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Abstract

A laser tracking system is used to track the tool center point of a robot with high accuracy,
even when the robot is moving at high speed. To achieve this, a laser deflection system based
on an air bearing was developed, which results in a very low friction. An incoming laser
beam is pointed at the center point of a mirror. The mirror is beared on an air cushion and
can be tilted by the forces of three actuators. By doing so, the incoming laser beam can be
deflected in the proper direction. The angles of deflection can be measured, just as the height
of the air gap. The angle sensors should be calibrated in future. The air gap height sensor
circuit is examined and recommendations are given to improve this sensor. It was calculated
that the equilibrium air gap height is between 32 and 42 Ilm. For the accuracy of the system,
it is important to keep the center of the mirror surface at a constant position. Therefore the
height of the air gap has to be constant. Variation of the air gap height has negative influence
on the deflection of the laser beam, and in particular on the measurement of the deflection
angles. A model based on ODE's is derived for the air gap height system, and also a
frequency response measurement of the system is carried out. From this, a model was chosen
with which a Hoo-controller was designed. Connected bottlenecks in the Hoo-design are
measurement noise and bandwidth. Due to the air gap sensor noise, the bandwidth of the
controlled system can not become larger than 20 Hz, while the ultimate goal is to reach a
bandwidth of 300 Hz. The designed controller was simulated with Simulink and from these
simulations it can be concluded that the actuators are not saturated and that the disturbance
reduction corresponds to the expectations from the controller design. The designed Hoo
controller was tested on the real system using a DSP system. The disturbance reduction of the
real controlled system does not correspond to the results of the simulations, due to noise
introduced by the DSP system. This problem can however be solved easily.
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1. Introduction

1.1 The laser tracking system

The Measurement and Control Group of the Department of Electrical Engineering at
Eindhoven University ofTechnology is doing research on modelling, identification and control
of processes. One of these is a laser tracking system.

h~lf-way

mIrror

tracking

interfero-
meter laser

laser
sensor

a." ~r '--_----Y

Figure 1.1: The laser tracking system

By means of a revolving mirror, a reflector can be followed by a laser beam. In this way the
movements of the tool center point (TCP) of a robot can be measured or calibrated. An
overview of the tracking system is sketched in figure 1.1 .
The laser beam is pointed at the rotatable mirror's centre and then deflected to the reflector
on the robotarm. This reflector is a retroreflector: it returns the laser beam parallel to the
incoming beam, independent of the angle of incidence. If the laser beam doesn't point at the
center of the reflector, it is returned parallel to the incoming beam back to the mirror. The
reflected laser beam is split in two by a half-way mirror. One part passes the mirror and is
received in the interfero meter. This device is coupled to the laser and can measure the length
the laser beam has travelled. The other part of the laser beam is deflected on a sensor that
measures the deviation of the reflected laser beam from the reflectors center. The tracking
controller generates new setpoints for the mirror so that the laser beam is pointed at the center
of the reflector. The sensors coupled to the rotatable mirror measure the real pointing angles
of the mirror. With these two angles and the Iength of the laser beam the position of the TCP
can be calculated.

The tracking system should meet two goals:
- First it should measure the TCP with high accuracy,
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- and second it should follow the reflector even when the robot is moving at a high speed.
This is mainly possible because the low mass mirror can rotate with very low friction as it
moves on an air bearing. The ultimate goal is to measure the TCP with an accuracy of Il
radians and to reach a bandwidth larger than 300 Hz.

Both the angles of the mirror and the air bearing's height can be controlled by three actuators.
For the accuracy of the measurements performed by the tracking system it is very important
that the airgap's height has a constant value and that the angles are adjusted accurately.
Therefore two controllers are to be designed. The total controller consists of a combination
of the two controllers. The complete system including these extra controllers can be
represented by the block scheme of figure 1.2 .

am) ~m angle
sensor

+ tracking angle
controllerr1

optical emirror laser
system sensor

height
- controller

interfero-
height meter

h sensor

Figure 1.2: Block scheme of the laser tracking system

1.2 Modeling of the mirror-system

To design appropriate controllers, a good mechanical model of the mirror is needed. From the
literature it is known that mechanical systems can be modelled easily by DAE's (Differential
and Algebraic Equations), but that in general it is very difficult to solve them numerically.
Classical numerical integration software isn't able to solve DAE's, they can only solve a set
of Ordinary Differential Equations (ODE's). We could transform the DAE to an ODE but this
results in an unmanagable model or a stiff numerical problem [Goossens]. A stiff numerical
problem results however in a very time-consuming simulation. Therefore in [Goossens]
methods to solve DAE's directly were investigated. The mirror-system is a multi body system;
it contains four mutually connected bodies, each with its own dynamics. For the control of
the air gap height however, the mirror system can be interpreted as a simple multibody
system, containing only two mutually connected bodies. A model based on ODE's can be used
for the air gap height control system. A DAE has an index, which is equal to the number of
times the DAE, or part of it, has to be differentiated with respect to time to obtain an ODE.
In general, a higher index DAE is more difficult to solve than a DAE with lower index. It
appears that multi body systems always result in a DAE with high index, index three.

According to [Goossens] there are several interesting methods that can solve the mirror
systems DAE:
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- BDF methods
- projection methods
- Stabilizing techniques like Baumgarte or with extra Lagrange multipliers.

In [Goossens] the mirror system was simulated with satisfactory results using the
computercode DASSL, implementing a variable stepsize and variable order BDF method. In
[Goossens] it was said that the projection method is very appealing, as it seems to require
very few calculations per integration step, whereas it always satisfies the constraint. There was
however no computercode available for this method.

The DAE of the mirror-system is a nonlinear model. However, most control theory is based
on linear models, so in [Goossens] there is a linear model derived for the mirror system. From
the results of the simulations it was concluded that the linear model in [Goossens] wasn't a
good approximation of the mirror system. There were large differences between the linear and
the nonlinear model. In [Noten] the differences were made smaller so that the linear model
became a better approximation of the nonlinear model. In [Goossens] a deviation occurred
indicating some asymmetry in the mirror model, while the model is symmetrical. In [Noten]
the deviation has disappeared by changing the order of two rotations, which are necessary to
derive the model. Why this happens is unknown, but a possible explanation is that numerical
problems disappeared by changing the order of the rotations.

1.3 Controller design

Two controllers are to be designed:
- An angle controller for the two angles and
- An air gap height controller
Here we will design an air gap height controller. In principle, we could consider the problem
as a MIMO system with three inputs (actuators) and three outputs (air gap height and the two
angles), but the model derived by [Noten] is based on the fact that the air gap stays at a
constant value. This model is already very complex, and by extending the model with control
of air gap height, the model may become too complex. So the aim is to develop two
controllers based on two models. The height controller and the angles controller together form
the total controller of the mirror-system. We have to find out what the cross influence of both
controllers is.

We could design for instance an LQG-controller for the air gap height control of the mirror
system, but with an LQG-controller we have no clear means to balance the increase of
robustness and the decrease of the nominal performance. In [Noten] an LQG controller was
designed for the control of the mirror angles. With a robust controller we can define and
quantify the control aims very clearly to weight them relatively. For this reason a robust
controller is more appropriate to control the mirror-system.
We have to consider well the following aspect: If the model-error is still too large, the robust
controller has to become "too robust", which means that the performance, in this case speed
and accuracy, becomes too small. So when using a robust controller, we have to make a
compromise between robustness and performance. By very accurate and very detailed
bounding of model errors the compromise may be acceptable. Therefore it might be necessary
that we have to apply Il-analysis/synthesis.
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2. Technical details of the laser deflecting
system

The mirror consists of a steel semi sphere which can rotate on an air bearing. The mirror is
driven by three electromagnetic actuators which tum the semi sphere via strings. These very
stiff strings are connected to a plastic ring that is placed on top of the mirror's surface. A
schematic view is given in figure 2.1.

ringstring~

------
semi sphere -::-, _, ,~

actu:ator-:, '-,--~ t
. 'Iii

. . bearing seat \_ pretenslOmng
spring

~;r~
Figure 2.1: Schematic view of the laser deflecting system

The plastic ring will be omitted in further models. Because its mass is very small compared
to that of the steel semi sphere, it doesn't play an important role in the behaviour of the
mirror. Only the dotted lines drawn between the mirror's center and the connection of the
strings will remain in later models of the system.

From figure 2.1 we can see that the actuators can control both the orientation of the mirror
and the airgap's height. When all three strings are pulled at the same time, the airgap is
reduced. The pretensioning springs prevent the mirror from falling out of its seat.

2.1 The mirror's semi sphere

In figure 2.2 we see a top and side view of the mirror and one of its actuators in equilibrium
position.
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mirror plane

~

top view side view

Figure 2.2: Top and side view of the mirror and one actuator

From the top view can be seen that the actuators are placed around the mirror with a mutual
angle of 1200

• The meaning of the other parameters in this figure and their values are
described in table 1.

Table 1: Description ofmirror parameters

Parameter Value Unit Description

r 7.0 mm Distance from centre of mirror to connection of actuator
string. This parameter is equal for each actuator.

m", 4.2.10-3 kg Mass of semi sphere

R 5.0 nun Radius of semi sphere.

j 5.6.10-8 kgm2 Moment of inertia around the centre of the mirror's
surface.

E 15 0 Angle between arm of actuator and the mirror surface.

I 25.0 mm Length of string connecting the mirror and bearing seat.

d - ~m Height of air gap between mirror and bearing seat.

!; - - Connection point of the string at the mirror.

A - - Connection point of the string at the actuator.-I

Notice that the actuator string and the arm are perpendicular in the equilibrium position.
When the mirror is rotated, the angle changes. The air bearing of the mirror gives rise to a
very low friction.
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2.2 The actuators

The three electromagnetic actuators are based on the principle of a loudspeaker. A coil moves
in a magnetic field as a result of a current through the coil. A schematic view of an actuator
cross-section is given in figure 2.3.

F.
-I

A.
-I

O. """I""h
.•...- ' '.......... .""'" I

'.'.>' K, Fa
<~

Figure 2.3: Cross-section of an actuator

Because the coil and the permanent magnet are circular, the direction of the magnetic field
11 and the direction of the current i through the coil are always perpendicular. The direction
of the Lorentz force E is then related with the directions of11 and i as in figure 2.4 where one
winding of the coil is schematically drawn. The direction of the current i is to the right.

B ( .)

E

Figure 2.4: Operation of an actuator

By reversing the direction of the current, the Lorentz force will also be reversed.
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An overview of the parameters used in figure 2.3 is given in table 2. The actuator dependent
parameters are indicated by a subscript i.

Table 2: Description of actuator parameters

Parameter Value Unit Description

O. - - Equilibrium position of top of actuator-I

hi - rom Movement of actuator relative to offset position Qi

C. - - Direction of actuator movement (unit vector)_1

m. 9510-3 kg Mass of coil

Fo 0.5 N Pretension force

K 40 N/m Spring constant

Fi - N Tensile force excerted by the string on the actuator

Ii - A Current to control actuator

Vi - V Voltage to control actuator

L 10-3 H Induction of the coil

R 3.5 n Resistance of the coil

A 3.16 N·A-! Actuator constant depending on coil radius, number of
windings and magnitude of the magnetic field

A - - Position of lower end of the string-I

In [Slots] expressions were derived for the Lorentz force when the actuator is driven by a
current as well as by a voltage:

current control:

(2.1)

A current Ii causes a charge moving through a magnetic field, which causes a Lorentz force
on the actuator coil.

voltage control:

A '~(s) - s:A 2'h j(s)

R + sL
(2.2)

Here a voltage Vi causes a current through the coil, and this current causes the Lorentz force.
If the Lorentz Force causes the coil to move, an induction voltage is generated, opposite to
Vi' The result is that the actuator force is a function of the applied voltage Vi and the actuator
position hi" wich is the position of the coil from the equilibrium position.
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In equations (1.1) and (1.2) the direction of the actuator force Fi is defined positive
downwards and the position of the actuator hi is defined also positive downwards.

The formula for current control is much simpler than that of voltage control. But in [Noten]
voltage control is chosen because the control inputs can be applied directly to the actuators
in contrast to current control where a voltage-to-current converter needs to be integrated in
the path of the control input.

From figure 5 can be derived that the exact position of the top of the actuator Ai is given by:

4. == hP. + Q., P', I
(2.3)

The coil of the actuator is also moving on an air bearing. The friction associated with this
movement is very low. The damping coefficient will be taken zero, so no friction parameter
is included in the model. The spring constant K and actuator constant A are considered to be
equal for each actuator.

To make clear why the pretension spring is necesary assume that the spring is not there and
there is no air pressure and the actuators are not driven. In that case the semi sphere
expierences no force except that of the gravity, and the semi sphere would fallout of its seat
(in practice the mirror surface is upright and not horizontal as in figure 2.1). The pretension
spring pulls the semi sphere in its bearing when there are no other forces. Air pressure pulls
the semi sphere up against the force of the pretension spring. The force of an actuator acts
on point A-i in two directions, dependent on the current through the coil. As a result, in
practice, when starting the system up, one has to put on the air pressure first and then
electricity.

2.3 The sensors

The mirror system is equipped with two sensor systems (see figure 1.2), one for the angle
controller and one for the gap height controller. One sensor system measures the angles of
the mirror and the other measures the height of the air gap.

2.3.1 The angle sensors

To measure the angles of the mirror, a contactless measurement system was developed.
Another option would be a mechanical sensor, but such a mechanical sensor would cancel out
the very low friction of the air bearing.

The measurement system exists of two sets of inductively coupled coils, see figure 2.5:
1. Primary coil - secondary coil 1
2. Primary coil - secondary coil 2

We will first define the coordinate systems [X I , Y I ,Z] and [X, Y,Z] as in figure 2.6 and 2.7.
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The secondary coils (with perpendicular axes X' and Y') are positioned at an angle of 45°
of the real horizontal axis X and the real vertical axis Y, to achieve a maximal possible
deflection [Zorge]. The orientation of the mirror will be computed in X, Y - coordinates,
see figure 2.6. The normal of the mirror plane is n, and the angles ex. and 13 determine the
deflection of the laser beam.

x

/
/

//3
/

/
/

/
/

/
/

actual situation

""""-
""""

laser beam

secondary
coil I

Figure 2.5: Front view of the angle sensors and the mirror

Through the primary coil flows a current which is supplied by three very thin springs. We
assume that these springs have negligible influence on the dynamics of the system [Zorge].
The current through the primary coil causes a flux through the secondary coils. This flux is
dependent on the orientation of the mirror. This is shown in figure 2.8.

x

z

. ..2...t- .

y

z

Figure 2.6: Definition of ex. and 13 Figure 2.7: Definition of ex.' and J3'

In figure 2.8 we see that the resulting flux through the secondary coil is zero when the mirror
is not rotated. When the mirror rotates, the resulting flux isn't zero which causes a current
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the secondary coil. The current in the secondary coils is therefore related to the angles of the
mirror. From figure 2.8 we see that by measuring the current in the secondary coil, the angle
~ between the X' and Z axis can be determined. The same can be done for the angle X
between the Y' and Z axis.

secondary
coil

Z'A
I

I
I
I

I
I

/

Z'1-
I

I
I

I
I X'

Figure 2.8: Flux through secondairy coils

A nonlinear relation between the primary and secondary current (/p and Is> was derived under
the following conditions [Goossens, page 6+7, equation 2.7]:

All coils are assumed to be very flat and the primary coil is positioned exactly in the
middle of the secondary coils,
the mirror can only rotate (vertical movement will induce a current in the secondar
y coils)
The distorsion of the magnetic field by the metal is neglected

The derived formula can 't however be evaluated analytically when the mirror is rotated. In
[Goosens, page 8] an approximation is given:

(2.4)

with lSI the current through secondary coil number 1 and IS2 the current through secondary
coil number 2.

With ~ and X we can compute a' and p'. The relationships between ~, X and a', 13' are
non-linear:

sin{«') = sin{~)

cos{x)

10
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= sin(x;)
cos(~)

(2.6)

We see that the followingproblems occur with this sensor:

1. The angles ~ and X can't be computed exactly.

2. To compute a and ~, there is a transformation needed:

~, X ~ a', P' (in X', Y' ,Z - coordinates) ~ a, p (in X, Y, Z - coordinates)

The first transformation is non-linear. The second transformation is not determined
yet.

3. When the air gap height changes, this has influence on the measurement, because the
flux through the secondairy coils changes.

From this we can conclude that it is difficult to compute the exact position of the mirror from
the currents to be measured. With regard to the implementation of the angles controller we
can therefore recommend to calibrate the angle sensor and to make use of lookup tables.

2.3.2 The airgap sensor

For stabilization of the vertical movement of the mirror in its bearing seat we need to
measure the height of the mirror above the seat. Because both mirror and bearing seat are
made of metal, this can be done contactless by measuring the electrical capacitance of the
airgap between semi sphere and bearing seat.

From the theory of air bearings it is expected that the horizontal displacements of the mirror
are very small. One can imagine that the semi sphere is self-eentering when looking at figure
2.9. In this figure it can be seen that the air gap will have the shape of a half moon.
Therefore, the air pressure will be at largest on the edges of the bearing seat. This pressure
will contribute to the horizontal centering of the semi sphere. However, horizontal movements
of the mirror can cause an uncertainty in the measurement of the airgap height [see Goossens,
page 10].

When we assume that the horizontal movement of the mirror in its bearing seat is negligable,
we can derive the following formula for the capacitance COl [Zorge]:

(2.7)

where a e , Rand d are defined as in figure 2.9.
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Figure 2.9: Cross section of semi sphere
in bearing seat

The bearing seat is constructed in such a way that cxe = arccos(3/5). By substituting the
values we can compute the constant k/:

2.3.2.a Air gap height sensor circuit

The air gap is measured with the circuit of figure 2.10. In this measuring method the air gap
capacitance forms a part of an AM circuit that is being excited by a triangular wave
oscillator.

In figure 2.10 is:

Cm: The air gap capacitance.
Cptzr' A parasitic capacitance caused by the circuit components and sensor wires.

Cpar::::; 5 pF.
C/: C/ = 2.2 pF ± 10% = 2.2 + 0.22 pF
VI: A triangular voltage with frequency f1 = 40 kHz (2.5.105 rad/s) and amplitude

VI = 8 Volt.
H 2: Buffer-circuit.
H3 : Full wave rectifier.
H 4: Low pass filter.

The buffer, full wave rectifier and low pass filter are given in appendix A.
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Figure 2.10: Height sensor circuit

We can compute the voltage V2 as:

CI·VIV2 = ------
CI +C +Cpar /1\

CI·VI= ------
klCI + C +-

par d

(2.9)

From equation (2.9) we see that the transfer between the air gap height d and the voltage V2

is linear when

Nonlinearity would however not result in a real problem, because the air gap control is a
regulator problem.

The capacitor circuit is in fact a voltage divider, where the attenuation of V2 is dependent of
the height of the air gap d. What we see here is an AM modulation; The voltage VI is the
carrier signal, and V2 is the amplitude modulated wave. The modulating signal is determined
by the low frequency movement of the air gap, denoted by d(t) (see figure 2.11).

Define the amplitude of VI as:

VI = 8 Volt

The maximum value for V2 (see equation 2.9) is then given by:

CI ..
V2, max = C +C ·VI = 2.51 V (fOT d- CXl

)

I par

(2.1 0)

(2.11)

and the minimum value of V2 is zero, when d ~ O. Thus the AM envelope of V2 denoted by
A(d(t)), varies between zero and V2•max , see also figure 2.11.
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o < A(d(t» < V2,max (2.12)

The carrier signal V 1 (triangular wave form) consists of a series of cosine functions:

In a frequency plot the first peak occurs at f1 = 40 kHz, the second at 120 kHz, the third at
200 kHz, etc.

At equilibrium, d = do, and from equation (2.9) we get:

When we use

(2.14)

:::; 1 - I:,. + t:,.2 - 1:,.3 + •••

then we can write equation (2.14) as:

(2.15)

(2.16)

where the higher harmonics are neglected. Equation (2.16) can next be computed as:

and if we neglect the last term then we can write V2 as

14



(2.18)

Let us approximate VI by a cosine wave with only one frequency component and with the

same amplitude VI as the triangular waveform. Then VI can be written as:

(2.19)

If we substitute this into equation (2.18) we get:

(2.20)

or

with

(2.21 )

Suppose

Ad
+-

do

(C1+Cpor)Ad ]

kl +dO(CI +Cpor)
(2.22)

then we can write

with

(2.23)

(2.24)

(2.25)

Equation (2.23) can now be written as:
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For a time domain and frequency domain plot of V2 see figure 2.11.

(2.26)

d(t)

t

F{d(t)}

Lt-f
V,,(t)

/A(d(t))
~ :::~.;::.-:.-:-:::~..~.-f..,...-:-

F(Vz(t)}

t 11 tit f
fl-fel fl fl+fd 3t;

Figure 2.11: V2 in time domain and frequency domain representation

The buffer has transfer-function H2 (see Appendix A):

(2.27)

This is a high pass filter with gain (R] + R~ / R] = 3.103 = k2 for high frequencies.

This can be seen in figure 2.12. The break frequency lies at about 103 rad/s or 159 Hz. This
buffer allows a large disturbance frequency fd of 40kHz - 159 Hz = 39.941 kHz.

After the buffer there is a full wave rectifier which is a non-linear element. Due to the
rectification, the signal V4 will get a dc-component because the average value of V4 is not
zero. For a triangular wave-form like V4 , the average value lies at half the amplitude-level:

- V4V =
4 2

16
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Magnitude plot H2
20

o

·20
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10' 10' 10'
Frequency (raQls)

10'

Figure 2.12: Magnitude response of buffer

The full wave rectifier doubles the carrier frequency fl from 40 kHz to 80 kHz. A plot of
V4 in time and frequency domain is given in figure 2.13.

The rectified signal is fed to a low pass filter with transfer function H4• (see Appendix A):

(2.29)

The magnitude response of this transfer function can be seen in figure 2.14. The break
frequency lies at about 1<J4 rad/s or 1.59 kHz. The LPF rejects the high frequency band of
V4 and the low frequency components are amplified. High frequencies, up to 1.59 kHz, are
allowed for fd, while the ultimate goal is to reach frequencies larger than 300 Hz.

Figure 2. 13: Time and frequency domain representation of V4
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Magnitude plot H4
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Figure 2.14: Magnitude response of low pass filter

Because of the low cut off frequency of H2• the voltage V3 can be approximated by:

V3 = ~:A(d(t))·cos(21t.ht)

The output of the full wave rectifier will be:

(2.30)

(2.31)

From this equation we see that the minimum of V4 is zero as can be seen from figure 2.13.
The maximum value of V4 is given by:

The equilibrium value of V4 is given by:

and the equilibrium value of Hm is then determined by IH4(O) I = 2:
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k
C1+C +_1

par do

(~d:::O) (2.34)

A plot of Hm versus d can be seen in figure 2.17. In this figure the central line is a plot for
the nominal value of Ct. the outer lines are plots for the maximal and minimal value of C I .

At equilibrium we measure

equilibrium: Hm• eq = 2.04 Volt

and from equation (2.34) the equilibrium value of the air gap height follows:

equilibrium: d = do = 36.3 p.m

The frequency component at 2fl = 80 kHz (or 5.0.105 rad/s) of V4 is attenuated by:

IHl5.lJ.1dJ I = 6.5·10'4 = -64 dB

From equation (2.33) we get:

V4. eq = 1.02 Volt

The frequency component at 2fl = 80 kHz will be present in Hm as a ripple on the signal Hm•

The magnitude of this ripple due to the 80 kHz component of V4 is:

1.02 Volt· 6.5·10'4 = 0.66 mV top - top

In practice, VI has also higher harmonics, because VI is a triangular waveform. Although
H4 will attenuate these higher harmonics more with increasing frequency, they will contribute
to the magnitude of this ripple.

The inaccuracy of the value of C I (2.2 nF ± 10 %) results in an inaccuracy of do given by:

32.2 p.m < do < 41.5 p.m or do = do ± 12.8 %

2.3.2.b Resolution and bandwidth of air gap height sensor

The accuracy of the height sensor is very important for the accuracy of the air gap control
system. A better sensor-resolution gives a more accurate measurement of the air gap.

We can simulate the output Hm of the sensor with Simulink. The blockscheme is shown in
figure 2.15. For the simulation the amplitude of V2 is chosen constant, according to an air gap
of height of d = 36.5 p.m. The resulting voltage Hm can be seen in figure 2.16. From this
figure we can see that Hm has a ripple of 80 kHz and the magnitude of the ripple is 1 mV
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top-top. The magnitude of this ripple determines the resolution ofthe sensor. The smaller the
magnitude, the better the resolution. By choosing the break frequency (currently at 1.59 kHz
or 104 rad/s) of the LPF lower, the high frequency signals will be attenuated more, and the
ripple will be less in magnitude. Notice that the bandwidth of the sensor will become smaller.
The ultimate limit for the break frequency ofH4 lies however at about 300 Hz or 1885 rad/s.
When the attenuation of the high frequency signals is not enough, one can choose for H4 a
higher order filter, so that the roll of rate of the filter will be higher, and the bandwidth can
be larger. Summarising:

Improve resolution by:
1. Choosing break frequency H4 lower (bandwidth sensor will be smaller)
2. Choosing H4 ofhigher order (when bandwidth becomes too small)

(recommendation 1)

input signal
Buffer

num_H2(s)
Abs

num_H4(s)
Hm

den_H2(s) den_H4(s)
Full Wave Hm

Buffer
Rectifier Low Pass

Filter

V2 V4

V2 V4

C9 ·1
Clock time

Figure 2.15: Simulation of sensor output Em

From figure 2.18 we see that the relation between Hm and d can be supposed to be linear for
small variations of the air gap height. The tangent of the line can be computed from equation
(2.34):

S(dcJ = (2.35)

The (nominal) sensitivity of the sensor in the operation point do = 36.3 Jlm is then:
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Snom = 4.11'10-2 VI ~m = 1 mV124.3nm (2.36)

Hm
2.042

2.0415

2.041

20405

'9 2.04

2.0395

2.039

2.0385

3.5 3.55 36 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4
time x 10"

Figure 2.16: Simulation of sensor output Hm

Due to the inaccuray of Ch the deviation of S is within the range:

3.76.10-2 V/J-Lm < S < 4.44.10-2 V/J-Lm or S = S + 8 %

From figure 2.18 it can be seen that this deviation is not large, because the three shown lines
are almost parallel.

From equation (2.35) we can see that:

S(00) == 0 and S(O) == (2.37)

and therefore the sensitivity will become larger by increasing k2, VI,max and CI • By increasing
the value of CI , the value of V2 will be larger and so the value of Hm• The value of CI is
originally made small to get Cm > > C1 + Cpan because this will make the relation between
V2 and d more linear (see equation (2.9». But for the small perturbation analysis we use here,
the relation between Hm and d does not have to be linear. Increasing the value of C1 has also
the advantage that the error in S will become smaller, because the absolute error of C1 will
then become smaller. Summarising:

A larger and more accurate sensitivity can be achieved by:
1. increasing C1

2. increasing VI
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3. increasing k2

(recommendation 2)

Plot of Hm as function of d
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Figure 2.17: A plot ofHnr versus d (central line: nominal value of CJ

In practice, the resolution of the sensor becomes worse, because of the influence of noise.
For an air gap at the operation point, Hm=2.04 V, do = 36.3 ",m using Snom, we measure,
due to noise, a resolution of 30 mY, which is very bad compared to the sensor resolution of
1 mV which we got from the simulations. A resolution of 30 mV agrees with a resolution of
0.729 ",m (using SnooJ, which would therefore limit the accuracy of the air gap control system
to 0.729 ",m.

The actual sensor output is disturbed by noise. With a spectrum analyzer we can examine the
power spectrum of the signal. When we look at this spectrum, we clearly see peaks at 50 Hz,
100 Hz, 44 kHz and at 88 kHz.

The peak at 44 kHz is due to the oscillator-signal (earlier assumed to be 40 kHz), which is
picked up by the sensor somewhere in the interface. This disturbing noise at 44 kHz (or
2.8.105 rad/s) is attenuated less than the peak at 88 kHz (see figure 2.14) and can therefore
have a large negative influence on the sensor resolution.

The peak of 88 kHz (80 kHz earlier assumed) is according to the theory present in the output
signal due to the frequency doubling from the full wave rectifier (equation 2.31).

For lower frequencies there are several lower peaks, the first at 50 Hz and the second at 100
Hz due to the mains voltage. These noise signals are very unwanted because they lie in the
frequency range 0-300 Hz, wich is, eventually, the control frequency range. The unwanted
effect of these noise signals is that the controller will respond to these signals, which causes
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Plot of Hrn as function of d
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errors in the control signal. From figure 2.12 we see that frequencies at 50 Hz (314 rad/s)
are attenuated by about 23 dB by the buffer H2 • This is not a very good attenuation and
therefore it is recommended to increase much the break frequency of H2 , so that the distance
to the carrier frequency (44 kHz in practice) is decreased to about 300 Hz. Furthermore, the
low frequency noise can be reduced by making wires as short as possible and by using
shielded cables.

Reduction low frequency noise:
1. Increase the break frequency ofH2 much.
2. Choose H2 of higher order when necessary.
2. Make use ofshort and shielded cables everywhere in the circuit.

(recommendation 3)

With the current sensor, we have chosen to filter Hm with a low pass filter with break
frequency smaller than 50 Hz. In that case we suppress the unwanted noise.

We used a low pass filter with the following properties:

- Steady state gain:
- Roll of rate:
- Break frequency:
- Damping ratio:

odB
-40 dB / dec
20 Hz (125.7 rad/s)
~ = 0.5

We had to use a low break frequency of 20 Hz to suppress the disturbing noise at 50 Hz
sufficiently. However, this makes the bandwidth of the sensor very small.

The high frequency ripple of Hm can be measured with an AC coupled oscilloscope. With the
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above described filter applied, the ripple is decreased from 30 mV to about 2 mV. We are
now able to reach a resolution of 48 nm ± 3 nm.

In figure 2.19 the Bode diagram of the filter is shown.
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Figure 2.19: Bode diagram low pass filter with break frequency at 20 Hz

The filter of figure 2.19 is a quadratic lag with the following transfer function:

(2.27)

with 0) n = 20 Hz = 0.1257 kraals
~ = 0.5

The poles of HLPF lie at:

(2.28)

We can conclude that the sensor can become better, by applying recommendations 1 to 3.
With the current sensor disturbances with a frequency up to 20 Hz, can be measured with a
resolution between 45 and 51 nm.
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2.4 Interface

The mirror system is connected to an interface on which we use the following inputs and
outputs (to be found on the back of the interface):

Control inputs:
HeR: Control of air gap height
FeR: Control of vertical deflection
PeR: Control of horizontal deflection

Measurement outputs:
Hm: Measurement of air gap height
Fm: Measurement of horizontal deflection
Pm: Measurement of vertical deflection
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3. Why air gap height control ?

For the accuracy of the deflection system it is important to hold the center of the mirror
surface at a constant position, at which the incoming laser beam is pointed. When the mirror
is tilted, the air gap height changes, and the center of the mirror surface deviates from its
position. We measured that the air gap can vary up to 2 f'm from its equilibrium position due
to tilting of the mirror. How did we measure this? We tilted the mirror in different directions
by putting a sine or triangular wave on one or both deflection inputs (FeR and PeR), and we
varied the frequency of the signal up to 20 Hz, the bandwidth of the sensor with additional
low pass filter. For each frequency of the input signal, we tilted the mirror with the largest
possible deflection angle. The effect on the air gap height can be measured at output Hm, and
a maximum deviation of the air gap ofabout 75 mV was measured. With the smallest possible
sensor gain of 3.76.10-2 VIf'm, this results in a variation of the air gap of about 2 f'm.

The model derived by [Noten] is based on the fact that the air gap height stays at a constant
value. It is also supposed that the horizontal displacements of the semi sphere can be
neglected. In other words: Only the rotational dynamics of the semi sphere are considered,
the translational dynamics are not. The model would become very complicated when it should
be extended with the translational dynamics.

The accuracy of the system will be influenced by variation of the air gap height in two ways:

I The deflection of the laser beam is wrong when the air gap height changes, because the
laser beam does in that case not point at the center of the mirror.

II The measurement ofthe angles ofthe mirror will be influenced by variation ofthe air gap
height, because this movement induces a current in the secondairy coils of the angle
sensor.

I Deflection of the laser beam

One can imagine that the laser beam will be deflected wrong when the air gap changes. To
give an impression of this effect, see figure 3.1, where a two dimensional schematic view is
shown.

In figure 3.1 the air gap is changed by ~d. This has two effects: At first, when the laser
beam is projected at a projection screen, the position on the projection screen will deviate
by ~XI from the equilibrium position XI' Second, the traveling distance of the laser beam will
be longer. The extra length which the laser beam travels at the mirror side in figure 3.1 is
doubled by the reflected laser beam. At the retro-reflector, the traveling distance of the laser
beam becomes also longer.
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Figure 3.1: Effects of change in air gap height

We can compute ~Xl as:

Xo = M·tan(i)
Xl = l·tan(i)
X2 = Xo + (M + lJtan(i) = (2·M + I )·tan(i)
&1 = X 2-Xl = 2·M·tan(i)

(3.1)
(3.2)
(3.3)
(3.4)

From Zorge we know that:

minimal angle of attack: imill = 11 0

maximal angle qf attack: imax = 61 0

As an example suppose i = 61 0 and ~d = 2 ILm, then ~x = 7.2 ILm. From equation (3.4)
we see that ~Xl is proportional to ~d.

Let a be defined as the extra length which the laser beam will travel at the mirror, then this
length can be calculated as:

a = 4·M·cos-l (i) (3.5)

Suppose again i = 61 0 and ~d = 2 ILm, then a = 16.5 ILm. From equation (3.5) we see that
a is proportional to ~d.
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II Measurement of the angles

In practice it is difficult to measure the influence of only the air gap change (see figure 2.1)
on the measurement of the angles because there is a practical side effect: When the air gap
height of the current system is changed, the mirror is tilted at the same time. This effect is
shown by X 3 in figure 3.1. This unwanted effect is a combination of the following facts:

a. In practice it is for constructional reasons impossible to position exactly the connection
points of the strings at the mirror. So in practice these connection points do not have
exact mutual angles of 120° and they lie not exactly at the same distance of the center
of the mirror surface.

b. Assume that the mirror is at equilibrium position, that is, the mirror surface is
perpendicular to the plane of the secondary coils (see figure 3.1). The measured current
through the secondary coils is then zero, because the resulting flux through these coils
is zero (this can be measured at the outputs Pm and Fm of the interface). When in this
case the forces of the three actuators are not equal, the mirror will be tilted.

There are two reasons for the forces of the actuators to be unequal:
The actuators parameters (see table 2) are not exactly the same.
The interface contains an acuator matrix circuit (ACM), which applies for the air
gap height control equal voltages to the actuators. A difference in the applied
voltages will give different forces of the actuators.

From figure 3. 1 we see that the angle of attack i has become larger by 0 due to tilting of the
mirror. If we suppose:

/» M

then from (3.1) and (3.2) we see that Xo < < XI and we can compute X3 as:

Xj = /·tan(i + 0)

From figure 3.1 and equation (3.2) we can compute .1x2 as:

~2 = x j - Xl = x j - /·tan(i) = /·(tan(i+o) - tan(i))

From equation (3.4) and equation (3.7) we can compare .1x, and .1x2:

(3.6)

(3.7)

(3. 8 )

From equation (3.8) we see that the influence of .1x2 is much larger than the influence of .1x)'

Equation (3.7) can be written as:
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l'sin{tl)Ii. X 2 = --~--=-,,""":"'--'--....,.....,...,....
COS (i +tl ) 'cos (i)

(3. 9)

The influence of an extra tilting angle 0 on the position of the spot of the laser beam on a
projection screen is much larger than the influence of .1d.

Rough measurement of the effect of the air gap change on the angles measurement:

We want to know what the effect is of only the change of the air gap height on the
measurement of the angles, because errors in the measurement of the angles put restrictions
on the accuracy of the system. The measurement consists of the following steps:

Step 1: Position of the mirror in equilibrium position
We positioned the mirror as well as possible in its equilibrium position. This can be done by
measuring simultaneously the output signals Pm and Fmand turning the three nuts on the bolts
connected to the pretension springs (on the back of the mirror-system cover), so that the
signals Pm and Fm become zero.

Step 2: Changing the air gap height and measuring of the deflection angle
We applied a (maximum) voltage of 2 Volt on the air gap height control input (denoted by
"HeR"). With I = 2.1 m and i::::: 40 0 we measured the maximum value of .1x2 to be about
2 cm. This corresponds to an angle 6 = 0.32 0 or 5.6 mrad. We can measure the value of
the signal which gives a measure for the deflection angle in the x-direction (see also figure
3.1) denoted by" Pm". We measure a voltage change .1Pm = 110 mY, when we change HeR
from 0 to 2 Volt.

6HcR = 2 V 6 = 0.32 0 and 6Pm = 110 mV

Step 3: Estimation of the angle sensor gain by a simple measurement
What we have measured in step 2 is the effect of M plus the extra rotation 6 of the mirror.
To get a rough estimation of the effect of the vertical displacement 6d only, we suppose that
for small deflection angles the signal Pm is linear with the deflection angle i = r. It is easy
to check this on the real system; We can double the angle of attack i and check if the output
signal Pm has been doubled. In practice, this points out to be correct. Doing so, we measure
a sensitivity for Pm of about 0.21 V / degree.

Pm = 0.21 Volt / degree

Step 4: Estimation of the angle sensor output due to tilting of the mirror only
A deflection angle of 0.32 0 corresponds according to the measured sensitivity of step 3 to
6Pm = 77 mV, which can also be measured. When we change the position of the spot of
the laser beam from the equilibrium position XI to XI + 2 cm, the change of the air gap
height is negligable. This can be measured at the air gap height output Hm•
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From the above steps we can conclude that the effect of only the vertical movement lid of the
mirror on the measurement of Pm is 110 mV (step 2) - 77 mV (step 4) = 33 mV which
corresponds to an error in the angle measurement of 0.16° or 2.8 mrad. This is a large error
when we want to control the deflection angle of the mirror with an accuracy of J.Lradians.

As a practical remark it must be said that it is difficult to position the mirror in its exact
equilibrium position by turning the three nuts on the bolts connected to the pretension springs
(on the back of the mirror-system cover). The bolts can turn also and the result of all of this
is that the equilibrium position of the mirror is not very stable.

A possibility to solve the problem that the mirror is tilted while changing the air gap height,
is to adjust the ACM so that the spot on a projection screen stays at the same position. The
air gap height can then be controlled in a correct way; We want to control the height of the
air gap without tilting the mirror at the same time. Tilting the mirror is the task of the future
angles controller. The mirror and actuators can then be assumed to be an ideal system:
Connection points are positioned exactly, all actuator parameters are exactly the same and the
actuator forces are therefore always equal.

A next problem is the question how the air gap height controller operates together with the
angles controller. If the mirror is tilted to track the TCP of a robot, then the desired tilting
of the mirror causes a disturbance on the air gap. Assume that the system is ideal, and the
forces of the actuators are equal. When the mirror is tilted, the three equal actuator forces
of the gap height control system cause a resulting force on the semi sphere, which does not
act exactly on the center of the semi sphere. The cause of this is that the angle between the
arm of an actuator and a string, which is 90° in an equilibrium position of the mirror (see
figure 2.2), changes differently for each actuator. The effect is that the mirror experiences
an extra tilting caused by the air gap control. The future angles controller has the task to
control the angles a. and ~ of the mirror and can therefore measure and correct deviations of
these two angles. From [Goossens] and [Noten] we know that there exists also a rotation 4>
around the normal of the mirror, which is however not controllable.

We can conclude that a change in air gap height does not give a large deviation of the laser
beam compared to the resulting error in the measurement of the angles. For the air gap height
control, we have to assume the system to be ideal, with equal forces of the actuators. With
this assumption, we can derive a model for the air gap height control, and we can design an
air gap height controller based on this model.
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4. Modeling

The dynamics of the deflection system of figure 2.1 is modelled by figure 4.1. The model
consists of the following elements:

The rotating semi sphere, on which the mirror is placed, modeled by a homogeneous
mass m (= 4.2 g) and inertia J (among all axes, through the center of the semi
sphere)
Three translating actuators, each modeled by a mass M (= 9.5 g)
Three strings between actuators and semi sphere, modeled by a spring with high
stiffness Cs (= 1.5·](/ N/m)
Three pretension springs, with stiffness Cs (= 40 N/m).
The air gap, modeled by a spring with (air) stiffness ca (= 3.0·]rJ N/m when air
pressure = 2 bar) and a damping c.

actuator
:~~--------------

pretension spring ~;. Cp

..•..• _--.._. ----------.--- -~~p

Figure 4.1: Dynamical model of the deflection system

We assume that the influence of gravity is neglectable. The air gap is controlled by the equal
forces of the three actuators. If we assume that all actuators are equal, all strings are equal
and all pretension springs are equal, then we can consider the model of figure 4.2 .

In the simplified model of figure 4.2 the three actuators form one mass mao The three
pretension springs are parallel and we can add the spring constants of each spring which leads
to a spring with stiffness k2• The same holds for the three strings between actuators and
mirror. The damper models the low friction of the air bearing. What we first want to know
is the transfer between the combined force F(s) of the three actuators and the displacement
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of the semi sphere Y(s).

F =3Ficos(<p)
fl =kl"{yl - y)
f2 =h')"l
fJ =10')"
f4 = c'Cly/dt

1Dm =4.5 g
IDa = 3M = 28.5 g
kl = 3CsCOS(<p) = 4.35·lOs N/m
h = 3cpCOS(<p) = 115.9 N/m
10 = Ca = 3·lOsN/m
c =? Ns/m

cp. 15°· angle between y-direction and
direction of actuator force F

f4 6
mm

fl

kl F

fl

IDa C 1:::::] ~ 10
~

1
f2

lo~

/ /// // /// // / /

T
y

T
y

Figure 4.2: Simplified model

We assume that the angle cp between the direction of an actuator force Fj and the y 
direction of figure 4.2 remains constant (cp = 15°).

For the system of figure 4.2 we can write the following equations:

(4.1)

(4.2)

From equation (4.1) we can write the force F(s) of the combined actuator as:

(4.3)

and from equation (4.2) we can write:

32



(4.4)

The last equation can also be written as:

Y(s)
Y1 (s)

(4.5)

which is the transfer between the displacement of the actuator Y] and the air gap Y. For k)
~ 00 (very stiff strings) this transfer becomes 1.

The poles of equation (4.5) are:

(4.6)

where

(4. 7)

For k) ~ 00 (very stiff strings) the poles of equation (4.6) move away to infinity.

The transfer of equation (4.4) results in a complex pair of poles with damping 0] and
frequency (j)]. When there is no air friction (c = 0 ) and with the other parameters as in
figure 4.2, the pole plot of figure 4.3 results:

The positions of the poles are (in rad/s):

o± 1278i

These poles are caused by the mass of the semi sphere mm in combination with spring k] ,
which models the strings, and k3 , which models the air stiffness. When there is also a small
air friction, the poles move into the left half plane.

Substitution of equation (4.4) in equation (4.3) gives the transfer between the total force of
the actuators F(s) on the semi sphere and the displacement Y(s) of the semi sphere:

Y(s)
F(s)
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Figure 4.3: Pole plot of the transfer Y(s)/Yls)

where

a4 = m,lnm
aj = mac
a2 = ma(k] +k.J + mm(k] +k:J
a] = c(k]+k:J
aD = k]kj +k]k2+kjj

~ ma(k] +k.J + mmk]
~ ck]
~ k]kj

From these coefficients we can see that the influence of the pretension springs on the
dynamics of the system is very small. When there is no air friction ( c = 0) the pole plot
of figure 4.4 results:

The position of the poles (in rad/s) are:

o ± 13578i
o + 2433i

With regard to figure 4.3 there is an extra complex pair of poles closer to the origin, caused
by the mass of the actuator ma and the pretension spring k2• When there is a small air friction,
all poles move into the left half plane.

When k1 ~ 00 (very stiff strings) the following transfer results:

Y(s)
F(s)

1 (4 • 9)
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Figure 4.4: Pole plot of the transfer Y(s)/F(s)

with

02 = rna + mm
01 = C

00 = k) + k2

This transfer function has two poles at positions (in rad/s):

o + 3030i

when c = O. A higher stiffness of the strings will therefore result in higher a frequency of
the poles close to the origin.

What is the influence of the voltage-control of the actuators? To examine this, we have to
compute the transfer between the voltage V(s) on an actuator-coil and the force FA(s) of an
actuator.

The force Fj of one actuator is given in equation (2.2). The actuator displacement hj is the
same as Yl in figure 4.2. Therefore we can write:

F(S) = 3'Fi (s) ·cos (q»
3cos (q» AV(s) -s'3cos (q»A2Yl (s)

=
R+s'L

(4.10)

If we substitute this equation in equation (4.8) we will find:
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Y( s) 3cos (lp) k1A .V(S) _ s·3cos (lp) A 2 .y (S)
N1 (S) • (R+sL) N

1
(S) •(R+sL) 1

(4.11)

and substitution of equation (4.4) in this equation gives:

with:

Y(s)
V(S)

3cos(lp)k{A
(4.12)

bs = aJ.-
b4 = afl + aJL
bJ = aJR + azL + 3cos(<p)AZmm
bz = azR + ajL + 3cos(<p)Azc
bj = ajR + aJ., + 3cos(<p)Az(kj+kJ)
bo = acfl

=mfllmL
= mfll~ + macL
= macR + (ma(kj+kJ + mm(kj+kzJ)L + 3cos(<p)AZmm
= c(kj+kzJL + (ma(kj+kJ)+mm(kj+kzJ)R + 3cos(<p)AZc
= c(kj+kzJR + (kjkJ+kjkz+kzkJL + 3cos(<p)Az(kj+kJ)
= (ki3 + kjkz + kzk3)R

Equation (4.12) gives the transfer between the voltage V(s) on each actuator-coil and the
displacement Y(s) of the semi sphere. There are five poles and when there is no air friction
(c = 0) the pole-plot of figure 4.5 results (with the other values as given in figure 4.2).

The positions of the poles in figure 4.5 (in rad/s) are:

-.4952 + 1358i
-3304
-.9777 ± 2500i

With regard to figure 4.4 there is one extra pole on the negative real axis, caused by the
voltage-control of the actuators. Due to the damping force of the actuators, the poles of
figure 4.4 are moved into the left half plane. This damping force has a large effect on the
position of the complex pair caused by the actuator mass-spring-system (close to the origin).
The effect on the semi sphere-mass-spring-system is, understandably, smaller.

When there is a small air friction (take c = 1) then the pole plot of figure 4.6 results.

The positions of the poles (in rad/s) in figure 4.6 are:

-113.2 + 13579i
-3303
-104.3 + 2500i

The two complex pair of poles move to the left when the air friction becomes larger. From
figure 4.7 it can be seen that the complex pair of poles caused by the mass-spring- system rna,
k1) dominate the transient response of the sytem. They have a small relative stability and a
low damping ratio, causing a slow decaying oscillation in the transient response.

36



,

X

X

0.5

X 10'
1.5

-0.5

III
'x
-; 0
.".s

-1

-1.5
-3500 -3000 -2500 -2000 -1500 -1000 -500 0

Real Axis

Figure 4.5: Pole plot of Y(s)/V(s) when there is no air friction (c = 0)
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Figure 4.6: Pole plot of Y(s)/V(s) when there is a small air friction (c = J)
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5. Frequency response measurement of the
laser deflecting system

5.1 Blockscheme of the air gap control system

The blockscheme of the system which controls the air gap height of the air bearing is given
in figure 5.1.

v.

IM: :
I I
I I
I Il J

I
I
I
IHm:

Figure 5.1: Block scheme of the air gap control system

In the blockscheme of figure 5.1 is:

ref'.
do:
d:
Hm:
Yo:
C(s):
HcR:
Sensor:
PeR:
FeR:

Air gap height reference
Equilibrium air gap height
Air gap height
Measured voltage dependent on the air gap height
An initial voltage for equilibrium air gap height do
Controller to be designed
Control voltage to control the height of the air gap
The sensor which measures the air gap height
Control input on the interface to control the vertical deflection
Control input on the interface to control the horizontal deflection

The mirror system is connected to an interface on which we use the inputs HeR (air gap
height), PeR (vertical deflection) and FeR (horizontal deflection). The signal on the interface
to measure the air gap height is Hm • The Actuator Matrix Circuit computes the voltages of the
actuators, such that the height of the air gap, the horizontal and the vertical deflection is
realised. The Airgap Security Shutdown protects against too high currents, voltages and air
pressures.
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When there is no control voltage HeR, the air gap measured is do. This equilibrium air gap
height is caused by an initial voltage Vo and by the constant air pressure.

5.2 Measurement of the process

Let us define the process P(s) as:

P(s) = Hm(s)
HcR(s)

(5. 1 )

P(s) is the transfer between HeR and Hm without the additional low pass filter. With a
spectrum analyzer we can measure the frequency response of P(s). From chapter 4 we expect
that the system has 5 poles: a complex pair of poles from the actuator mass-spring -system,
a complex pair of poles from the semi sphere mass-spring-system and a pole on the negative
real axis from the voltage control of the actuators.

The measured frequency response of P(s) is approximated as well as possible by placing the
five poles at the right positions. There was no possibility to transfer the measured data from
the spectrum analyzer to MATLAB. If this had been possible, we could have used a curve
fitting function in MATLAB.

The approximated frequency response is shown in figure 5.2:

magnitUde plot of 5th order proces
o

·50

!g -100

-150

../\
"-I'-.

r-r- 1\

\
~

'\

\
\

10'
kradls

Figure 5.2: Measured frequency response ofP(s)

The measured proces has poles with high frequencies (1634 rad/s and 10242 rad/s). These
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high frequencies lead to numerical problems in MATLAB. Therefore all frequencies are
expressed in krad/s instead of rad/s. The advantage is that the frequencies used in MATLAB
will be a factor 1000 smaller, and doing so there are no numerical problems any more. As
a consequence, time will not be expressed in seconds, but in milli-seconds:

w=21tf - w [rad/s] 'T[s] =21t [rad] - w [krad/s] 'T[ms] =21t [rad] ( 5 • 2)

In figure 5.2 we see that there are two resonance peaks (0 dB at 1634 rad/s or 260 Hz and
-42 dB at 10242 rad/s or 1630 Hz). The slope after the first peak is about -60 dB/dec, after
the second peak about -100 dB/dec.

The accuracy of the measurement is given by the spectrum analyzer with a coherence-plot.
The coherence - function is given by:

wi th 0:0: y~ (f) :0:1 (5.3)

where G,.lfJ is the spectrum of the input signal x, and GifJ is the spectrum of the output
signal y. When the coherence function is larger, the bias error in the measurement due to
measurement noise will be smaller. When the coherence function is close to one, the
measurement is acceptable. An approximation of the coherence plot is given in figure 5.3.
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Figure 5.3: Accuracy offrequency response measurement

From figure 5.3 we see that for low frequencies up to 100 Hz, the measurement is less
reliable due to measurement noise. In a frequency range around the first resonance peak, the
measurement is very reliable and in a small frequency range around the second resonance
peak, the measurement is also reliable. Between the two resonance peaks there are two peaks
of the coherence function downwards (before 1000 Hz and after 1000 Hz) and at these two
frequencies the real measured frequency response shows small disturbances. At these
frequency points, the measurement is not reliable. For high frequencies larger than 1630 Hz
the measurement is not reliable. A model based on this measurement will roughly have small
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model errors up to a frequency of 100 Hz, and large errors at frequencies larger than about
1650 Hz.

The pole-plot of the model P(s) is given in figure 5.4. The positions of the poles (in rad/s)
in figure 5.4 are:

-500.0 + 10242i
-3304
-103.7 + 1634i

According to the results of chapter 4, we positioned the pole on the negative real axis at 
3304. The frequencies of the two complex pairs of poles are lower than the computed
frequencies of the poles in figure 4.6. The complex pair far from the origin (caused by the
semi sphere and the strings) lies further into the left half plane.
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Figure 5.4: Pole plot ofP(s) (krad/s)

The differences between the measured and computed values of the pole positions can be
explained by:

1. The measured transfer isn't only the transfer between the input voltage on the actuator
coils and the air gap height, but contains the mirror system and the electronic parts
of the interface between the input HeR and output Hm (see figure 5.1).

2. The physical parameters given in chapter 4 can differ from the real values.
3. In the simplified model figure 4.2 we assumed that the three pretension springs are

equal, the three actuators are equal and the three strings are equal. In practice, this
is probably not true.

In figure 5.5 the open-loop step response of the process P(s) is shown. The two poles close

41



to the origin determine the slowest decaying term in the system I s natural response. The
response dies out after 50 ms. The speed of decay of the transient of the controlled closed
loop system can be increased by increasing the negative real part of the pole positions.

The two complex pairs of poles results in an underdamped system (damping ratio l: < 1).
Due to a very low damping ratio, there is an excessive overshoot in a step response. The
damping ratio l: = cos4> of the controlled closed loop system can become larger by decreasing
4>, where <I> is the position angle of the poles with the negative real axis.
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Figure 5.5: Step response ofP(s)

With the low pass filter of figure 2.19 applied, the pole zero map of the system becomes as
in figure 5.6. Two extra poles of the low pass filter HLPF(S) of equation (2.28) are added.The
bode plot of the system with the additional low pass filter is shown together with the system
without the filter in figure 5.7 (lower line: with filter, upper line: without filter).

From figure 5.7 we see that the system with the additional low pass filter attenuates high
frequencies much more than the original system. The step response of the system with filter
is shown in figure 5.8.

From figure 5.8 we see that the overshoot of figure 5.5 is decreased because of the larger
attenuation of high frequencies. The response is slower and becomes stable after about 80 ms.
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Figure 5.6: Pole zero map of P(s) extended with HLPF(S)
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6. Hoo Controller design
We will design an air gap height controller with the aim to hold the air gap to a constant
height. Without this controller, we cannot garantuee the accuracy of the laser tracking system.
To satisfy all control goals and constraints (see section 6.4) we use a Hoo control design, in
which we can specify them separately.

6.1 Regulator problem

The feedback regulation loop of figure 6.1 is used.

Vo=O V "

ref~()f----e_'IC(S) IHCR{tr:J~-+.D~+-I LPF I +~ Hm

Figure 6.1: Blockscheme of regulator system

In figure 6.1 ref is the setpoint for the air gap height. Notice that the transfer between HeR
and the output of the sensor is measured with the spectrum analyzer (see chapter 5). HeR is
the control input to control the height of the air gap, Hm is now defined as in figure 6.1 and
is the measured voltage depending on the air gap height d. The additional low pass filter is
denoted by LPF. We could have placed this low pass filter just before the controller C(s) and
this would give no difference for the closed loop system. The advantage would be that we can
measure the unfiltered output of the sensor. Vo is an initial voltage resulting in do' which is
the equilibrium air gap height do. The input v is the perturbation of the air gap height and 11
is measurement noise.

Because this is a regulator problem, the setpoint ref is not considered and can in fact be
ignored in the linear design (ref = 0). The constant Vo and determines the operating point
do and can also be ignored. The aim of the height controller is to maintain the air gap at a
constant height, it is not important at which height the air gap stays.

From chapter 2 we know that the gain of the sensor can vary by + 8%. Therefore it is not
known exaclty which measured voltage corresponds to which air gap height (see also figure
6.2). For the controller design we take the gain of the sensor at the nominal value Snom, to
be able to express the air gap height in p.m. From figure 6.2 we see that we then assume that
the relation between the air gap height d and the measured value Hm is then given by the
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solid line. The air gap height controller tries to keep the variation in d as small as possible.
In reality, the variation in d can be larger, as can be seen from figure 6.2. In fact, in spite
of the sensor gain, we want to keep the variation in the measured voltage Hm as small as
possible. This will always result in an air gap variation, which is as small as possible.
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Figure 6.2: Influence of varying gain ofsensor (solid line: nominal
sensor gain)

6.2 Blockscheme with weighting filters

In figure 6.3 the blockscheme of figure 6.1 is extended with weighting filters. The use of
weighting filters in Hoo design is of crucial importance in arriving at a controller which
satisfies the design objectives.

In figure 6.3 the air gap height d, expressed in pm, is disturbed by v (pm). The output of the
process P(s) is expressed also in p.m. From section 2.3.2 we know that the nominal sensor
gain corresponds to:
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!:1B",
8no", == !:1d = 0.0411 V/~m (6.1)

in the operation point (do = 36.3 I-'m).
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Figure 6.3: Blockscheme extended with weighting filters

The output of P(s) is multiplied by a factor 1 / Snonl = 24.33 I-'m / V to express the variation
of the air gap height in I-'m. The block H represents the sensor and the additional low pass
filter and the output of H is multiplied by a factor Soom to express the air gap height in Volts.

The block !1P represents the additive model perturbation. This !1P is determined by:

- Limited identification:

- Unmodeled dynamics:

- Time variance:

- Actuators and sensors:

The measurement of the process characteristics cannot be done
without an error.
The real behaviour of the process is approximated by a simple
representation.
The real dynamics of the proces change in time due to, for
instance, the influence of change in air pressure or temperature.
Sensors and actuators are a part of the controlled system and
can, like the process itself, fail or degradate.

The actual input signals are the output signals of the following input weighting filters:

V,,: Weighting filter to characterise over frequency the sensor noise 11.
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Vv: Weighting filter to characterise over frequency the disturbance v on the air gap height
d. The disturbance v consists of disturbances due to the model perturbation I1P and
direct disturbances of the air gap height. The last mentioned disturbances occur for
instance when the mirror is rotated to track the TCP of the robot.

The actual output signals are the input signals of the following output weighting filters:

W,,: Weighting filter to weight over frequency the actuator input u.
Wd : Weighting filter to weight over frequency the air gap height d.

6.3 Augmented plant

The augmented plant is given in figure 6.3:
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Figure 6.3: Augmented plant

In the augmented plant are w, Z, y and u vectors:

w: Contains the exogeneous inputs ntl and nv•

z: Contains the output signals that have to be minimised.
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y: Contains the actually measured signal e.
u: Contains the output of the controller, which is applied to the augmented system

with transfer function G(s).

In s-domain we may write the augmented plant in the following form:

while:

u = K-y

denotes the controller. Eliminating u and y yields:

The control aim requires:

(6.2)

(6.3)

(6.4)

min sup liz Ih
K stabilising wE~ ~w1l2

where

min
= IM(K)t.

K stabilising
(6.5)

118112 = !IS(t)/2tlt
o

is the two-norm, which expresses the power or energy of the signal s.
~2 is a set of signals:

~ = {s:T .... W I IIslh<oo}

When a signal s belongs to ~2 then its power or energy is bounded.

(6.6)

(6.7)

The interpretation of the left side of equation (6.5) is as follows:
Above all, we have to find a stabilising controller K. In equation (6.5) "sup W E £f2" indicates
that w is a worst disturbance, which is however bounded. For this worst disturbance, we want
to minimise the energy of z, containing the air gap height d and the actuator input u.
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With equation (6.4), the control aim can be written as in the right side of equation (6.5).
where the Hoo-norm, which maps ~2-signa1s to ~rsignals, is used.

The Hoo norm of a SISO transfer function H, denoted by:

max
~HII.. := IhUw) I

wEB.
(6.8)

has the interpretation of the maximal peak in the Bode diagram of the frequency response of
H.

From the augmented plant of figure 6.3 we can determine the closed loop transfer matrix M:

a a W. PK .y IW· .y
n" nv d I-PKH " d I-PKH v

M= =
U U K W. KH .vw· .y

n,., nv u I-PKH " u I-PKH v

If we can manage to obtain:

IIMII.. < y =: 1

then it can be guaranteed that:

(6.9)

(6.10)

'VwER:

IKP(l-KPH)-ll < 1
IWd·V,.,1

IK(l-KPH)- l l < 1
IWu'V,,1

l(l-KPH)-ll < 1
IWd'Vvl

IKH(I-KPH)- l l < 1
IWu'V,,/

(6.11)

We can "shape" the closed loop transfers by an appropriate choice of the weighting filters.
The real closed loop system contains no weighting filters.

If we take:

H(s) = 1

then we can write equation (6.11) as:
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ITI < _1_
1WiY'l1

IRI < _1_
IWu·Y'l1

lSI < _1_
IWd·Yvl

IRI < _1_
IWu·Yvl

(6.12)

where S denotes:
T denotes:
R denotes:

Sensitivity
Complementairy sensitivity
Control sensitivity

When the low pass filter in H is applied, we have in fact two different control sensitivities,
one shaped by filters Wu and V'l' and the other shaped by Wu and Vv'

6.4 Control goals and constraints

We have to design the control block K such that the air gap d stays at a constant value. To
achieve this we have to find an optimal form between control goals and constraints:

1. Stability:
2. Disturbance reduction:
3. Sensor noise reduction:

4. Avoidance actuator saturation:
5. Robustness:

6.4.1 Stability

The closed loop system should be stable.
The influence of disturbing noise v should be small.
The noise" introduced by the sensor should not affect
much the output d.
The actuator should not become saturated.
If the real dynamics of the process change, the
performance of the system should not deteriorate to an
unacceptable level.

The closed loop system is required to be stable. Nowhere in the closed loop system, some
finite disturbance may cause other signals in the loop to grow to infinity. All transfers from
inputs to outputs have to be checked on possible unstable poles. So unstable modes have to
be reachable from u to garantuee the existence of a stabilising controller. The controller is
only able to stabilise, if it can conceive all information concerning the unstable modes.
Summarising: Unstable modes of G(s) have to be controllable by u and observable from y.
The Multivariable Hoo Control design toolbox (MHC), which we will use for the calculation
of a controller, checks if there exists an internally stabilising controller. This is done by
checking several general mathematical assumptions (see user manual Multivariable H-injinity
Control Design Toolbox).
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6.4.2 Disturbance reduction

From equation (6.9) we see that if we want to decrease the effect of the disturbance von the
output d, we have to choose controller K such that the transfer dlv (sensitivity) is small in the
frequency band where we want to keep the air gap d at a constant value. The disturbance
reduction has to be large at low frequencies, because a small steady state error is desired. The
transfer dlv will therefore be small for a low frequency band. In general, we will try to make
this band as large as possible to get the fastest response. The response time is roughly
inversely proportional to the bandwidth.

6.4.3 Sensor noise reduction

From equation (6.9) we see that if we want to decrease the influence of the sensor noise 11
on the output d, we have to design a controller C such that the transfer dill (complementairy
sensitivity) will be small in the frequency band where 11 is is most "disturbing". In practice,
the sensor noise appears often at high frequencies and therefore dill will be small for high
frequencies. The sensor noise must pass through the controller K and the process P before
reaching the output d. When the blocks K and P do not respond to the high frequency noise,
they act as filters that remove the noise. The magnitude plot of the proces P with and without
additional low pass filter is shown in figure 5.7. From this figure we see that high frequencies
will be suppressed, but unmodeled dynamics may cause problems. For the controller K we
have to look out for derivative action. Differentiation can reduce oscillations in the output
signal (reduction of overshoot) but it has a disadvantage with real systems: High frequency
noise changes fast and differentiation will amplify the noise, which can be damaging to the
input u of the proces, even though the noise will be attenuated in the closed-loop system.

6.4.4 Actuator saturation avoidance

We assume that for continuous operation, the actuator voltage u (= HcR on the interface) has
to be in the range:

-2 V ~ HeR (=u) ~ +2 V (6.12)

Larger input values give nonlinearities in the air gap height response, and therefore it is
recommended to keep to the restriction of equation (6.12). The actuator has also a maximum
frequency, which is assumed to be about 20 kHz, because an actuator operates like a
loudspeaker.

maximum frequency actuator: 20 kHz

This is a very high frequency with regard to the frequencies where the air gap d is of interest.

Consider equation (6.9). In order to keep u small enough we have to make sure that:
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1. The transfer u/Y] (control sensitivity) is small in the frequency bands where the sensor
noise Y] and the air gap height d are of interest.

2. The transfer u/v is small in the frequency bands where the proces disturbance v and
the the air gap height d are of interest.

From equation (6.11) we see that these transfers are shaped by the filters Vv, Vl1 and Wu•

Filters Vvand Vl1 are characterisation filters for process disturbance and noise. Therefore the
most suitable way to satisfy the two demands for an actuator, is to choose the right gain and
crossover frequency of the weighting filter Wu' given by Vv and Vl1 • With the help of
simulations in time domain we can check if the actuator does not saturate. If it does, filter
Wu has to be adjusted.

6.4.5 Robustness

The effect of the robustness requirement is illustrated in figure 6.4. In this figure P is the
nominal process and tJ.P is a deviation. The line with the large peak illustrates a very good
performance for the nominal proces. When the model error tJ.P however becomes larger, the
performance detoriates fast. The other line shows a more robust control, but the performance
for the nominal model P has become worse.
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Figure 6.4: The effect of the robustness requirement

The small gain configuration is given in figure 6.5. The uncertainty block tJ.P is an additive
perturbation and is as it were "pulled out" .
Suppose H(s) = 1, then for additive perturbations:

M = R (under additive perturbations)

According to the small gain theorem the system of figure 6.5 is asymptotically stable if:

IIM·~PIL.. = IIR·l1PII.. < 1

53

(6.14)



LlP

I
M

Figure 6.5: Small gain corifiguration

Equation (6.14) can be refined by considering for each frequency the maximal allowable
perturbation ill' which makes the system unstable. If we assume that C stabilizes the nominal
plant P then the closed-loop system is stable for all additive stable perturbations liP if:

'VW E R: I~P(iw)1 < IR~W)I or I~P(iw)ldB < -IR(iw)ldB
(6.15)

With this equation and a Bode plot of IR (fro) I we can determine for each frequency ro the
maximal allowable model error Iill'(fro) I. If we make IROro) I smaller, IliP I may become
larger and so the robustness is increased.

From equation (6.11) we see that R is determined by the filters W", V" and V". So by
choosing these weighting filters, we can combine the demands for actuator saturation and
robust stability.

6.5 Weighting function selection

A typical plot for Sand T is given in figure 6.6. Because S + T = 1, a small S gives a large
T and vice versa. Sand T are complex numbers and therefore ISI and ITI can become larger
than 1 for a small frequency band.

From this figure we see that the sensitivity S is shaped by a weighting function 1/1 Wsl, and
the complementary sensitivity T is shaped by a weighting function 1/1 WTI. The filter Ws is
a combination of the filters Wd and V"' and the filter WTis a combination of the filters Wd and
V".
The steady state error is determined by choice of As, which is the magnitude of S at ro = o.
The bandwidth ro s, is determined by the choice of the crossover frequency of S. The sensor
noise reduction is determined by the choice of An the magnitude of T at high frequencies.
The disturbance reduction at high frequencies is determined by the value of S at high
frequencies.
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Figure 6.6: Typical plot for S and T

The weighting filters are given in figure 6.7.
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Figure 6.7: Weighting function selection
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Filter V'1:
- Chosen constant
- Represents measurement noise at output of low pass filter:

2 mV ripple ~ -54 dB

When positioning the low pass filter just before the controller, this filter has to be adjusted.

Filter Vv :

- Chosen constant
- Represents disturbances on air gap height:

From measurements we expect that the disturbances of the air gap height are maximal 2 #Lm
due to rotations of the mirror.

From figure 5.3 we can see that for low frequencies (up to about 100 Hz) there is a certain
model error. For these frequencies the fluctuation in the frequency response, which is
approximated by figure 5.2, is about 20 mY. This corresponds to a deviation of 0.5 #Lm in
the air gap height.

From this we choose Vv = 0.5 + 2 = 2.5 #Lm or 8 dB.

Filter Wd :

- Chosen low pass, 2nd order (see equation 6.16):

Wj..O)-(p/Z)2{S + zf
Wj..s) :: -----

(s + p)2

p = 10-2 krad/s = 1.59 Hz
z = 10-1 krad/s = 15.9 Hz
Wd(O) = 20 = 26 dB

Filter Wu:

- Chosen constant: 1/2 = 0.5 = -6 dB
- Prevents the actuator from saturation (I HeR I < 2 Volt)

6.6 Closed loop transfers

(6.16)

With the weighting filters of figure 6.7 we computed a controller by using the Matlab toolbox
MHC, and we found a gamma close to 1:

y = 1.0742

The closed loop transfers are shown in figure 6.8:
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Figure 6.8: Closed loop transfers

In figure 6.8 the dotted lines denote the constraints, given by the choice of the weighting
filters. The solid lines are the transfers of the closed loop system without weighting filters.
These lines have to lie below the dotted lines, according to equation (6.11). When a solid
line hits a dotted line in a certain frequency band, this indicates a bottleneck. From figure 6.8
we can see the following bottlenecks:

1. transfer 1 ~ 1 or d ~ 11 for f < 1()2 krad/s or f < 1.59 Hz
2. transfer 2 ~ 1 or d ~ v for 1()2 < f < 1()1 krad/s or 1.59 Hz < f < 15.9 Hz

Bottleneck I is due to the measurement noise. The filter V" characterises the measurement
noise and can therefore not be altered. Looking at transfer 2 ~ 1, one can see that there may
be some room left for improving the performance for low frequencies by increasing the gain
of Wd at low frequencies. This is however not possible because the bottleneck of transfer 1
~ 1 does not allow this, because increasing Wd would lower 1/1 Wd "\1 I. The conclusion is that
the measurement noise limits the performance of the system.

From transfer 2 ~ 1 we can see that the choice of Wd determines the bandwidth. A higher
bandwidth can only be achieved by decreasing the gain of Wd, so that 1/1 Wd Vv I will become
larger. We then create room for increasing the bandwidth, at the cost of performance at low
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frequencies. The slope of the rising part of transfer 2~ 1 will become larger when increasing
the bandwidth, and for a small frequency band the transfer will rise above 0 dB. We then see
a little hill on the transfer, which results in an overshoot in the step response. By choosing
filter Wd second order instead of first order, the slope of transfer 2 ~ 1 is allowed to be
larger, allowing a larger bandwidth. By extending Wd with two zeros, the size of the hill on
the transfer 2 ~ 1 can be limited, limiting the overshoot in the step response.

Transfer 2 ~ 1 is shown again larger in figure 6.9.
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Figure 6.9: Closed loop transfer v ~ d

From figure 6.9 we see that disturbances with frequencies up to a frequency of 0.2 krad/s =
31.8 Hz will be attenuated. The disturbance attenuation is larger than 35 dB only for
disturbances with a frequency up to 1 Hz. The bandwidth of the closed loop system is very
small compared to the ultimate bandwidth of about 300 Hz. A large steady state disturbance
reduction is achieved of about -62 dB.

From the transfers 1~ 2 and 2 ~ 2 we can see that there are no bottlenecks, and therefore
we expect that the actuator does not saturate.

A bode plot of the controller is shown in figure 6.10. The controller has a high steady state
gain to get a small steady state error. Up to a frequency of 4.104 krad/s or 0.064 Hz, the
gain stays at a high value, after this frequency the gain decreases. For frequencies between
0.1 and 3 krad/s (15.9 Hz and 477 Hz), the controller shows two differential actions, which
can be dangerous with regard to sensor noise.
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Figure 6.10: Bode plot controller

The pole zero map of the controller is shown in figure 6.11.
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Figure 6.11: Pole zero map controller (krad/s)
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The pole zero map of the closed loop system is shown in figure 6.12.
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Figure 2.12: Pole zero map closed loop system (krad/s)

From figure 2.12 it can be seen that the controller has canceled the poles of the additional
low pass filter.
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7. Simulations
system

and testing on the real

7.1 Simulations

The controlled closed loop system is simulated with the Simulink-blockscheme of figure 7.1:

'--.,,----,,-JI4--r---si-llneHwnl,~ d~l

x' = Ax+Su
y = CX+Ou

Controller
Saturation

Proces

Surn1

d

air gap (urn)

Sensor + LPF

C9 ~I tme
Clock

Figure 7.1: Simulation blockscheme

Disturbances are put directly on the air gap d and we used a step input, a sine wave and a
triangular wave. We expect that disturbances to the air gap do not occur as a step in practice.
However, the advantage of applying a step in the simulations is that it results in large changes
in the control signal. When the actuator signal does not saturate when applying a step input,
it does certainly not when a signal with a smaller rising or falling slope is used (same
amplitudes assumed). The sensor resolution is simulated by a random signal with a peak of
1 mV.

In figure 7.2 the results of a step input disturbance of 2 ~m are shown. We can see that the
actuator is not saturated and reaches the maximum value of almost -1 Volt. The step time is
at 50 ms and 80 ms after this time, the air gap becomes stable. Due to measurement noise,
the air gap stays within the range -0.1 to +0.1 ~m when stability is reached.

In figure 7.3 a simulation is shown with a sinus waveform as a disturbance on the air gap.
The sinus has frequency 2 Hz and amplitude 1 ~m. The sensor noise is not simulated in this
figure. The actuator is again not saturated, and the disturbance is attenuated from 1 ~m to
about 30 nm in amplitude. This is an attuenuation of 33x or about 30 dB.
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This corresponds to the closed loop transfer v ~ d of figure 6.9 at 2 Hz. Disturbances with
higher frequencies are attenuated less, which can also be seen from figure 6.9.

In figure 7.4 a simulation is shown with a triangular waveform disturbance, with frequency
10Hz and amplitude 1 ~m.
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Figure 7.4: Triangular wave disturbance,j=]OHz, amplitude] pm

The actuator does not saturate and stays between -0.5 and +0.5 Volt. The air gap disturbance
is attenuated from 1 ~m to about 0.4 ~m in amplitude which is an attenuation of 2.5x or 8
dB. The attuenuation has, as expected, become worse because the frequency of the disturbing
signal is larger.

7.2 Testing on the real system

To test the controller on the real system, the controller can be implemented on a DSP system
using the blockscheme of figure 7.5.

The implementation is started by pushing the Build button from the Real-time Options dialog
box in Simulink. The integration method and the sample frequency can be chosen in this
dialog box. The sample frequency should be chosen 4 to 20 times the system bandwidth (we
choosed 2000 Hz). The voltage range of the 16 bits ADC- and DAC boards of figure 7.5 are
chosen as [-5V,+5V] and therefore the resolution of the conversion is 0.15 mY. This is a
factor 13.3 smaller than the sensor resolution of 2 mY.

63



The disturbances on the air gap were caused by tilting the mirror by putting a signal on the
vertical and/or the horizontal deflection input.

nurn_c(s)
den_c(s)

Saturation
controller

Figure 7.5: Real-time setup using an ADC- and a DAC-board

Problems with testing on the real system are:
1. The practical imperfections of the system, denoted in chapter 3. The unwanted extra

tilting of the mirror when the air gap height is controlled can cause an amplification of
the applied disturbance !

2. Extra noise occurs when using the ADC-board DS2001, due to the pickup of a signal
with the clock-frequency of the DSP system (which is 40 MHz). This makes the sensor
resolution worse, from 2 mY to about 10 mY ! Therefore it is recommended to amplify
the difference between Hm and the dc-component of Hm, to use the full voltage range
of the ADC- and DAC-boards.

Some test results are shown in Appendix B. The first plot of Appendix B shows the signals
Hm and HcR when there is no disturbance. We see that Hm has large peaks due to the noise
added by the ADC-board. In the second plot of Appendix B a sinus wave disturbance with
f= 1Hz was used. The controller reduces the sinus wave disturbance from 30 mY top-top (not
shown) to 10 mY top-top, as can be seen from the first 4 seconds. Just before t=4s, an extra
disturbance was put on the system, by pushing the table on which the mirror system is
positioned. From the plot of HcR we can see that the controller responds to both disturbances
and does not saturate. The additional disturbance at t=4s is of higher frequency and is
therefore attenuated less than the disturbance with a frequency of I Hz.
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8. Conclusions alld recommendations

Why air gap height control ?
Air gap height control is necessary because a variation in the air gap height will influence the
accuracy of the system in two ways:
1. The air gap control has the aim to hold the center of the mirror surface, at which the

incoming laser beam is pointed, at the same position. Rotation of the mirror will disturb
the air gap height and so the position of the center of the mirror surface.

2. By changing the air gap height, the measurement of the angles will be influenced. From
rough measurements we think that this influence is much more severe than the wrong
deflection of the laser beam.

About the actuators:
Voltage control has been chosen, because this is easy in practice, because for current control,
a voltage-to-current converter needs to be integrated. In contrast to current control, voltage
control leads to an extra pole in the transfer function of the system. The speed of the system
is however not influenced by this extra pole.

About the angle sensors:
The directions of deflection angles a and r3 of the mirror have been defined.
It is difficult to compute the exact position of the mirror from the currents to be measured and
it is therefore recommended to calibrate these sensors.

About the air gap sensor:
It is assumed that the horizontal movements of the mirror are negligable.
The height sensor circuit consists of a capacitor-circuit, a buffer, a full wave rectifier and
a low pass filter. Adjustments, which are recommended in this report, to the capacitor-circuit,
the buffer and the low pass filter will improve the accuracy of the air gap height sensor.
A relation between the sensor output and the air gap height was computed. This is a non
linear relation, but the air gap control system is a regulator system and thus the relation can
be linearised in the operation point. The operation point cannot be calculated exactly. It is
calculated that the operation point is between 32.2 and 41.5 J.tm. Also the gain of the sensor
cannot be determined exactly. In the operation point it can deviate by ±8 % from its nominal
value, but it remains constant in time.
Calibration of the sensor with the help of an interferometer is possible up to an accuracy of
0.1 J.tm (100 nm). Currently, the semi sphere is rotated by a maximum of about 0.32° when
the air gap is controlled, which gives problems while calibrating the sensor with an
interferometer.
We used an additional low pass filter with a bandwidth of 20 Hz to attenuate noise due to
pickup of the mains voltage and pickup of the oscillator signal.

About modeling:
A model based on ODE's for the air gap height control has been derived under idealised
conditions. The three actuators are combined to one mass, the semi sphere is modeled by a
mass, the air gap by a damper and a spring, the strings are combined to a stiff spring and the
pretension springs are combined. The resulting model has five poles: One complex pair of
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poles far from the origin caused by the semi sphere mass-springs-system, one complex pair
of poles close to the origin caused by the actuator mass-springs-system and one pole caused
by the voltage control of the actuator.

About the frequency response measurement of the process:
The frequency response of the process without additional low pass filter is measured with a
spectrum analyzer and the process transfer is approximated by a correct positioning of five
poles. The number of five poles, and the expectation of the positions of these poles followed
from the modeling. The accuracy of the measurement can said to be good up to frequencies
of 1650 Hz. In a frequency band around the first resonance peak, it is even fully reliable. The
additional low pass filter at the output of the process to attenuate measurement noise causes
two extra poles, and limits the bandwidth of the system. The frequency response measurement
with the spectrum analyzer is fast and can be very accurate and it is therefore recommended
to use a spectrum analyzer in future (angles) controller design. A restriction is that measured
data of the spectrum analyzer can not be transfered to a program like Matlab. It is
recommended to solve this problem.

About the controller design:
A Hoo-controller was designed based on a model consisting of the measured process extended
with the additional low pass filter. A Hoo-design was chosen to be able to deal with all
control goals and constraints. The choice of weighting filters is important in Hoo-design. The
choice of the characterisation filters for process disturbance and measurement noise are based
on the results of research on these subjects. Connected bottlenecks in the performance of the
control system are measurement noise and bandwidth. A large steady state disturbance
reduction of -62 dB is reached, but the bandwidth of the controlled system is small;
Disturbances with a frequency up to 31.8 Hz will be attenuated and the attenuation is more
than 35 dB only for frequencies up to 1 Hz. To reach a higher bandwidth, a better sensor is
needed.

About the simulations:
From the simulations it can be concluded that the actuator will not saturate. For a step input
disturbance of 2 J.'m the actuator input will not become larger than 1 Volt, according to the
simulations, while 2 Volt is allowed. The disturbance reduction resulting from the
simulations, corresponds to what we expected from the closed loop transfers.

About testing on the real system:
The noise introduced by the ADC-board of the DSP system makes the sensor resolution
worse, it changes from 2 mV to about 10 mV ! It is recommended to solve this problem by
amplifying the difference between the measured air gap height signal and the dc-component
of this signal, so that the full voltage range of the AD- and DA-conversion is used. The
operation of the controller is correct. As an example, currently, a sine wave disturbance on
the air gap height of 1 Hz can be attenuated by a factor 3. Thereby the actuator input is not
saturated, as expected from the simulations.

Further recommendations are:

A general remark to achieve a better stability of the laser deflecting system:
The stiffness of the complete deflection system can be increased by increasing the air pressure
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(currently 2 bar) and at the same time increase the actuator forces. This will result in a
system with a higher stiffness and the influence of the airflow can be reduced.

It is recommended to solve the following practical problems:

- When the mirror is at an equilibirium position, the mirror will tilt maximal 0.32 0 when
the air gap height is changed. This is an unwanted effect due to practical imperfections.
This problem can be corrected by adjusting the Actuator Matrix Circuit.

- The equilibrium position of the mirror is not stable and should be fixed.

When these problems are solved, it is recommended to test the designed air gap height
controller on the real process.

67



Bibliography

Beaven, RW. and M.T. Wright, D.R. Seaward
WEIGHTING FUNCTION SELECTION IN THE H INFINITY DESIGN PROCESS
Control Engineering Practice, Vol. 4, May 1996, p. 625-33

BrusseI. D.G. van and Kruysdijk, 1.T.M. van
Laser interfero scan interface
CTDfEE 36EC 041 22 22 01, 1995

Slots, T.D.
MODELLING AND IDENTIFICATION OF A LASER DELFECTING SYSTEM
Measurement and Control Group, Faculty of Electrical Engineering, M. Sc. thesis, Eindhoven:
University of Technology, 1994.

Damen, A.A.H. and Weiland, S.
ROBUST CONTROL
Measurement and Control Group, Department ofElectrical Engineering, Eindhoven University
of Technology, 1996

Falkus. H.M. and Damen, A.A.H.
MULTIVARIABLE H-INFINITY CONTROL DESIGN TOOLBOX
Faculty of Electrical Engineering, Eindhoven: University of Technology, 1994.

Franchek, M.A.
SELECTING THE PERFORMANCE WEIGHTS OF THE MU AND H-INFINITY,
SYNTHESIS METHODS FOR SISO REGULATING SYSTEMS
Journal of Dynamic Systems Measurementw and Control, Transactions of the ASME, Vol.
118,1996, p. 126 - 131.

Goossens, H.J.
MODELING AND SIMULATION OF A LASER DEFLECTING SYSTEM
Measurement and Control Group, Faculty of Electrical Engineering, M. Sc. thesis, Eindhoven:
University of Technology, 1995.

Hu, 1. and Unbeauen, H.. Bohn, C.
A PRACTICAL APPROACH TO SELECTING WEIGHTING FUNCTIONS FOR H
INFINITY CONTROL AND ITS APPLICATION TO A PILOT PLANT
In: UKACC International Conference on Control, 1996, conf. date: 2-5 September 1996,
Conference Publication No. 427

Noten, M.
CONTROLLING OF A LASER DEFLECTING SYSTEM
Measurement and Control Group, Faculty of Electrical Engineering, M. Sc. thesis, Eindhoven:
University of Technology, 1996.

68



Schwarzenbach, 1.
ESSENTIALS OF CONTROL
Addison Wesley Longman Limited, 1996.

Shimokohbe, A. and Aoyama, H.
AN ACTIVE AIR BEARING: A CONTROLLED-TYPE BEARING WITH ULTRA
PRECISION, INFINITE STATIC STIFFNESS, IllGH DAMPING CAPABILITY AND NEW
FUNCTIONS
Nanotechnology, Vol. 2, January 1991, p. 64 - 71

Tomasi. W.
ELECTRONIC COMMUNICATIONS SYSTEMS
Prentice-Hall, Inc., 1988.

Zorge. R.A.
MEASUREMENTS ON A MINIATURE SPHERICAL AIR BEARING BY USING ITS
ELECTRICAL GAP CAPACITANCE
Measurements, Vol. 11 (1993), p. 159 - 172

Zorge, R.A.
LASER DEFLECTION SYSTEM PROGRESS REPORT
1991

69



Appendix At: Air gap height sensor circuits

Al Buffer circuit (H2):

V2 ~----1~
~/'------r-----I f-----,---.,------ V3

-/ 220nF

812 IU

3k9 RI

R3
4k7

R33
10k

Figure AI: Buffer circuit (H)

A2: Full Wave Rectifier (H3)

Figure A2: Full wave rectifier
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A3: Low Pass Filter (H4)
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Figure A3: Low Pass Filter (H.J
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Appendix B: Test results

Bl: No disturbance

In this figure there is no disturbance of the air gap height. From the upper figure we can see
the negative influence of the noise added when using the DSP system; The resolution of the
sensor of 2 mV has become worse. In the lower figure, the control signal HcR is shown. Due
to the high steady state gain of the controller, a small error signal is amplified to get a control
signal which is not exactly zero.
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B2: Sine wave disturbance

A sine wave input signal (f = 1 Hz) on the vertical deflection input causes a MI
m

= 30 mY
(not shown !). In this figure the controlled situation is shown, where the disturbance is
reduced to MI", = 10 mY. Just before t = 4s an extra disturbance occurs, caused by pushing
the table on which the laser deflection system is positioned. The control signal HcR is shown
in the lower figure.

Hm

,

; :

..........................,_ " ;.......................... ··..·· · .l ·L. · ···t · ~ __ + ..

........................L _ :.:.................. .. . ~ t ·· ,L· ·..· · ·:· ·.. · · ·.. ·..1_._.-.-._ -_ .
;.

2.045

2.04

;!: 2.035
o
> 2.03

2.025 1-._..::.:.::. _._.+ 1..::.: _ , : : ..+-._ ··-'·.. '11

2.02 ~._._ : " _.............."_ ·..;.!..·l · ··+· ·_ · ··-:- ..·_ ·· ..· ·..·!·_ ·· ····+ .. · t ..

2.015
0
L---L

1
--.L

2
--....L3--J4--J5-----lS---7.1----a..L...-.------J-g-

time(s)

HeR
0.2

0.1

.....
"0
>

-0.1

-0.2
4 5 S 7 8 90 1 2 3

time(s)

73


	Voorblad
	Abstract
	Contents
	1 Introduction
	2 Technical details of the laser deflecting system
	3 Why air gap height control?
	4 Modeling
	5 Frequency response measurement of the laser deflecting system
	6 H∞ controller design
	7 Simulations and testing on the real system
	8 Conclusions and recommendations
	Bibliography
	Appendix A
	Appendix B

