the use of the measured acceleration signal in the observer. This reduction is 
not large enough to speak of an improvement of robustness. 
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- 3.2. IMPLEMENTATION OF AN OBSERVER WITH ACCELERATION 
MEASUREMENT TN THE CONTROLLER OF THE XY-TABLE 

& rnemtioned in section 2.2 implementation of the simulated controller in the software of the 
=-table gives the opportunity to investigate the behaviour of the controlled system with 
adCitiona1 dj.r,amics between motor-rotor and end-effector. 

Although the fact that in the simulation model the acceleration signal was suited with a noise 
signal in order to simulate the existance of dynamics between motor-rotor and end-effector, 
it remains a simulation model. In the real XY-table there are other dynamics that have their 
influence on the response of the controlled system. These dynamics are not modelled in the 
simulation model. A number of these phenomena that have influence on the dynamic response 
are mentioned in section 2.2. 

Again a large number of experiments has been done with the XY-table and some aspects has 
been investigated. IR paragraph 3.2.1 the behaviour of the controller with parameter errors is 
examined and the f!tering of the acceleration signal with 40 Hz or 10 Hz will be discussed. 
In paragraph 3.2.2 extra flexibility is introduced and its effect on the contribution of the 
acceleration measurement in the Kalman filter to the controller performance is investigated. 

The Kalman filter matrices that were used during all experiments are: 

3.2.1. EXPERIMENTS WITH PARAMETER ERRORS 

To examine if the use of acceleration measurement in the observer has a contribution to the 
robustness of the controller with an incorrect tuning of control-parameters a number of 
experiments are executed. After determination of the most correct mass-parameter of the 
controller an additional mass was added to the end-effector in order to introduce parameter 
errors. With different additional masses the desired trajectory had to be tracked and tracking 
errors in X- and Y-direction were measured. This was done with different controllers; without 
acceleration feedback, with the use of the acceleration signal, filtered at 40 Hz and with the 
signal filtered at 10 Hz. In order to ascertain the influence of the amplitude of the 
accelerations the experiments were repeated with a "faster" trajectory. This was done in Y- 
direction only. The control law (2.1.2), without direct acceleration feedback, as used in 
chapter 2, is used here as well. The relevant data of the trajectories and controllers are: 



Experiments with acceleration measurement in the observer 

"slow" traject: "fast" traject: 

= 2/3,5 Hz f = 3/33 Hz. 
= 250 mm. r, = 200 mm. f 

fo = 3,O Hz. (Y-direction) fo = 320 Hz. (Y-direction) 
= 4,O wrt. (X-direction) 

ij,- = 3,2 mis2. & = 5,s m/s2. fo 

In f i p ~  3.4 t/m 3.6 the results are shown. The lines are obtain with a "spline" function. 

rd 

Extra mass in %. 

Mean abs. tr. error (slow), Y 

I I 

5 10 
0.5 

O 
Extra mass in %. 

Extra mass in %. 

Rel. m.a.t.e. (slow), Y 2 I 

, I 

5 10 
0.5 

O 
Extra mass in %. 

Extra mass in %. Extra mass in %. 

= controller without acceleration feedback 
-------- = controller with acceleration measurement (40 Hz) 
.......... = controller with acceleration measurement (10 Hz) 

figure 3.4, 3.5 and 3.6 
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Experiments with acceleration measurement in the observer 

With these results a comparison between the controllers can be made. The conclusions 
concerning these results are: 

The use of the acceleration signal, filtered at 40 Hz, in the observer results in a better overall 
tracking behaviour. 

The robustness to parameter errors is not affected by the use of the 40 Hz filtered acceleration 
SigF-d!. 

The controller with the acceleration signal filtered at 10 Hz shows an average improvement 
of the robustness. The tracking errors in the presence of no or small parameter errors are, with 
the use of this filter, larger than with the 40 Hz pre-sampIing filter. 

3.2.2. EXPERIMENTS WITH ADDITIONAL FLEXIBILITY 

To add more unmodelled dynamics to the XY-table the driving shaft (picture 2.8) is suited 
with additional flexibility. The proportions of the additional dynamics and the influence on 
the acceleration signal has already been described in chapter 2.2.3. In this paragraph only the 
experimental results of the controller with acceleration feedback in the Kalman filter, in the 
control of the XY-table, will be discussed. 

Before executing these experiments the optimal tuning of the controller with acceleration 
feedback in the observer, concerning the desired eigenfrequency, has to be carried out. This 
was done at the same way as described in chapter 2.2.3, only in this case not a comparison 
was made between different values of a but between a controller without acceleration 
feedback and two controllers with acceleration in the observer, one with the acceleration 
signal filtered at 40 Hz and one at 10 Hz. 

The results of the controller tuning, with a stiff and with the most flexible shaft, are shown 
in figure 3.7 and 3.8. The following phenomena are observed: 

With a stiff as well as with a flexible shaft the use of the acceleration signal, filtered at 40 
Hz, in the Kalman filter results in a reduction of the mean absolute tracking errors. 

The best possible performance of the controller without acceleration feedback and the one 
with the 40 Hz filtered signal are nearly equal. The smallest tracking errors with acceleration 
feedback occur at a lower eigenfrequency. A higher eigenfrequency is not possible with this 
controller due to the appearance of instabilities at a higher frequency of approximately 5,O 
Hz. With the controller without acceleration a slightly higher frequency can be used. 

The introduction of extra flexibility results in an increase of tracking errors with all three 
controllers. The added flexibility does not clearly affect the stability of the controlled system 
in all cases. The influence that flexibility has on the response of the system seems the least 
in the case of the controller with the acceleration signal filtered at 10 Hz. This controller 
however shows a less good tracking performance than the other two. 



Experiments with acceleration measurement in the obsemer 

EigenfÍequency controlled system in Hz 

= no acceleration feedback 
-------- = acceleration feedback in the observer (40 Hz.) 
.......... = acceleration feedback in the observer (10 Hz.) 

figure 3.7 and 3.8 

An example of the form of the tracking errors during one control cycle, for four different 
controller situations, is shown in appendix E.3. 
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Experiments with acceleration measurement in the observer 

1. 

0.8 

fo = 5,25 HZ E 0.6 
= without acceleration E 

E 
.I -------- = with acceleration (40 Hz) 

= with acceleration (10 Hz) 
$ 0.4 fo = 4,75 Hz 

.......... 2 0.2 fo = 4,OO KZ 
Q- 

With the knowledge of the tuning, the final research to the robustness of the controller with 
acceleration feedback in the observer, to unmodelled dynamics can be executed. This was 
done by way of a comparison between the three above mentioned controllers, all with their 
optimal eigenfrequency. The values of these eigenfrequencies can be obtained from figures 
3.7 and 3.8. With these controllers the desired trajectory was tracked a number of times and 
each experiment the flexibility of the shaft was changed by way of fitting another strip to it. 
The mean absolute tracking error of each controlcycle was again measure of the 
petfn_rmrrnce., The flexibility parameter in the experiment is the same as mentioned earlier. 
The result of the research is shown in figure 3.9. 

I I 

_.................. i .................................. j .............. 

i::::::. 

_ ........................ ._..<_...__.._._.. i 
---------------,,-----=---------- ---- 

- .................. j ................................................ 
I I 

The results in figure 3.9 are almost equal to the same experiment with direct acceleration 
feedback, as described in chapter 2. The conclusions that can be drawn concerning this 
experiment are: 

The flexibility does affect the controller with the use of the acceleration signal in the 
observer, inn the case of filtering at 40 Hz, more than the controller without. In the case of 
filtering at 10 Hz the affection is less but tracking errors are much larger. 

The robustness of the controller to unmodelled dynamics is not improved by the use of the 
acceleration signal of the end-effector. The tracking errors however, are with a correctly 
filtered acceleration signal smaller, in all executed experiments with different fíexibili ties. 
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Conclusions of acceleration in the observer 

33.  CONCLUSIONS OF ACCELERATION MEASUREMENT IN THE OBSERVER 

The main topic of this chapter was the investigation of the dynamic response of a controlled 
system by means of a large number of simulations and experhents. Research was done to 
the question if the information of the measured accelerations of a manipulator, used in the 
ûbserver of the cm!ro!-scheme, could effect a eonthlbpition to the performance of the 
cûïìtïoller. This shculd result in a ~ d ~ d i ~ n  of tracking enos and an improvement of the 
robustness. With the results of this research the following conclusions concerning the 
properties of a controller with acceleration feedback in the observer can be drawn: 

The robustness to modelling errors, in the form of wrong control parameters, unmodelled 
disturbances and unmodelled dynamics, is hardly affected by the use of acceleration 
measurements in the observer of the controller. 

The use of the acceleration signal, filtered at 40 Eh, in the control-scheme does in all cases 
resril: in a better one-step-ahead estimation of position and velocity of the motor-rotors. This 
is indicated by an overall reduction of the tracking errors. 

The same remarks can be made here as in the conclusions of direct acceleration feedback in 
the conto1 law, mentioned in paragraph 2.3, namely: 

The fact that the robustness is not affected much with the use of the acceleration 
measurements is probably due to the fact that the controller is based on the control of the 
position and velocity of the motor-rotors. The contribution of the measured acceleration 
signals of the end-effector to a better robustness is, due to existing dynamics between end- 
effector and motor-rotor, limited to certain proportions. 

In this case the same remark can be made that if the goal would be the control of the position 
and velocity of the end-effector, an improvement of robustness was more likely to be 
expected with this controller. 
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Double acceleration feedback 

4. ACCELERATION FEEDBACK IN CONTROL LAW AND 
OBSERVER 

In chapter two is shown that the direct feedback of the measured accelerations of a 
rn2;;:lp"latcr in the contrd law, results in a better tracking performance of the controller. In 
chapter three the saae hm been shown for a controller that uses the acceleration 
measurements in the observer. In both methods of acceleration feedback the tracking errors 
reduce but the robustness of the controller is hardly affected. This is caused, as mentioned in 
both chapters, by the fact that the position and velocity of the motor-rotors are the control- 
goals and the acceleration sensors are mounted on the end-effector. An obvious effort to 
obtain an even better tracking behaviour, and perhaps in this case an improvement of 
robustness, is to use a controller with a combination of both methods of acceleration 
feedback. A brief research has been done with this controller with double acceleration 
feedback. 

In paragraph 4.1 Simulations with modelled disturbances will be described. Investigation was 
done to the question if the combination of both approaches of acceleration feedback, as 
described in chapter two and three, will lead to a better tracking performance than each of 
the methods apart. 

In paragraph 4.2 the results of experiments with the combined controller will be under 
discussion. 

4.1. SIMULATIONS WITH DOUBLE ACCELERATION FEEDBACK 

A logic reasoning is that the combination of the two described methods of acceleration 
feedback, that both lead to a better tracking performance, could result in an even better 
performance than obtained until now. To determine if this is really the case simulations have 
been executed. The same simulation model and the same desired trajectory as used in earlier 
simulations are maintained here. 

In the first sequence of simulations was examined how much the direct feedback parameter 
a could be raised in the combined controller, with a simulated system that is subject to a 
disturbance. The results of these simulations in X- and Y-direction are depicted in appendix 
F. The eigenfrequency used during these simulations was 4,O Hz. 

As can be seen in the results a lighter weighting of the direct acceleration feedback can be 
maintained, compared with a controller with only direct feedback (see figure C.5, appendix 
C.2). In both directions the best results are obtained with CL = 0,3, 

With the knowledge of this optimal value of a at this eigenkequency, a comparison will be 
made between four controllers and their behaviour at disturbances. The four controllers that 
are compared, are: 
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Double acceleration feedback 

A controller without acceleration feedback (see appendix A). 

A controller with only acceleration feedback in the observer (see appendix E.l). 

A controller with only direct acceleration feedback in the control law, with a = 0,8 (see 
appendix A and figure C.5 of appendix C.2). 

A controller with acceleration feedback in the observer and directly, with OL = 0,3 (see figure 
F.1 of appendix F). 

In appendix F the results are shown. The same results with the mean absolute tracking errors 
related to the value they have in the situation of no modelled disturbance, are depicted in the 
figures 4.1 and 4.2. 

The results in appendix F show that the combination of both methods of acceleration feedback 
leads to an even better tracking performance. In X- as well as in Y-direction a clear reduction 
of tracking errors is seen in comparison with the other three control-methods. 

The robustness, as indicated in figure 4.1 and 4.2, is however again hardly affected by the use 
of the acceleration measurements. In Y-direction a very slight improvement of the, not very 
high, robustness to disturbances can be observed. In X-direction the robustness of all 
controllers is, until a disturbance amplitude of approximately 25%, better than in Y-direction. 
This phenomenon was seen with both approaches of acceleration feedback apartly as well. 

Robustness to disturbances, X-direction 

d 
4 

Amplitude of disturbance in % of max. inputforce 

A = no acceleration feedback 
B = acceleration feedback in observer B = double acceleration feedback (a = 0,3) 

C = direct acceleration feedback (a = 0,8) 

figure 4.1 
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Double acceleration feedback 

Robustness to disturbances, Y-direc.tion 

Amplitude of disturbance in % of max. inputforcc 

A = no acceleration feedback 
B = acceleration feedback in observer D = double acceleration feedback (a = 0,3) 
figure 4.2 

C = direct acceleration feedback (a = 0,s) 

4.2. EXPERIMENTS WITH DOUBLE ACCELERATION FEEDBACK 

In the simulations no improvement of the robustness appeared but a reduction of the tracking 
errors was seen. To demonstrate if this reduction appears in the control of the XY-table as 
well, experiments were done. The opposite turned out to be the case. 

Only at a much lower eigenfrequency cfo s 4,O Hz) a very light weighted direct feedback (a 
5 0,l) was possible. A higher eigenfrequency or a higher value of a immediately resulted in 
a very unstable controlled system. The increasement of the tracking errors as a result of a 
lower eigenfrequency was not nearly compensated by the use of double acceleration feedback. 
With an eigenfrequency of 4,O Hz and a = 0,l the mean absolute tracking error in X-direction 
with a stiff shaft was 0,50 mm in the case of double feedback. With a = O, thus only accele- 
ration feedback in the observer, an eigenfrequency of 5,O Hz was possible and the error was 
0,35 mm. With only direct feedback an eigenfrequency of maximally 5,75 Hz was possible 
and with a = 0,6 the error was 0,23 mm. 

According to the experimental results it turns out that with the double use of the acceleration 
signal, in the observer and in the control law, too much confession must be made to the 
amplitude of the eigenfrequency of the controlled system. Although both methods seperately 
r e d t  in a reduction of tracking errors, the controller with the combination of both methods 
seems to be not capable of compensating the loss of performance that is due to controlling 
with a lower eigenfrequency. 



General conclusions 

5. CONCLUSIONS OF ACCELERATION FEEDBACK 

As described in the previous chapters research has been done to the use of the acceleration- 
measurements of a manipulator. The goal was to use the information of the acceleration- 
signals to obtain a better tracking performance of the manipulator and especially to bring 
about an improvement of the robustness of the controller. Two methods of using the 
~ ~ c e l e r a : i o n - m e ~ ~ ~ e ~ e ~ ~  were scbject of the resecirch. In the first method the measured and 
filtered amleraticn sigds were weighted 2nd fed back directly in the control Iaw.In the 
second method the measurements were used indirectly. With the help of the additional 
measurements of the accelerations a better estimation of position and velocity of the 
manipuIator, realised by an observer, was to be obtained, resulting in a better tracking 
performance. With the first method an improvement of the robustness to modelling errors was 
really expected because that was the goal of this method, as shown by the derivation of the 
control law (2.9) in paragraph 2. With the second method a reduction of tracking errors was 
expected but not much could be said in advance about the effect on the robustness. An 
improvement was only hoped on. 

A problem that could reduce the positive effect of the acceleration feedback on the 
performance was that the acceleratisns were not measured at the same point as where the 
control was based on and positions were measured, the motor-rotors. Due to this, dynamics 
could exist between both measuring-points, resulti~g in a smaller contribution of the 
acceleration-measurements to a better tracking performance of the motor-rotors. 

With both methods a lot of simulations and experiments on the XY-table were executed. 
Investigation was done to the tracking behaviour of both methods in the case of modelling 
errors. These modelling errors were in the form of parameter-errors, disturbances and 
unmodelled dynamics. 

The conclusions concerning both methods are: 

With both methods it seemed not possible toperform an Unprovement of the robustness of the 
controller to the mentioned modelling-errors. 

With both methods a substantial reduction of tracking errors appeared, compared with the 
same controller without acceleration feedback 

The over-all performance of both controlmethods with acceleration feedback was nearly the 
same. A difference between both methods however is that the controller with feedback in the 
observer showed a satisfactory performance in a large range of modelling errors and their 
amplitude. With direct acceleration feedback more pre-research has to be done to the 
expected range of the modelling errors. The reason for this is that the optimal value of the 
weightinggarameter u is related to the kind and magnitude of the modelling error. 
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General conclusions 

Filtering of the acceleration-signals with a pre-sampling filter with a pass-frequency of 40 
Hz proved to result in the smallest mean absolute tracking errors over-all. Filtering with 10 
Hz resulted in some cases in a slight improvement of the robustness but this was always 
attended by larger trackng errors, compared with filtering at 40 Hz. 

Using both methoa’s at the same time in a controller resulted in a rather large reduction of 
the bcsndwidtb ûf the ccntrclled sys?om. A Mo& simerlations promised an improvemend; 
exyeririzts shvxed ar, izcrease cif trncing ~ V Q ~ S  due to a reduced closed-loop stability 
margin. 

Resuming these conclusions the general statement that can be made, is: 

With the use of one method of acceleration feedback ìn the control-scheme it is possible to 
obtain Q sUgstaStatSl error-reduction, the robustness however iS not affected much. When the 
control-goal would be the tracking of the end-efector better results can be expected. 
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Suggestions 

6. SUGGESTIONS 

Although the research that is described in this report forms self-contained unit, a matter for 
continuation of the research exists. Two suggestions for a possible continuation are: 

To examine the consequence of the use of the acceleration signals of the end-effector, with 
the same approaches as used in this report, in the case of a emìtïû! UI the ezd-effector p~si?icrn 
and velocity, in stead of position and velocity of the motor rotors. As is shown, ?he 
contribution of the information of the measured accelerations of the end-effector to a better 
tracking of the motor rotors, is limited due to the existence of dynamics between both parts. 
Although in this situation a reduction of the tracking errors is obtained, the acceleration 
measurements did not contribute to an improvement of the robustness. To be able to judge 
the tracking of the end-effector, accurate measurement of its position is necessary. For this 
purpose a two-dimensional Laser measurement system with optical encoders is present (see 
[2]). Due to a technical defect this system has been out of order for two or more years and 
could not be used during this research. One option is to have the laser measurement system 
repaired so that a rather accurate position measurement of the end-effector is available. A 
second option is to estimate the position and velocity of the end-effector afterwards by means 
of a Kalman filter. With the help of the saved measurements of the position of the motor- 
rotors and the accelerations of the end-effector, and a model of the XY-table, the position and 
velocity of the end-effector can be estimated afterwards. The model of the XY-table has to 
contains three degrees of freedom to be able to performe an estimation afterwards in the case 
of a flexible driving shaft of the XY-table as well. Research with this method has already 
been done and software has been developed. With a model of [3] with three degrees of 
freedom a Kalman filter is designed and estimations have been done afterwards. Due to a lack 
of time this research is not completed and for that reason not described in this report. 

To examine the influence of a flexible shaft on the performance of acceleration feedback with 
a more flexible shaft than used until now. As can be seen in the figures 2.10 and 3.9 the 
flexibility of the driving shaft does not affect the tracking performance very much, even with 
the most flexible strip, K = 0,46. During the research, described in this report, the driving 
shaft of the XY-table was dismounted and adjusted. With these adjustments it is now possible 
to easily change the flexibility of the shaft by changing a strip between two parts of the shaft. 
Both parts of the shaft are suspended from the frame of the XY-table by means of two 
bearings so the strip can easily be removed without danger of moving the shaft out of line. 
The torsion constant of the most flexible strip that is available, is 0,46 Nmhad. With the 
previous method of introducing flexibility in the shaft, the torsion constant of the shaft was 
0,20 Nmhad and more influence was seen in the tracking results of experiments. 
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A XY-table control with acceleration feedback 

APPENDIX A: A XY-TABLE CONTROL WITH ACCELERATION FEEDBACK 

For the derivation of a control law a very simpel model of the XY-table is used: 

@,a + @, - = Fx 

P2y + )i12 = F,, 

with: 

)i2 = P4signo;) 

with: 

The existing control laws for X- and Y-direction are: 

with 

XwJ = x, - Axex 

Sx = èx - Axex 

ex = i - i, 

ex = x - x, 

= reference acceleration 

= sliding surface 

= velocity error 

= tracking error 
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A XY-table control with acceleration feedback 

KA = 2 ~ , ~ , ~ ~  = a constant 

0 0  A* = - 
280 

= a constant 

and: 

xd = desired position 

fo = eigenfrequency = variable 
Bo = damping-constant = 0,7 

For the Y-direction the same expressions are used for the controller Parameters. 

The control laws with acceleration feedback (2.1.5) for both directions are: 



The influence of acceleration feedback on stabaity 

APPENDIX B: THE INFLUENCE OF ACCELERATION FEEDBACK ON THE 
CLOSED-LOOP STABILITY 

The transferfunction of the acceleration sensors in X- and Y-direction is assumed as: 

In order to obtain a copy of the magnitude diagrams of the sensors that are supplied in the 
concerning documentation, the following values are assumed: 

for the X-direction: for the Y-direction: 

f, = 120Hz. f, = 100Hz. 
B, = 095 P, = o74 

In the transfer functions of the sensors, a gain constant K, of 3,16 is present but this factor 
is compensated for in the software. For that reason K, is not taken into account in the 
transfer functions of the controlled system in X- and Y-direction. 
In figure B.l and B.2 the bode-diagrams of the sensors are shown. 
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figure B.2 

To observe the influence of acceleration feedback on the stability of the closed-loop of a 
PD-controlled system, a comparison is made. In figure B.3 and B.4 the bode-plots of the 
PD-controlled systems (X- and Y-direction) are compared with the systems with PD- 
control and acceleration feedback, with a = f,O. The used parameters are: 

fo = 4 Hz. 

M = 46,5 kg (X-direction) 
M = 4,6 kg (Y-direction) 

go = 027 

m 
U 
E 
.d 

101 102 103 104 1 O0 

Frequency in rad/s 

O 

-20 

-40 

100 101 102 103 104 

Frequency in rad/s 
figure B.3 

101 102 103 104 
Frequency in rad/s 

o 
ln g -50 
o> 
-9 -100 
v: 

-1.50 

-0 

(c c c 

i o 0  101 102 103 104 
Frequency in rads  



The influence of acceleration feedback on stability 

F;3 

G 
c 
e 
.- 
.d 

O 

-20 

-40 

100 101 102 103 104 1 O0 

Freqtisncy in rad/s 

O 

a 

-40 

101 10’- 103 104 

Frequency in rad/s 

io0 101 101 103 104 100 101 102 103 104 

Frequency in rad/s Frequency in radls 

figure B.4 

Figure B.5 shows the Nyquist plots of the PD-controlled system without acceleration 
feedback and with acceleration feedback, a PD/AF-control, in both directions . 
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figure B.5 
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PD/AF-control, X-dir. 
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PD/AF-control, Y-dir. 
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Simulation-results with acceleration feedback 

APPENDIX C: SIMULATION-RESULTS WITH ACCELERATION FEEDBACK 

C.l SIMULATIONS WITH PARAMETER ERRORS 

The results of the simulations, described in 2.1.4 are depicted in figure C.1 and figure C.2. 
Here the mean absolute tracking errors are depicted as a function of the acceleration feedback 
weighting parameter a. M x  and My are the mass-parameters that are used in the sirnulatimi 
model, expressed in % ~f the value used in the controi law. 

figure C.l 
Acc. feedb. weighting parameter 
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Simulation-results with acceleration feedback 

Mean abs. tracking error, direct acc. feedb. Y. 
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Simulation-results with acceleration feedback 

In figure C.3 the mean absolute tracking errors are depicted as a function of the mass- 
parameter of the simulation model, at different values of a. 

Mass parameter Mx, in %. 

figure C.3 

For both directions holds: 

a : a = O  b: a = 0,l c: a = 0,3 d: a = 0,5 e: a = 0,7 
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Simulation-results with acceleration feedback 
~ 

In figure C.4 the tracking errors are scaled to the value of the tracking error at the point 
where the mass-parameters are 100%. The steepness of the lines, from the point Mx = 100% 
and My = 100% are a measure for the robustness. 

75 80 85 90 95 100 105 110 115 120 125 

Mass parameter Mx, in % 

Relative mean a b .  tr error using direct acc. feedback, Y. 

figure C.4 
Mass parameter My, in % 

For both directions holds: 

a : a = O  b: a = 0,2 c: a = 0,4 d: a = 0,6 e: a = 0,8 
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Simulation-results with acceleration feedback 

C.2 SIMULATIONS WITH DISTURBANCES 

In figure C.5 the influence of acceleration feedback on a sine-form disturbance signal is 
shown. The tracking errors are depicted as a function of a for different values of Fe. Fe is 
the amplitude of the disturbance signal in % of the maximum input-force. 

Inifiüeiice d.â.f.b. û:: track. errors due to model-errors; X-dir. 

figure C.5 Acceleration feedb. weighting par. 
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Experimental results with acceleration feedback 

I 

APPENDIX D: EXPERIMENTAL RESULTS WITH ACCELERATION FEEDBACK 

D.l EXPERIMENTS WITH PARAMETER ERRORS 

In figure D.l and D.2 a comparison is made between the feedback of an acceleration 
signal, filtered with a pass-frequency of 40 Hz and 10 Hz. The mean absolute tracking 
errors are scaled to the errors at a = O. The comparison is made in Y-direction only and 
with a "slow" and â Yast" trajectory. The values of the trajectories are: 

"fast" traject: "slow" traject: 

fo = 4,O HZ fo = 4,O HZ 
f = 3/33 HZ f = 2/3,5 Hz 
r, = 200 mm r, = 250 mm 
y- = 5,s Hz y- = 3,2 Hz 

The extra added mass, dMy, is expressed in % of the nomina1 equivalent mass that has to 
be moved in Y-direction. 

1 

O 0.5 

Acc. feedb. weighting par. 

60 I 

O 0.5 
Acc. feedb. weighting par. 

D.1 

14Bel. error d.a.f.b. (dMy=5.8%, Fast), Y. 
I 

Acc. feedb. weighting par. 

= 40 Hz filter 
------ = 10 Hz filter 
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error d.a.f.b. dM =1 l.GL;%, Slow , Y. 

& .- iqnL i . 

.................................... . . . . . . . . . . . . . . .  
E 

c1 80 .............................. .: . . . . . . . . . . . . . . . . . . .  
----- 0 > 

Q 
._ 
- 
-2 

I 

0.5 
60 

O 
Acc. feedb. weighting par. 

figure D.2 

I 

0.5 
60 

O 

Acc. feedb. weighting par. 

- = 40 Hz filter 
------ = 10 Hz filter 

In figure D.3 the performance of the controller with acceleration feedback is depicted. At 
different parameter errors the mean absolute tracking errors are depicted as a function of 
the value of a. The "fast" and "slow" trajectories are the same as in the previous pictures. 
In the left graphs the acceleration signal is filtered at 40 Hz and in the right graph at 10 
Hz. 
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figure D.3 
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D.2 ADDITIONAL FLEXIBILITY 

To investigate the presence of dynamics between the end-effector and the motor-rotor the 
power-spectra of the acceleration signals of both are examined. In figure D.4 the signals 
and their spectra of the end-effector and motor-rotor are shown for respectively the most 
flexible and the stiffest shaft. In the pictures K = 0,46 is the most flexible amd Ei: = 213,55 
is the stiffest. The value of K is the theoretical torsion-stiffness of the small strips that can 
be fitted between two sides of the driving shaft im order to bring about an adjustable 
flexibility. The value of K is purely an indication of the flexibility of the shaft and not too 
much worth should be attached to the exact value. 

The desired trajectory during the measuring of the accelerations was: 

f = 2/3,5 HZ 
r, = 250 P P I ~  

The eigenfrequency of the controlled system was: 

fo = 3,O Hz 

According to the spectra of figure D.4 one can conclude that the differences that occur in 
the signals of the end-effector, between stiff and flexible, are larger than in the signals of 
the motor-rotor. The spectra of the twice differented motor-positions do not change much 
when a flexible shaft is attached to the XY-table. A peak is present at approximately 22 
Hz in both situations. IR the spectrum of the end-effector accelerations the peak, that is 
here present at approximately 25 Hz, reduces as flexibility is applied. This means that in 
the case of a flexible shaft the movement of the motor-rotor with this frequency is 
transmitted less to the end-effector. Another peak at a frequency of approximately 48 Hz 
occurs as flexibility increases which indicates the appearance of a vibration with that 
frequency. 

These findings can also be seen in the estimated transfer functions from motor-rotors to 
end-effector. In figure D.5 the magnitude and phase plots of the functions, with a stiff and 
a flexible shaft, are shown. Here can also be seen that lower frequencies are transfered 
from motor-rotor to end-effector less, in the case of flexible driving shaft, while higher 
frequencies are strengthened more. 
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STIFF DRIVING SHAFT 

I I I 200 Txy - Transfer function magnitude 1 0 2  Txy - Transfer function phase 
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figure D.5 

, I I I 

O 20 40 60 80 -200 ' 
Frequency 

In figure D.6 the acceleration-signals and their power-spectra of the end-effector, in the 
case of the other available stiffnesses of the driving-shaft, are given. 
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- D.3 THE EXPERIMENTAL OPTIMATION OF PD-ACTION AND ACCELERATION 
WEIGHTING 

A lot of experiments have been done to determine the optimal combination of the highest 
possible eigenfrequency and weighting parameter a. At different eigenfrequencies the 
parameter a was raised with steps of 0,05 and the mean absolute tracking error during one 
control cycle was determined, with a stiff and a flexible shaft. In figure D.6 the results of 
the experiments with a stiff shaft are shown at three different eigenfrequencies. In figure 
D.7 the results with a flexible driving shaft are shown, at two different eigenfrequencies. 
In both figures the highest eigenfrequency that is depicted is also the highest tolerable 
frequency in connection with unstability of the controlled system. The acceleration signals 
are filtered with the 40 Hz filter. 

E 
E 
I= 
.I 

= 4.75 Hz 
-----_ = 5,50 Hz 
........ = 5.75 Hz 

figure D.6 
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Tracking error direct acc. feedb., Flex. shaft, X-dir. 

O 0.2 0.4 0.G 0.8 1 1.2 

Acceleration feedb. weighting par.  

= 4,50 Hz 
------- = 5,50 Hz 

figure D.7 
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APPENDIX E: AN OBSERVER WITH ACCELERATION MEASUREMENT 

E.l DERIVATION OF THE OBSERVER 

For the derivation of the state-reconstruction-filter for the one-step-ahead estimation of 
position and speed of the motor-rotors of the XY-table the Kalman-filter of [i] is chosen 
as a starting point. This filter had proved to performe well in executed experiments. The 
discrete model of the XY-table, used in the observer of the control-scheme7 independent 
for X- and Y-direction, is of the following form: 

x(n - +1) = A,x(n) + B d L ( n )  + G,w(n) 

= C&(n) + D ,-ra u (n) + x(n) 

vector with states 
vector with outputs 
vector with input-forces 
system-noise 
vector with measurement-noises 

and A,, B d ,  c d ,  Dd and Gd are discrete constant matrices. 

The one-step-ahead estimation-scheme is of the form: 

z (n  + 1) = A,g(n) + 

with: 

and: 

- t(n) 
K = filter matrix 

= vector with measured outputs 

In [l] K is derived with the "Matlab" routine "dlqe" and is a function of A,, C,, Gd , Q 
and R. Q is the covariance of the system-noise w and R is a matrix with the covariances of 
the measurement noises of vector - v. The values of the covariances are experimentally 
determined in [i]. They are: 
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X-direction: Y-direction: 

Q, = 3,O .lo8 [(mN)*] 
R X  = 3,s .lo" [(mm)'] 

Qy = 1,3 .lo7 [(my*] 
RY = 8,4 . lo5  [(mm)'] 

The optimal Kalman filter matrices, obtained with the "Matlab" routine "dlqe", are: 

i 11  
Kx = 12071 

with Kfi = A,*Kx and Kj = A4*I$. 

Afterwards experiments proved that better results were obtained with: 

To derive an optimal filter with the use of the acceleration measurements the same 
strategy could be followed as in [i]. The discrete model of the XY-table with the inclusion 
of the acceleration measurements is now: 

x(n+l)  = Adg(n) + B U (n) + G , w ( ~ )  - d,S 

with Jd a constant matrix. 

In this situation the optimal filter matrix has to be calculated with the routine "dlqew" and 
is a function of A , ,  c d ,  Gd , Jd , Q and R. With the extension of the covariances of the 
measurement noise of the acceleration-sensors the matrices R become: 

3,5.10-6 O 
RL = [ o 1,0,.,,I 

8,4.10-5 

Ry = [ O 3,3;0-''l 

A problem occured with the determination of the values of the matrices J& and Je These 
matrices had to be of the form: 
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r i  

Jd = IJ and the value of p had to be determined. 

During simulations and experimental trial it turned out that the value of p ,  chosen on the 
basis of assumed knowledge of the system, resulted in much less stable dominant 
observer-poles. This again resulted in a deterioration of the estimation-performance and for 
that reason a decrease of tracking behaviour. The method that is used here, iri ûrder to 
obtain a good filter-matrix deiivering the same stability arid @oli~ei~elice-~iûpe+Lies as the 
Kalman-filter without the acceleration measurements, is the following: The value of p was 
changed, in a rather ad hoc way, until with the "Matlab" routine "dlqew" a filtermatrix 
was calculated with approximately the same weighting of the difference between measured 
and estimated position, resulting in the same dominant observer-poles, as with the filter 
without acceleration measurement. This resulted in: 

and: 

Kfi =AAKx = 

J& = [1.:0-j 

r 1 

2,o 2.10-4 
Kh = A,Ky = 1160 0,0641 

Simulations with these matrices showed reasonable results. After simulations a detuning of 
the filter-matrices, in order to obtain the best performance, resulted in: 

2,4 3.10-' 
Kb = i.o. o,oo,l 

2,O 3.10-' 
= [160 0,OOJ 

With these filter-matrices the best simulation-results were obtained. For the implementati- 
on in the XY-table again a small detuning was done. The filters used with the experiments 
are mentioned in paragraph 3.2.. 

The other matrices that differ from [i] are: 
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- E.2 SIMULATION RESULTS WITH ACCELERATION MEASUREMENT IN THE 
OBSERVER 

In picture E.l and E.2 the results are shown of the research to the stability of the 
simulated controlled system. A comparison is made between a controller with acceleration 
feedback in the observer and one without. This is done for two situations; with and 
without parameter errors. The parameter errors were realised by increasing the mass and 
constant friction parameter of the simulated XY-table with 20%. 

Mean absolute track. errors at diff. eigenfrequencies, X-dir. 

E 

Eigenfrequency PD-controlled system in Hz. 

A = no acceleration feedback 
B = acceleration feedback in observer; 
C = no acceleration feedback 
D = acceleration feedback in observer; 

no parameter-errors 
no parameter-errors 
with parameter-errors 
with parameter-errors 

figure E.l 
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Mean absolute track. errors at diff. eigenfrequencies, Y-dir. 
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Eigenfrequency PD-controlled system in Hz. 

E = no acceleration feedback; 
F = acceleration feedback in observer; 
G = no acceleration feedback; 
H = acceleration feedback in observer; 

no parameter-errors 
no parameter-errors 
with parameter-errors 
with parameter-errors 

figure E.2 

In figure E.3 the same results of figure 3.1 and 3.2 are shown but with the mean absolute 
tracking errors scaled to the value where parameters are loo%, thus where there are no 
parameter-errors. 
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figure E.3 
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E.3 EXPERIMENTS WITH ACCELERATION-MEASUREMENT IN THE OBSERVER 

Figure E.4 shows the differences in tracking performance for four different controllers, 
two without acceleration feedback and two with acceleration feedback in the observer, 
both with two different design frequencies. 
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I I I 

.... . . .  

............................................ 
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A = no acceleration feedback; 
B = acceleration feedback in observer; 
C = no acceleration feedback; 
D = acceleration feedback in observer; 

fo = 3,O Hz. 
fo = 3,O Hz. 
fo = 4,O Hz. 
fo = 4,O Hz. 

figure E.4 
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APPENDIX F SIMULATION-RESULTS OF A CONTROLLER WITH DOUBLE 
ACCELERATION FEEDBACK 

Simulations were done to examine how far the direct feedback weighting parameter a 
could be raised in the case of double acceleration feedback. This examination was done 
with a simulated system that is subject to a disturbance with an adjustable amplitude. The 
disturbance signal is the same as used in previous simulations and is described in 
paragraph 2.6.4. The results of the investigation to the possible arnplitudp, of a in X- and 
Y-direction, in the controller with double acceleration feedback are depicted in figure F.l 
and F.2. 
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C .- 
Li 

figure F.2 

The simulation-results of the tracking performance of four different controllers are shown 
in figure F.3 and F.4 for the X- and Y-direction. To come to a comparison of the 
performance, the behaviour in the case of a disturbance was determined. With all four 
controllers the amplitude of the disturbance-force was raised from zero to fifty percent of 
the maximum input-force in that direction. The four controllers that are compared, in both 
directions, are: 

A = without acceleration feedback 
B = acceleration feedback in the observer 
C = direct acceleration feedback, a = 0,s 
D = double acceleration feedback, a = 0,3 

The eigenfrequency of the controlled system during these simulations was 4,Q Hz. 
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figure F.3 

E ." 

figure F.4 

Robustness to disturbances, X-direction 

3 

Amplitude of disturbance in % of max. inputforce 

Amplitude of disturbance in % of max. inputforce 
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