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Abstract

The Measurement and Control Group of the Department of Electrical Engineering at the

Eindhoven University of Technology is doing research on modelling, identification and

control of processes. One of these processes is a laser tracking system.

The central part is a mirror rotating in a spherical air bearing. The laser ray is aimed at

the rotatable mirror's centre and then deflected to a retro-reflector attached to the Tool

Centre Point (TCP) of a robot. The retro-reflector returns the laser ray parallel to the

incoming ray. A Position Sensing Detector (PSD) measures the position of the reflected

laser ray. The tracking controller adjusts the angles of the mirror so that the laser ray is

pointed towards the centre of the retro-reflector.

The primary goal of my master-thesis was to implement the Scanning Mode, which searches

for the reflector when its position is not known, and the switching between the two

modes. The Tracking Mode had already been designed by several other students, but

due to changes in the dynamics of the system it was necessary to adapt the controllers

for this mode.

The dynamics of the tilting mirror using the two angle sensors have been determined

and an Hoo-controller has been designed with a bandwidth of 50 Hz. This controller is

used to move the mirror in a search pattern to find the reflector. Several search patterns

have been compared and a spiral with constant acceleration was found to have the best

performance. A simpler pattern, a spiral with constant angular velocity, has been imple

mented and used in simulations and tests on the tracking system. The implementation

of the first spiral remains to be done.

When the reflector is found using a search pattern the controller for the Tracking Mode

should take over from the controller of the Scanning Mode. For this a Bumpless Transfer

scheme is needed. A scheme that uses a compensator that closely resembles an state

observer has been chosen. This scheme was tested in simulations, where it performed

very well. The implementation of the scheme on the real system does not yet work,

partly because of some problems with the Tracking Mode.
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Chapter 1

Introduction

The Measurement and Control Group of the Department of Electrical Engineering at the

Eindhoven University of Technology is doing research on modelling, identification and

control of processes. One of these processes is a laser tracking system, which is shown in

figure 1 on the following page.

The central part is a mirror rotating in a spherical air bearing. The laser ray is aimed at the

rotatable mirror's centre and then deflected to a retro-reflector attached to the Tool Centre

Point (TCP) of a robot. The retro-reflector returns the laser ray parallel to the incoming

ray, independent of the angle of incidence. The reflected laser ray is split by a half-way

mirror. One part is deflected towards a Position Sensing Detector (PSD) that measures

the position of the incoming laser ray in two coordinates. The coordinates represent the

deviation of the reflected laser ray from the retro-reflector's centre. On the basis of these

two coordinates the tracking controller adjusts the angles of the mirror so that the laser

ray is pointed towards the centre of the retro-reflector. The nondeflected ray can be used

by a laser-interferometer to calculate the distance the laser ray has travelled.

The tilting of the mirror is measured by two angle sensors. With these two angles and

the distance measurement the position of the TCP can be calculated.

The system operates in various modes:

1. Scanning Mode

2. Tracking Mode

Ad 1. The system first operates in the Scanning Mode. In this mode the laser ray moves

in a pattern across the room, searching for the retro-reflector, by tilting the mirror

in different directions. When the laser beam hits the retro-reflector the PSD detects

an incoming ray and the system will be switched to the Tracking Mode.
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Figure 1: The laser tracking system

Ad 2. In the Tracking Mode the system has to able to follow the retro-reflector by tilting

the mirror, even when the robot is moving at high speed. In the Tracking Mode the

signal of the PSD is available for controlling the mirror-angles, this in contrast with

the Scanning Mode.

An overview of the total system, with controllers for both operating modes, is shown in

figure 2 on the next page.

The primary goal of my master-thesis was to implement the Scanning Mode and the

switching between the two modes. The Tracking Mode has already been designed by

several other students, see [Theunissen, 1999] and [Linssen, 1998], but due to changes in

the dynamics of the system it was necessary to adapt the controllers for this mode.

In the following chapter the system will be described in detail and a model will be de

rived. Chapter 3 describes the (re)identification and calibration process. Chapter 4 de

scribes the development and implementation of the controllers for the Scanning Mode

together with the search pattern needed to find the retro-reflector. Chapter 5 is devoted

to the problems and solutions for the switching from the Scanning Mode to the Tracking

Mode (and vice versa). Chapter 6 describes the current state of the total system at the end

of the project and finally chapter 7 contains the conclusions and recommendations.
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Chapter 2

The laser-deflecting system

2.1 Description of the system

2.1.1 Mechanical description

The mirror consists of a steel semi sphere rotating on an air bearing. As can be seen in

figure 3 on the following page three electromagnetic actuators are connected with twaron

strings to a plastic ring, which holds the primary coil for the angle sensors. The mirror is

rotated by pulling and slackening the strings. The height of the air gap of the bearing can

be influenced by pulling or slackening all three strings at the same time with equal force.

These movements are described with three coordinates: h (height), a and f3 (tilting).

2.1.2 The actuators

The system has three electromagnetic actuators, linear Lorentz motors with an air bear

ing. A coil moves in a magnetic field as a result of a current through it. See figure 4 on

the next page.

The three actuators are placed around the mirror at 120° of each other. For the three

possible movements of the mirror the actuators have to be fed by the correct voltages.

Uh , U ex and Uf3 are the voltages we want to adjust the air gap and both angles with, and

Ul , U2 and U3 are the real voltages to the actuators. The relation between these voltages
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Figure 3: Structural overview of the mechanics of the mirror system

can be described with:

(1)

This matrix is only valid for small a and (3 and when all three actuators, including their

strings, are exactly equal and linear. The differences between the three actuators have

been measured and the matrix has been adjusted for the measured differences. The used

method and the results can be found in section 3.2.1 on page 20. For more information

String Coil

Permanent
magnet

Figure 4: The linear Lorentz motor used as actuator
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Figure 5: Block scheme of the complete system

about the actuators see [Looymans, 1997] and [Linssen, 1998].

2.1.3 The sensors

The system uses two kinds of sensors; one measures the air gap height, the other the

tilting angles of the mirror.

The air gap is measured with a capacitive sensor. Both the mirror and the bearing seat

are made of metal and the sensor measures the electrical capacitance between them.

The angles are measured by two sets of inductively coupled coils. The primary coil is

energised with a sine wave current. This current causes flux through the two secondary

coils. This flux depends on the orientation of the mirror. The sensors are placed at 1350

and -1350 of the x-axis of the system.

For a description in greater detail of the sensors see [Linssen, 1998].

2.1.4 Schematic overview of the complete system

In figure 5 a block scheme of the complete system, including the controllers, is shown.

All the earlier described parts can be seen in the scheme.

The parts within the dashed box are in hardware, all the other parts are realised with

the DSP. The Actuator Matrix Circuit is also available in hardware as is the Angle Con-
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Figure 6: Dynamical model of the deflection system

verter, but implementing them in the DSP makes it easier to adjust them to calibrate the

actuators and the angle sensors.

2.2 Modelling

To control the system we need dynamic models for the air gap height and for the angles

of the mirror. In this section the theoretical models will be described, which will be

compared with real-live data in the next chapter.

The dynamics of the system can be found using the model as shown in figure 6. This

model consists of the following elements:

• The semi-sphere, with the mirror, modelled by a homogeneous mass m (= 4.2 g)
and inertia J (among all axes, through the centre of the semi-sphere)

• Three translating actuators, each modelled by a mass M (= 9.5 g)

• Three strings between the actuators and the semi-sphere, modelled by a spring with

high stiffness ks (= 1.5.105 N 1m)

• Three pretension springs, with stiffness kp (= 40 N1m)

• The air gap, modelled by a spring with (air) stiffness ka (= 3.0· 105 N1m when air

pressure = 2 bar) and an unknown, but small damping c
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Figure 7: Simplified model

2.2.1 Air gap

The dynamical model for the air gap height is derived by [Looymans, 1997]. He has used

the simplified model shown in figure 7. For this model it is assumed that all actuators are

equal, all strings are equal and all pretension strings are equal.

The resulting transfer between the total force of the actuators F (s) on the semi sphere and

the displacement Y(s) of the semi sphere is:

Y(s)
F(s)

(2)

with

a2 = ma(k1+ k3 ) + mm(k1+ k2 ) ~ ma(k1+ k3 ) + mmkl

al = c(k1 + k2 ) ~ c k1

ao = k1k3 + k1k2 + k2k3 ~ k1k3

The force Fi of one actuator is:

F(s) = AVi(S) - sA2yi(S)
I R+sL

(3)

In this equation is R(= 3.50) the resistance of the actuator coil, L(= 1 mH) the induct-
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ance of the coil, A(= 3.16N . A-I) is the actuator constant, Vi is the applied voltage and

Yi is the corresponding displacement of the i th actuator (i = 1,2,3).

When we combine the three actuators into one the relation becomes:

F(s) = 3Fi(S) cos (cp) = 3AV(s) cos (cp) - 3sA
z
y l (s) cos (cp)

R+sL
(4)

This results in the transfer between the voltage V (s) on the actuator and the displacement

Y(s):

with

Y(s)
V(s)

3kiA cos (cp)
(5)

bs = a4 L

b4 = a4R + a3 L

b3 = a3R + azL + 3Azrnm cos (cp)

bz = azR + alL + 3Azccos (cp)

bl = aIR + aoL + 3AZ(kl + k3) cos (cp)

bo = aoR

With no air friction (c = 0) this model has poles at:

PI = -3304

PZ,3 = -0.9777 ± 2500j

P4,S = -0.4952 ± 13580j

When there is a small air friction (c = 1) the pole locations become:

PI = -3303

PZ,3 = -104.3 ±2500j

P4,S = -113.2 ± 13579j

The real pole is mainly caused by the ~ = 3500 of the actuator. The poles PZ,3 are caused

by the mass of the semi sphere rnm in combination with spring kl , which models the

strings and k3, which models the air stiffness. And the poles P4,S are caused by the com

bined masses of the actuators and the semi sphere rna + rnm and the spring k3 . See figure 8

on the facing page for a Bode diagram of the air gap model.
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Figure 8: Bode diagram of the air gap model

2.2.2 Tilting of the mirror

The model for the tilting mirror is derived in [Slots, 1994], chapters 3 and 4. This model

is derived under the following assumptions:

• The damping due to air-friction is negligible

• The mirror is symmetrical

• All actuators are identical

• The air gap is constant

The resulting transfer between Ua and a and between U{3 and f3 is:

a f3 5.4 . 1012

Ua U{3 55 + 3.5 . 10354 + 2.1 . 10853 + 7.4 . 1011 52 + 2.1 . 10145 + 2.9 .1015

This model has poles at:

PI = -14.74

P2 = -289.7

P3 = -3194

P4,5 = -61.23 ± 14586j

See figure 9 on the next page for a Bode diagram of this model.

(6)
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Figure 9: Bode diagram of the tilting mirror model

The secondary coils (with perpendicular axes Xc and Yc) are positioned at an angle of

-1350 of the real horizontal and vertical axis. The angles measured by the coils in this

coordinate frame are denoted E.,c and Xc' The transfer functions were derived for the

angles a and f3 in the Xc, Yc coordinate system. This means that a transformation is

needed, see figure 10.

The relations between E.,i, Xi and ai, f3i are non-linear:

. () sin (E.,i)
SIn Cl::i = ----;--'-7-

cos (Xi)

. (f3.) - sin (Xi)
SIn I - (E., )cos i

y

i E {C, G}

X" "'~.---I--7[--'---

1

(7)

Figure 10: Relation between the angles and the coordinate systems
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The coordinate transformation between the two frames is:

13

(8)

After linearisation and substitution of equation (7) in equation (8) the transformation

becomes:

((Xc) = -~J2 (l,C -xc)
[3c 2 l,c Xc (9)

In the next chapter the results from identification of the system will be compared with

the models of this section. The calibration of the actuators will also be described.



15

Chapter 3

Identification and calibration

3.1 Reidentification of the air gap

The air gap height control of the laser tracking system has been studied by [Linssen, 1998]

and [Theunissen, 1999] and they designed controllers for it. But due to the fact that the

dynamics of the system were changed after it had been disassembled and reassembled

for a repair job on the angle sensors, this controller did not suffice anymore. This meant

that I had to reidentify the system and adjust the controller accordingly.

In this section I will describe this process and also note some other problems that occurred

in this process.

3.1.1 Changed dynamics

The dynamics of the air gap where identified by using a spectrum analyzer. The exact

settings used for the measurements are included in appendix A on page 65.

The measured transfer function is not that much different from the transfer function

measured by [Linssen, 1998]. The main differences are a changed gain and the main

resonance peak has moved somewhat towards higher frequency. See figure 11 on the

following page for the graphs. When looking closely at the graphs a disturbance around

375 Hz is visible. It does not seem much, but it turns out that this disturbance is import

ant for the behaviour of the system, see section 3.1.2 for more on this.

The transfer data was analysed in MatLab using the function invfreqs. This function

finds a fitting transfer function with the number of poles and zeros specified. It does this
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by minimizing the error between the measured complex response and the response of

the calculated transfer with the least-squares method.

The found 7th order model is

-3.85.1024

H (5) - --;------,-~---;--;;-_____:_=_=_-=_:_---,--:-77""7--;;----=-=-=-=--___=_---=----:-:-;:;7"_;__;;___~::____=_:::__:_~
- (5 + 1633)(52 + 1785 + 2.3.106 )(52 + 29825 + 2.0.107 )(52 + 67.85 + 7.2.107 )

(10)

with poles at

PI = -1633.4

P2,3 = -89.268 ± 1515.1j

P4,5 = -33.897 ± 8504.4j

P6,7 = -1491.1 ± 4221.6j

When we compare these poles with the poles of the theoretical model of equation (5) on

page 10 we can see that the pole located on the real axis is about twice as slow; the first

complex pole-pair is reasonably comparable and the other pole-pairs are not recognis

able in the theoretical model. These last poles are probably not so accurate modelled,

because the measured data contains not enough information at high frequency to enable

invfreqs to accurately place the poles.
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The 7th order model gave numerical problems while trying to calculate an Hoo-controller

with the MatLab functions hinflmi and hinfric, probably because the model falls off

very quickly at higher frequency. Therefore I have chosen to use a 3rd order model. The

model is formed by taking the 3 most dominant poles from the 7th order model, because

the behaviour of the system at low frequency is most important.

The resulting 3rd order model is

-2.66.109
H (8) - --,---------,-----:--=-----------::-:

- (8 + 1633)(82 + 178.58 + 2.3.106 )

and has poles at

PI = -1633.4

P2,3 = -89.268 ± ISIS.lj

The modelling errors for both models can be seen in figure 12.

3.1.2 Unidentified oscillations

(11)

While testing some new controllers for the new air gap model, the system started oscil

lating as can be seen in figure 13 on the next page. This effect only occurred when both

the air gap controller and the angle controllers were operative. Furthermore, the effect
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Figure 13: The measured oscillation

was erratic, sometimes the system oscillated, sometimes the system did not. The oscilla

tion frequency is about 375 Hz and there are also higher harmonics visible, mostly even

harmonics.

The fact that the oscillations only occurred when both controllers were active, gives rise

to the idea that the oscillations are probably caused by the fact that the system is treated

as 3 SISO systems. In reality it is a 3 input, 3 output MIMO system. Both the height

controller and the angles controllers use the same 3 actuators, which are placed at angles

of 1200 of each other. So there are in reality 9 transfer functions from each input to each

output and only three of them are controlled. If one of the uncontrolled transfers has an

unstable mode or a badly damped one the whole system will be affected.

An other possible explanation for the oscillations is that they are caused by a non-linearity

in the system. This view is supported by the higher harmonics that are also visible.

The MIMO behaviour of the system can be minimized by calibrating the actuators. These

actuators are controlled via a matrix which translates the height and the angles signals

as set by the controllers to the input signals for the actuators. If the actuators are exactly

equal and exactly linear and if the values of the matrix are precisely implemented then

the assumption that the height and the angles are independent is correct, but in reality

this is never true. By calibrating the actuators and adjusting the values of the matrix it

should be possible to get closer to decoupling.

A further solution is to adapt the controllers to make them tolerant for large disturbances
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Figure 14: Air gap controller for the 3rd order model

around 375 Hz. This can be done by reducing the bandwidth or by reducing the gain

around 375 Hz. The last option is used in the design of the new air gap controller de

scribed in the next section.

A solution to further prevent oscillations like these is to design a MIMO controller, but

the needed identification for this might be fairly complex.

3.1.3 Adjustment of the air gap controller

The new controller is based on the Hoo-controller developed by [Theunissen, 1999] for

the 3rd order model. A full description of the generalised plant with all the weighting

and shaping filters can be found in Chapter 4 of his thesis. All shaping and weighting

filters are used unchanged.

The resulting controller has 4 zeros and 5 poles. This is reduced to 2 zeros and 3 poles

and the pole closest to the origin is moved to the origin. The bandwidth of the controlled

system is about 100 Hz. The Bode plot of the controller is shown in figure 14 and the plot

of the sensitivity and the complementary sensitivity is shown in figure 15 on the next

page.
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3.2 Identification of the tilting mirror

The tilting of the mirror has been studied by [Slots, 1994], [Goossens, 1995], [Noten, 1997]

and [Looymans, 1997], but mostly in theory and simulation. And the new angle sensors,

that were developed by [Linssen, 1998], were not yet used in the total tracking system. So

it was necessary to identify the dynamics of the tilting of the system to design controllers

for the angles of the system and use those angles for the Scanning Mode.

During the process of identification it was noted that there were clear differences between

the three actuators and between the two sensors.

The first part of this section describes the measurements of these differences and the

derivation of the compensations for these differences. In the second part the identification

of the dynamics of the tilting mirror is described.

3.2.1 Calibration of the actuators

To determine the differences between the actuators, it was necessary to measure the atti

tude of the mirror. This was made possible by pinning paper with a grid on it on the wall
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Figure 16: The three coordinate frames of the three actuators

opposite the tracking system. By measuring the position of the laser spot on the wall it

became possible to determine the attitude of the mirror.

The first step was to adjust the excitation of the actuators so that, when the air gap was

varied, the spot on the wall did not move or in other words that the mirror was not tilted.

The adjusted gains were

d l = 0.89

d2 = 0.925

d3 = 1

While testing these adjustments, it became clear that they were not accurate enough.

So other measurements were done. The mirror was tilted around the three axes of the

actuators. These measurements were done by exciting one of the actuators with - ~ . U in

and the other two with! . Uin- The idea behind this was that all deviations from the axis

of the actuator that was excited with - ~ . Uin are caused by differences between the other

two actuators.

All measured points can be found table 3 in appendix B. Each of the three measured

rotations has its own coordinate frame, each at 1200 of each other, see figure 16. The

points were measured in the (Xl, YI) frame. In table 4 in appendix B the measurements

are rotated to the frames belonging to the rotation. These points are shown in figure 17

on the next page.

The first line, (Xl, YI), is nicely horizontal, which means that actuators 2 and 3 are almost
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Figure 17: The measured points after rotation

equal. The second line, (X~' YD, is rotated over a positive angle, which means that the

top actuator is pulling and pushing harder than the bottom actuators. In this frame this

means that actuator 1 is stronger than actuator 3. The third line, (X~' Y~), is rotated over

a negative angle, which means that the bottom actuator is stronger than the top actuator

and in this frame this means that actuator 1 is stronger than actuator 2. From the graphs it

is also notable that the actuators behave differently in pulling or in pushing (slackening).

This effect and the effect of hysteresis that was noted during testing have been ignored,

because the only goal of these measurements was to find the static differences between

the actuators. But it might be interesting for further study to investigate the linearity of

the actuators and the possible dynamic differences.

The differences between the three actuators can be calculated by using the least-squared

error method. The calculations can be found in appendix C. The results from these

calculations are

k1 = -25.388

k2 = -20.530

k3 = -21.358
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Together with the previously determined gain adjustments the final gains become

d = 0.890 . 21.358 = 0.749
1 25.388

d = 0 925 . 21.358 = 0.962
2 . 20.530

d = 1.000 . 21.358 = 1.000
3 21.358
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The excitations of the actuators have been adapted with these values and I have tested

them by 'writing' a horizontal and a vertical line with the laser on the wall with the

paper with the grid paper on it. To the naked eye the resulting lines were straight and

horizontal or vertical. I have not done further measurements, because greater accuracy

was not needed.

3.2.2 Calibration of the angle sensors

With the board on the wall used in the previous section, it is possible to calibrate the

angle sensors. But these measurements were not done, because the electronics of the

sensors gave problems. I managed to solve some of these problems, but at the end the

electronics of the slave angle sensor gave lots of noise and a signal level much smaller

than the master angle sensor. I gave up because of time constraints.

These electronics are built in a very unrobust way and problems like these will probably

continue until they are rebuilt in a better fashion. I would therefore recommend that the

first thing my successor does, is rebuilding these electronics.

3.2.3 Dynamics

The dynamics of the tilting system have been measured with a setup like figure 38 in

appendix A and the settings of the spectrum analyser were equal to those used for the air

gap measurement. These measurements were done before the problems described in the

previous section occurred.

The mirror system has two angle sensors as shown in section 2.1.3 and figure 3 on page 6.

The measurements where done by tilting the mirror around the vertical and horizontal

axes and measure the output of both angle sensors.

The original measurements can be seen in figure 18 on the next page. In these measure

ments we can dearly see the disturbances around 375 Hz that cause the oscillations of
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Figure 18: Measured frequency response of the tilting system

section 3.1.2. It also becomes clear that the top sensor, wired as the slave sensor, is about

half as sensitive as the bottom sensor. The measurements from the top sensor were ad

justed by averaging the first 100 points of both measurements (from 2 Hz to 20 Hz) and

multiplying the measurements from the top sensor with the quotient of both averages.

The needed transfer functions are from the inputs Ucx and Uf3 to the outputs of the 'vir

tual' angle sensors that measure a and (3 respectively, so it is necessary to transform the

measurements to these angles. The transformation used is described in equation (8) on

page 13. The data after transformation can be seen in figure 19 on the next page.

This data has been used for the model approximation using the MatLab function invfreqs,

just as with the identification of the air gap transfer function. The resulting transfer func

tion is:
1.79.106 (5 + 5.977)

(5 + 111.2)(5 + 36.39)(5 + 4.281)
(12)

with a zero at

Zml = -5.977
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Figure 19: Measured frequency response after transformation

and poles at

PmI = -4.281

Pm2 = -36.39

Pm3 = -111.2

When we compare this transfer function with the theoretical model of equation (6) on

page 11 we can recognize Pm2 and Pm3 as PI and P2 of the theoretical model respectively.

The resonance peak that is visible in the theoretical model at around 2 kHz is also visible

in the measurements, but it is not modelled due to the limited accuracy of the meas

urements and of the used MatLab function. The modelling error of this transfer function

with the measurements in both the horizontal and vertical directions is shown in figure 20

on the next page.

3.3 Conclusions and recommendations

Because the dynamics of the air gap were changed and because the old controller caused

oscillations around 375 Hz, it was necessary to adapt the controller for the air gap height.

This has resulted in a controlled air gap system with a bandwidth of 100 Hz.

During identification of the tilting mirror with its angle sensors it was noted that there

were differences between the three actuators and between the two angle sensors. The
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Comparing model with both measurements
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Figure 20: Comparison of the measured frequency responses with the model

differences between the actuators have been measured and the excitation of the actuators

has been adapted accordingly.

The differences between the two angle sensors have not been measured, because the elec

tronics of the sensors gave problems. Some of these problems were solved, but because of

time constraints I could not solve all problems. Because of these problems I recommend

that the electronics are rebuild in a more solid way than the present circuits.

The dynamics of the tilting system have been measured and modelled and in the next

chapter a controller will be developed with this model. This controller will then be used

to realise the Scanning Mode.
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Chapter 4

The Scanning Mode

The Scanning Mode is used when the laser tracking system is started and when it has lost

the retro-reflector. The goal is to find the reflector and then switch to the Tracking Mode to

follow the reflector. To move the mirror in a search pattern it is necessary to control the

angles of the mirror. For this a controller is needed.

In this chapter firstly the controller is developed and secondly the search pattern is chosen

and realised.

4.1 Scanning controllers

4.1.1 Control system description

The angle controller is designed using the model derived in section 3.2.3. The designed

controller is a Hoo-controller. The block scheme of figure 21 on the following page with

shaping and weighting filters is used.

t!P is deter-

The measurement of the transfer function can not be done

without error.

The resonance frequencies at about 375 Hz are not mod

elled.

Unmodelled dynamics:

The block t!P represents the additive model perturbations of the process.

mined by:

Limited identification:

Time variance: The dynamics of the process change in time due to e.g.

changes in air pressure or temperature.
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Figure 21: Block scheme with shaping and weighting filters

The shaping filters that are used are:

• Vn • This filter represents the sensor noise.

• Va. This filter characterises the disturbance on the angles of the mirror.

• Vr• This filter represents the reference signal.

The weighting filters are:

• Wu ' Weighting filter Wu weights the actuator signal u. This filter also partly repres

ents the model perturbation and should protect the actuator against saturation.

• We. This filter weights the error of the process. The error is defined as e = r - y,

where r is the reference signal and y is the real output of the system.

This results in the augmented plant shown in figure 22 on the next page. From the aug

mented plant we can determine the following closed loop transfer matrix M:

M= (1
rr (

w, . I +/K . V,

Wu ' I +PK' Vr

PK
We' 1+ PK' Vn

-K
Wu ' 1+ PK' Vn

We' I +IpK . va)
-K

Wu ' 1+ PK' Va

(13)

When it is realised to obtain

IIMlloo < y ~ 1
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it can be guaranteed that

Vw E IR:

IKP(l + KP)-ll < IW
e
~ Vnl

IK(l + KP)-ll < IW
u
~ Vnl

This can be rewritten as

Vw E IR: (14)

4.1.2 Control goals and constraints

In the Scanning Mode the laser tracking system should be able move the mirror in a pattern

at a reasonably high speed to find the retro-reflector. To achieve this, an optimal trade off

between the control goals and constraints has to be established:



30 4 The Scanning Mode

1. Stability

The closed loop system should be stable. All transfers from equation (13) have to

be checked on possible unstable poles. This means that unstable modes have to

be controllable from u to guarantee the existence of a stabilising controller. The

unstable modes also have to be observable from y.

2. Disturbance reduction

The influence of disturbances should be small. From equation (13) follows that if we

want to decrease the effect of the disturbance d on the output e, the transfer a(sen

sitivity) should be small in the frequency band where we want to keep the angles

on a constant value. The disturbance reduction should be large at low frequencies,

because a small steady state error is desired.

3. Sensor noise reduction

The noise introduced by the sensor should not effect the angles. The influence of

the sensor noise on the output e should be small for the frequency band where the

noise is the most disturbing. Normally, the sensor noise appears at high frequencies

and therefore should the transfer *(complementary sensitivity) be small for high

frequencies.

4. Avoidance of actuator saturation

The actuator should not become saturated. It is assumed that for continuous op

eration the actuator voltage u should be in a range of -0.5 V ::; u ::; 0.5 V. The

maximum frequency of the actuator is assumed to be higher than the frequencies

where the angles are of interest.

5. Tracking

The aim is to let the output track the reference signal with a small error in a certain

frequency band. If we want to decrease the tracking error, the transfer f should be

small in the desired frequency band. This corresponds to the disturbance reduction.

So these aims are combined.

6. Robustness

When the dynamics of the process change the performance of the system should

not be influenced. The controller to be designed should be robust for the uncer

tainty block ~P, modelling the additive perturbations. According to the small gain

theorem the system is asymptotically stable if IIM~Plloo < 1. For additive perturb

ations holds: M = R, so the system is asymptotically stable if IIR~Plloo < 1. If

we assume that the controller stabilises the nominal plant P then the closed loop



4.1 Scanning controllers

system is stable for all additive perturbations t1.P if
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Vw E IR : (15)

From equation (14) we see that R is bounded by the filters Wu, Vd and Vn. By choos

ing these filters wisely it is possible to combine the demands for actuator saturation

and robust stability and performance.

4.1.3 Shaping and weighting filters

• Vr

Shaping filter Vr is chosen first order, low frequent and characterises the reference

signal.
V

r
= 4589

5 + 47.69

This filter represents the sensor noise. It is known that the sensor noise never rises

about 5 mV.

Vn = 5 . 10-3 ~ -46 dB

• Vd

Shaping filter Vd is chosen constant and characterises the disturbances on the angles

of the semi sphere.

Weighting filter Wu weights the actuator signal u. Together with shaping filter Vd

this filter bounds the model perturbation.

w _ 7005 + 748280
u - 5 + 1.261 . 107

• We

Weighting filter We weights the error of the process. This filter is adjusted in band

width and amplitude to get a controller which optimises performance and robust-

ness.
We = 18.84

5 + 0.1862

Figure 23 on the following page shows the Bode-plots of the chosen shaping and weight

ing filters. The shaping and weighting filters result in two weightings for the sensitivity
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Bode-plots of the shaping and weighting litters

: : :vri:::
·50

:Vr:

·'00~~...L.-~~LUL~~w..uJ.,~~...........,jL.-..~~..L-~~...L..~~=L~~'-'-'-LU

10.2 10.1 100 101 102 103 10" 10
5

Frequency 1Hz]

Figure 23: Bode-plots of the shaping and weighting filters

5, one weighting for the complementary sensitivity T and three weightings for the control

sensitivity R. The weightings for the control sensitivity can be recalculated as weightings

for the complementary sensitivity. The model 5 and T and relevant bounding weights

are shown in figure 24 on the next page.

4.1.4 Calculation of the controller

The controller is now calculated with the LMI-Toolbox. The LMI-Toolbox calculated the

controller shown in figure 25 on the facing page with the following y:

y:=:::! 1.008

The controller calculated by the toolbox has been modified by moving the pole closest to

the origin to the origin and by removing a high frequency zero. The bandwidth of the

controlled plant is approximately 50 Hz. According to equation (15) on the page before

should the model error I~PI be smaller than the inverse of the complementary sensitivity

of the controlled plant. This is demonstrated in figure 26 on page 34.
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4.1.5 Simulation and testing
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The angle controller has been tested in Simulink. The block scheme of figure 27 on the

preceding page has been used. A sine wave has been used as reference signal. The system

was tested at 0.5 Hz,S Hz and 50 Hz. The results from these simulations can be found in

appendix D.

The angle controller has also been tested in the laser tracking system by implementing

the controllers for both angles in the dSPACE system. The block scheme that was imple

mented on the DSP can be seen in figure 43 on page 76 in appendix D. This block scheme

consists of the two scanning controllers, the two tracking controllers and the air gap con

troller and some additionally needed interface blocks. The reference signals for the two

angles were the same sine waves as for the simulation. The results from these tests can

also be found in appendix D.

4.2 Tracking controllers

The angle controllers for the Tracking Mode developed by [Theunissen, 1999] and [Linssen,

1998] did not suffice anymore because of the changed dynamics of the system described

in chapter 3.

The systems used in Scanning Mode and in Tracking Mode differ as shown in figure 28 on

the next page. In the Scanning Mode the angles are measured by the angle sensors. in

the Tracking Mode the needed angles of the mirror are determined by the optical system

(including the position of the retro-reflector) and the PSD.

This means that the dynamics are equal in both operating modes. The only difference

from a control point-of-view is between the gain of the angle sensors and the gain of

the optical system together with the PSD. This last gain varies between certain bounds

depending on the position of the retro-reflector. So doubles the gain when the distance

between the reflector and the mirror is doubled.

This means that the controller that is used for the Tracking Mode must be robust for gain

changes. As the Tracking Mode did have low priority in my research, I have left the study

of these gain changes and the development of a robust controller for a (possible) suc

cessor.

This successor can also look to the possibility to use one controller for the angles for both

operating modes. This would simplify the switching between the controllers to a gain

scheduling.
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The tracking controller that I have used is a slightly modified version of the tracking

controller designed by [Theunissen, 1999]. A Bode plot of this controller can be seen in

figure 29 on the facing page. This controller has been used with moderate success in

the laser tracking system. It has a low tracking performance as it is unable to follow

the reflector when it is describing a circle with a radius of approximately 10 cm with a

maximum frequency of about 1.1 Hz and even sometimes looses the reflector when it is

stationary due to some disturbance.

It is possible that these problems are caused by bad alignment of the several components

of the system or by the laser which gives a spot on the mirror after it has been reflected by

the retro-reflector of about 6 - 7 mm while the mirror has a diameter of only 9 - 10 mm.

4.3 Pattern generator

The goal of the Scanning Mode is to find the retro-reflector within a certain area. This

means that the mirror has to be moved in a search pattern. This section describes several

patterns and compares them according to three criteria. The last subsection describes the

realisation and implementation of the chosen pattern.

4.3.1 Pattern choice

There are many different search patterns possible, but I have limited the choice to three

simple patterns: A spiral, a square spiral and a grid. See figure 30 on the next page for a

picture of the three patterns.

The properties of the three patterns are:

• Spiral

The spiral used for the pattern is a circular movement with a linear increasing ra

dius. A simple example is

x = ktcos (wat)

y = kt sin (wat)

This spiral does one rotation in t = 271" and has a radius increment of 2w71"k. The
Wo 0

increment of the spiral has to be equal or smaller to the capture area of the mirror

system.



38

(a) Spiral
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(b) Square spiral

(c) Grid

Figure 30: The three search patterns

• Square spiral

The square spiral is the square approximation of the spiral. The size of the square

increases with a step for each revolution. In order to cover the full search area

is it necessary that the increment is at most! V2 times the capture area, because

otherwise the pattern leaves a small area uncovered at each corner. This means that

this pattern has an overlap along the sides of the squares, but no overlap at the

corners.

• Grid

The grid searches from left to right over the full width of the search area, then moves

down at most the size of the capture area and then searches from right to left. This

continues until the full search area is covered.

The three criteria that are used to make the choice are:

1. Average seek time at initialisation. The reflector can be anywhere within the search

space. The probability distribution is homogeneous.

2. Average seek time after losing the reflector. The reflector is probably close to its last

known position. The probability distribution is supposed to be Gaussian around

this position.
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3. Maximum allowed speed of the reflector for which it is certain that the scanning

does not miss the reflector.

For the calculations we take a search area of 1 m2 at a distance of 1 m of the rotating mirror

and a circular capture area with a diameter of rc = 1 em. This gives a search square with

sides of 1 m and a search circle with a radius of 0.564 m (m2 = 1 ::::} r = *yfii).

To calculate the average search times and the maximum allowed reflector speed we need

to know the average speeds for the different patterns. It is assumed that the movements

and speeds are only limited by the maximum possible acceleration amax ' The calculations

of the average speeds can be found in appendix E. All distances are expressed in em

(speeds em . 5-1, accelerations em . 5-2) unless otherwise stated.

Two variants of the spiral have been taken into account, the first has constant angular

velocity and the second has constant acceleration.

Ad 1. The average seek time at initialisation is equal to the time needed to search half of

the full search area.

To cover the full search area must the light spot at a distance of 1 m of the mirror

travel the following distances for the three patterns:

• Spiral

The distance of one revolution is the average radius of that revolution times

27T. The average radius rn for the nth revolution is equal to (n . rc) - !. For

the full search area there are 56 full revolutions and one half revolution with

an average radius of 56.25 em. This gives the following expression for the

distance:

56

Ds = L (27T((n. rc ) - !)) + 27T' 56.25· i = 10028.75 em = 1100.29 m I
n=l

• Square spiral

The length of the first revolution of the square spiral consists of 2 sides of

0.7 em and 3 sides of 1.4 em, a total of 5.6 em; the second revolution consists

of 1 sides of 0.7 em, 1 of 2.1 em and 3 of 2.8 em, a total of 11.3 em. The length

of the nth revolution is 4~n, so the total sum becomes:

r5ov'21 8n
Dsq = L r;:; = 14458.5 em = 1144.59 m'

n=l y2



40 4 The Scanning Mode

• Grid

The grid needs 100 em for the first left to right movement and 1 em for the

vertical movement. This is repeated 100 times. Only at the last time this gives

1 em to much. So the total becomes:

101

Dg = L (100 + 1) -1 = 10200 em = 1102 m I
n=l

The average search time for the spiral with constant angular velocity is

Ds 10028
ts = -- = ------==

2vav 2· 3.75y'amax

for the spiral with constant acceleration it is

Ds 10028
ts = -- = --=---,--::-----:==

2vav 2· 5.633Jamax

for the square spiral

Dsq 14458.5
ts = -- = --------:==

2vav 2· 4.022Jamax

1337

890.1

1797

(16)

(17)

(18)

and for the grid the average search time at initialisation is

Dg 10200
ts = -- = -::---=-::-::-::-----:==

2vav 2· 5.005Jamax

1019
(19)

Ad 2. The average seek time after losing the reflector is equal to the time needed to search

that part of the search area that gives a 50% chance of finding the reflector. For the

grid this is equal to the time needed to search half the total area, i.e. equal to

the average search time at initialisation. For the spiral(s) and the square spiral

this is harder to calculate, but by assuming that the probability that the reflector

is somewhere within the search space has a Gaussian distribution around the last

known position and the spirals are started in that position, it is possible to give

some indication. The area that gives a 50% chance with a Gaussian distribution

has a radius of 0.680".

The time needed by the spiral with constant angular velocity is

0.680" .Jii -2
tl = --tmax = 0.680"100tmax = 1.205 ·10 0"

'max
0"

32.09 m-
yamax

2662.67
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and by the spiral with constant acceleration

3

(
0.68er) '2 _ 1 32. 10-3 ~tl = tmax - . er 2

rmax

3

2.35~
Jamax

1780.2
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The time needed by the square spiral can not easily be calculated, but the ratio

between the time needed to search this area and to search the full search area is

comparable to the spiral with constant angular velocity, so the time is something

like

3595

er
43.32 ;n-

yamax

The time for the grid is equal to

1019

This all means that if er ~ 23.5 em the grid is the slowest of all patterns and that

if er ~ 186.5 em (i.e. always) the spiral with constant acceleration is faster than

the spiral with constant angular velocity. This last spiral is always faster than the

square spiral.

Ad 3. The maximum allowed speed of the reflector is inversely proportional to the max

imum time needed for one cycle of the search pattern.

The maximum cycle time for both spirals is equal to the circumference of the out

ermost circle divided by the speed there

10
vr(tmax) = \fiiJamax

27Trmax 27T56.42 ~
tc = vr(tmax) = 7.51Jamax = l...{9

For the square spiral the maximum cycle time follows from
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and for the grid

( )
1 r;;- 2 ·100J100 + 1J1 = 4.98 ra--

Vr tmax = zy amax 2.100 + 1 Y"'max

2 . 100 + 1 40.38
tc = = ---

4.98Jamax .;a;;;;;;

It has to be noted that these are worst-case numbers. Especially for the square

spiral, because this pattern has considerable overlap in most parts of the pattern

and so a bigger chance to catch a moving mirror. For the spiral with constant

acceleration the cycle times increase with increasing radius, so this pattern has a

bigger chance of catching the moving mirror at the centre of its search space.

Table 1: Comparison of the search patterns

Average search time Average search time Maximum cycle
at initialisation after having lost the time

reflector

Spiral with constant 1337 32.09lT 47.2
Jamax Jamax Jamax

angular velocity
3

Spiral with constant 890.1 2.35lT2 47.2
Jamax Jamax Jamax

acceleration
Square spiral 1797 43.32lT 80

Jamax Jamax Jamax

Grid 1019 1019 40.38
Jamax Jamax Jamax

A summary of the comparison can be found in table 1. Looking at this summary we

can see that the spiral with constant acceleration performs best when looking at the av

erage search time at initialisation, closely followed by the grid. Looking at the average

search time after loosing the reflector, keeping in mind that (J" is small just after loosing the

reflector, we see that the spiral with constant acceleration performs the best; the perform

ances of the spiral with constant angular velocity and of the square spiral are comparable

with former being the faster of the two. The grid performs the worst, because it can not

start in the neighbourhood of the last known position of the reflector. The maximum

cycle time is shortest (best) for the grid. Both spirals are a bit slower and the square spiral

is clearly the slowest.
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Producl

AM Signal
Repealing

Sequence

~ Product1
Sine Wave1

Figure 31: The pattern generator for the spiral with constant angular velocity

The spiral with constant acceleration is the best performing pattern, according to these

three criteria.

The square spiral is clearly the worst performing pattern. This is mainly caused by the

necessary overlap this pattern has to have to cover the full search area.

The grid performs well looking at the first and the third criteria, but the low score at the

second criterium and the more difficult implementation make it less interesting than the

spiral with constant angular velocity.

This last pattern performs worse than the spiral with constant acceleration, but it has the

advantage that the implementation is very simple. This will be shown in the next section,

which also gives the results of the simulations and tests performed with this pattern.

4.3.2 Pattern realisation

For the first pattern that was implemented it was more important to have a simple pat

tern with a simple implementation than to have the best performing pattern. This was

the case, because a pattern was needed that could easily be used and tested at different

speeds and increments.

The pattern that fulfills these needs is the spiral with constant angular velocity. This

pattern can be realised very simply with Simulink. The realisation of a pattern generator

for this spiral can be seen in figure 31. This generator is nothing more than two sine wave

generators with a ~ phase difference, whose signals are modulated by a triangle wave

with a frequency that is 10~th of the frequency of the sine waves.

This pattern has been used in simulations with frequencies of 5 Hz and a maximum amp

litude of 1 V, which corresponds to an angle amplitude of 43.6 mrad(= 1.25°), and the
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radius increment has been increased to 0.1 to be able to see more details. The Simulink

model used for these simulations is the same that was used in the simulations of the scan

ning controller and can be seen in figure 27 on page 34. The results from this simulation

can be found in figure 42.

With the realisation of the pattern generator with Simulink blocks it is not possible to

(re)start the pattern at the last known position of the reflector. And when the frequency

of the spiral has to be adjusted it is necessary to adjust several parameters. When sim

ulating is this not such a problem, but when using this generator in de dSPACE system

it is necessary to recompile the block scheme after changing the frequency of the spiral

generator.

Simulink has the possibility to use a S-function block. This S-function is a program, writ

ten in the MatLab script language or in the program language C, that describes the dy

namic behaviour of an arbitrary system. With such a S-function it is possible to create a

pattern generator for the spiral with all the desired properties. It is also possible to cre

ate a pattern generator for the spiral with constant acceleration of the grid (or any other

pattern).

The realisation of the generators with a S-function was not yet done, because it was more

important to solve an other problem, namely the problem of switching between the scan

ning and tracking controllers when the reflector was found (or lost).

4.4 Conclusions

For the Scanning Mode a Hoo-controller has been designed using the model for the angle

system from chapter 3. This controller has a bandwidth of 50 Hz.

The controller for the Tracking Mode that was designed by [Theunissen, 1999] was adjus

ted for the changes dynamics of the system. This controller does not perform very well

and so it recommended that this controller is redesigned. In this redesign it might be pos

sible to make a controller for the angles of the system that can be used in both operating

modes.

Several search patterns have been compared and the spiral with constant acceleration

has been found to have the best overall performance. This spiral with constant angular

velocity though was simpler to implement and therefor has been used for simulations

and tests.
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A better realisation of this last spiral and eventual other patterns with a S-function re

mains to be done.
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Chapter 5

Transfer between the two modes

When the reflector is found by the search pattern of the Scanning Mode, it should be

followed by the Tracking Mode. The control must be switched from the angle controllers

of the Scanning Mode to the tracking controllers that make use of the PSD to keep the laser

spot at the centre of the reflector.

This chapter describes how this switch is realised. In the first section it is made clear why

this switch poses a problem, the second section describes the method used and the last

section presents the way the transfer method is realised and implemented.

5.1 The problem of control substitution

The controlled system with both the scanning controller and the tracking controller is

shown in figure 32. The problem of switching between the two controllers is explained

with this figure.

Search
Patte""rn_--.l

Angle
Sensor

Figure 32: Block scheme with the tracking and scanning controller
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At the moment the reflector is found (by detecting a light spot on the PSD), the tracking

controller Ct should take over from the scanning controller Cs . The mirror is tilted about

certain angles, which means that the control signal u(= us) has a certain non zero value.

Because the tracking controller is not connected to the mirror system the control signal Ut

has no relation with u.

When Ut and U differ and the switch is made this will result in a jump of the input signal of

the mirror system. This causes the mirror to jerk and this will lead to losing the reflector

again. In order to prevent this it is necessary to make Ut approximately equal to u.

The problem becomes even larger when the input of the tracking controller is not forced

to zero during scanning. Due to the integrator in the tracking controller the output Ut will

continue to grow, the integrator will windup. When the tracking controller is switched on,

i.e. the input of the plant u is forcefully made equal to the output Ut of the controller, the

controller will have to 'winddown' and thus will have a undesired and slow tracking

response.

5.2 Solution of the problem

In the scientific literature there are many publications about the problem of Bumpless

transfer and Anti-windup with many different approaches and solutions. Good surveys

can be found in [Edwards and Postlethwaite, 1996] and [Vrancic, 1997] and a general

framework can be found in [Kothare et al., 1994].

All solutions aim to make the output of the controller equal to the real input of the plant.

They do this by feeding back the real input and 'control' the output of the controller to

track this signal.

The method used here is based on [Astrom and Wittenmark, 1997, section 9.4]. This

method controls the output of the controller by adjusting the state of the controller, so

that the state is corresponding to the real input of the plant.

The controller without compensation has the state-space description

Xt = AtXt + Btet

Ut = CtXt + Dtet
(20)

The control-law is changed by feeding back the difference between the input to the pro

cess u and the output of the controller Ut with a vector gain K t to adjust the state of the
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K

Figure 33: Block diagram of the controller with an observer based anti-windup and
bumpless transfer compensation

controller. This gives a compensated controller with the state space description

Xt = AtXt + Btet + Kt (u - ud

= AtXt + Btet + Kt (u - CtXt - Dted

= (At - KtCdXt + (B t - KtDdet + Ktu

= AoXt + Boet + Ktu

Ut = CtXt + Dtet

(21)

The system of equation (21) can be interpreted as an observer with dynamics given by

the matrix Ao. This means that when u = Ut the above described system behaves like

the system of equation (20). But in the case of a non-linearity like a switch or a saturation

between the output of the controller Ut and the input of the plant Uwill the compensated

system control the difference between Uand Ut away with the dynamics of Ao. The block

diagram of the controller with this observer-like anti-windup and bumpless transfer com

pensation can be seen in figure 33. It must be noted that in this figure there is a saturation

between the output of the controller and the input of the plant, but it can also be a switch

or an other non-linearity.

Linear Quadratic Estimator (LQE) design methods can be used to calculate a K t• Because

this has the drawback that when the design of the controller is changed, it becomes ne

cessary to also redesign K t, I have chosen to look for a way to relate K t directly to the

controller.

A possible relation like this is K t = BtD!1. The resulting state-space description for the
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controller is

5 Transfer between the two modes

Xt = (At - KtCt)Xt + (B t - KtDt)et + Ktu

= (At - BtDtICt)Xt + (B t - BtDtIDt)et + BtDtIu

= (At - BtDtICdXt + BtDtIu

Ut = CtXt + Dtet

(22)

From equation (22) it is clear that if u f= Ut the state Xt of the controller is no longer

dependent on et, but only on the real plant input u. This choice of Kt is called the con

ditioning technique and is described in greater detail in [Hanus, 1980] and [Hanus et al.,

1987].

It is only possible to use this choice for K t if D t f= a, which means that the controller must

be biproper, which is not the case for the currently used controllers for the Scanning and

Tracking Modes. This makes it impossible to use this technique in this situation.

An other possible relation can be found using a way of describing the compensated con

troller in [Kothare et al., 1994]. By defining the notation of the genereal transfer G(s) to

be

we can rewrite our controller with observer-like compensation as

(23)

with

It is proven in [Kothare et al., 1994] that Ut(s) and Vt(s) are coprime factors of the un

compensated controller Ct(s), so that

It is easy to show that if Ut = U the uncompensated and the compensated controller have
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identical behaviour

Ut = Vt(s)et + (I - Ut(s))U

= Vt(s)et + (I - Ut(s))Ut

Ut(s)Ut = Vt(s)et

Ut = Ut(S)-l Vt(s)et

Ut = Ct(s)et

51

By reversing this line of reasoning, it becomes possible to find a direct relation for K t

with Ct(s). Using the MatLab function sncfbal to calculate a coprime factorisation of

Ct and by using the pole locations of this factorisation as the desired pole locations for

At - Kte tt Kt can be calculated using the MatLab function place.

The calculated compensations for the tracking controller, the scanning controller and the

air gap controller will be presented the next section. For this last controller the com

pensation functions as anti-windup, for the first two it is also realises the needed bumpless

transfer.

5.3 Realisation

Using the method described in the preceeding section, compensations have been calcu

lated for the three controllers.

For the air gap controller the poles of the uncompensated and compensated controllers

are

uncompensated:

PhI = 0

Ph2 = -3.49 . 103

Ph3,h4 = -1.44 . 103 ± 2.07 . 103 j

compensated:

Phcl = -1.27.103

Phc2 = -5.5 . 103

Phc3,hc4 = -9.67· 102 ± 1.48 . 103 j
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~f-------.l~I=Sim~Ula:::te7:dti=me:-

Uniform Random

Number

Figure 34: Simulink block scheme for the air gap process

For the tracking controller the poles of the uncompensated and compensated controllers

are

uncompensated:

Ptl = 0

Pt2 = -6.00 . 102

pt3 = -6.00.103

pt4 = -6.59 . 103

Pt5,t6 = -3.19.103 ± 3.43· 103 j

compensated:

Ptel = -5.00 . 101

Ptc2 = -6.00.102

Ptc3 = -5.11 . 103

ptc4 = -8.03 . 103

Ptc5,tc6 = -3.08 . 103 ± 3.42 . 103 j

And for the scanning controller the poles of the uncompensated and compensated con

trollers are

uncompensated:

psI = 0

ps2 = -6.01

ps3 = -4.77 . 101

ps4 = -1.84 . 103

ps5 = -4.34 . 103

compensated:

pscl = -5.0

psc2 = -2.95.101

psc3 = -5.90 . 101

psc4 = -4.85 . 102

psc5 = -1.87 . 104

The effect of the compensations as anti-windup is shown using the air gap process. The

Simulink scheme used can be seen in figure 34. The used input signal is a square pulse
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Figure 35: Responses of the uncompensated and compensated controller

with an amplitude of 0.4 V and a duration of 0.05 s, which causes the output of the con

troller to saturate at 0.5 V. In figure 35 the responses are shown of the system without

saturation, of the system with saturation, but with an uncompensated controller and of

the system with saturation and the compensated controller. As can be seen from these

simulations the performance of both saturated systems degrades at the up-flank of the

pulse, but the uncompensated controller winds-up, so at the down-flank of the pulse it

has a much worse response than the compensated controller. The response of the com

pensated controller is less well damped than the response of the system without satura

tion, so the compensation for the air gap controller probably needs some fine tuning to

improve its performance.

The compensation as bumpless transfer is demonstrated using the tracking and scanning

systems. The Simulink scheme of figure 36 on the next page is used, using the model for

the tilting mirror measured and calculated in section 3.2.3 on page 23. At the start of the

simulation the scanning controller is controlling the system and it has to track a slow sine

wave of 1 Hz. At t = 0.25 s the tracking controller takes over and it has to track a constant

reference of r = 0.1 V. At t = 0.7 s the control is switched back to the scanning controller

with its reference sine wave. The responses of the uncompensated and compensated

systems are shown in figure 37 on page 55. As can be seen from these simulations that

the control switch without compensation can absolutely not be called bumpless. The

control switch with compensation is much smoother, although not entirely bumpless. It

may be necesarry to fine tune the compensator for the scanning controller.
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C9~·1 I
Clock simulated time
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Uniform Random
Number

Uniform Random
Number1

Figure 36: Simulink block scheme used for control switch simulations

The fact that both the compensators for the air gap controller and the scanning controller

need some fine tuning, shows that the use of snc fbal to calculate the coprime factors

does not automatically result in an ideal compensator. A method to easily calculate the

compensators will need further study.

The bumpless transfer does not work (yet) in the practical situation, but that is mainly

caused by the problems with the tracking controller, described in section 4.2 and in the

next chapter, which made it difficult to test the switching of the modes.

5.4 Conclusions

Switching between the Scanning Mode and the Tracking Mode must happen bumpless, so

it is necessary to make the output of the controller that has to take over equal to the input

of the plant.

The difference between the input of the plant and the output of the controller can be

interpreted that the state of the controller is not in correspondence to the state of the

plant. It has been shown that this mismatch can be controlled away with an observer-like

compensation.

The observer-matrix has been calculated using coprime factorisation of the originat un

compensated controller. By simulations is has been shown that the performance has been
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Figure 37: Responses of the tracking and scanning systems during control switch
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greatly improved compared to the uncompensated controller. The performance tough are

not fully satisfactory, so a better way to determine the compensation is still needed.

The bumpless transfer does not work (yet) in on the laser tracking system, mostly because

of problems with the Tracking Mode setup.

In the next chapter those problems, together with some practical points that need atten

tion are presented, so my successor or others can address them.
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Chapter 6

Current state of the total system

The system has a number of problems and properties that should be looked into. Some

of those have already been mentioned earlier in this report, but they are repeated here for

the sake of completeness.

6.1 Electronics

As I have mentioned in section 3.2.2, the electronics of the angle and air gap sensors are

built in a very unrobust fashion. They have given me numerous problems.

The principle of the circuits is fine as far as I have seen, so I think that it is unnecessary

to redesign the circuits. What I do recommend is that they are rebuild in a better way.

When rebuilding the electronics the numerous connections needed between the dSPACE

system and the mirror and its electronics should be taken into consideration.

6.2 Alignment

The mirror, the laser and the PSD have been placed on precision placement tables. This

make it possible to accurately align these elements of the system.

But because there is no way to measure the accuracy of the alignment, the only way to

align the system is using the naked eye. This is very difficult, especially for someone like

me, having glasses with considerable chromatic abberation.
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I think it would be wise if some sort of alignment procedure is devised that makes sure

that the system is correctly aligned.

6.3 Size of the laser spot

As was mentioned in section 4.2 the size of the laser spot returning from the retro-reflector

is almost as large as the diameter of the mirror, which makes it very difficult to track the

reflector, because the tracking controller can only correctly control the mirror when the

complete light ray is reflected by the mirror onto the PSD.

There are several possible reasons why the size of the laser spot is now a problem, while

it caused no problems for my predecessors. Firstly, the laser used by them has been re

placed by a laser with more power. It is possible that this new laser has worse diversion of

its light beam. Secondly, the laser now has an angle of incidence of about 45° with respect

to the normal of the rotating mirror in its nominal attitude, while preciously this angle

was about 20°. Furthermore, the retro-reflector has been replaced with a (supposedly)

better one. A problem with this new reflector is, that it is magnetically secured to an

arm on a motor. When it is necessary to do something to the reflector or to the mirror it

is very easy to bump into the table or against the reflector itself, which causes it to fall

on the the floor. This can never be good for an expensive reflector, but I have to admit

that it has happened several times already. It may be smart to secure the reflector more

securely, but it is possible that the reflector is already somewhat damaged, although it is

not apparently so.

It may be that a combination of these causes from the real cause, but the problems with

the laser currently make it difficult to test the Tracking Mode and the transfer between the

two modes, so a solution is needed.

6.4 A time-continuous controller on a digital signal processor

The controllers are designed as time-continuous systems. The dSPACE system makes

it possible to implement these systems on the DSP. It uses simulation techniques like

Simulink uses for this.

I have run into the problem that during my project the system that had to be implemented

on the DSP became increasingly complex and the DSP forced me to lower the sampling

frequency, because otherwise it became overloaded during use. I started with the sys

tem of [Theunissen, 1999] running at 13 kHz and ended with the system in figure 43 in
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appendix D with a sampling frequency of 6.75 kHz. The maximum natural frequency of

the poles and zeros the dSPACE is able to implement is a factor 10 lower, so this clearly

limits the controller design.

The simulation of the time-continuous systems uses quite a lot of processing power of the

DSP. By designing time-discrete controllers or converting the currently used controllers

to time-discrete versions, it becomes possible to implement them on the DSP without

use of simulation techniques, which should free enough processing power to be able to

increase the sampling frequency. This also removes the limitation for the placement of

the poles and zeros in the controller design.

So I recommend that the currently used dSPACE block scheme is converted to a time

discrete version.
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Chapter 7

Conclusions and recommendations

Because the dynamics of the air gap were changed and because the old controller caused

oscillations around 375 Hz, it was necessary to adapt the controller for the air gap height.

This has resulted in a controlled air gap system with a bandwidth of 100 Hz.

During identification of the tilting mirror with its angle sensors it was noted that there

were differences between the three actuators and between the two angle sensors. The

differences between the actuators have been measured and the excitation of the actuators

has been adapted accordingly.

The differences between the two angle sensors have not been measured, because the elec

tronics of the sensors gave problems. Some of these problems were solved, but because of

time constraints I could not solve all problems. Because of these problems I recommend

that the electronics are rebuild in a more solid way than the present circuits.

The dynamics of the tilting system have been measured and modelled. For the Scanning

Mode an Hoo controller has been designed with a bandwidth of 50 Hz.

The controller for the Tracking Mode that was designed by [Theunissen, 1999] was adjus

ted for the changes dynamics of the system. This controller does not perform very well

and so it recommended that this controller is redesigned. In this redesign it might be pos

sible to make a controller for the angles of the system that can be used in both operating

modes.

Several search patterns have been compared and the spiral with constant acceleration has

been found to have the best overall performance. This spiral with constant angular ve

locity though was simpler to implement and therefor has been used for simulations and

tests. A better realisation of this last spiral and eventual other patterns with as-function

remains to be done.
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An oberserver-like bumpless transfer scheme has been presented to enable the switch from

the Scanning Mode to the Tracking Mode and back. It has been shown that using this

scheme the performance during the switch is greatly improved. There is still room for

improvement, so the method used to calculate the compensators should be studied fur

ther and improved.
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Appendix A

Settings of the Spectrum Analyzer

For the identification of the air gap transfer function the setup from figure 38 was used.
For the identification of the tilting mirror the same setup was used, only the measure
ments were done over 3 decades.

The settings of the spectrum analyzer can be seen in table 2 on the next page

Spectrum Analyzer

in

SERVO MODE

Mechanical filter

Figure 38: Air gap transfer function measurement setup
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Table 2: Settings for the spectrum analyzer

Setup:
f-range:

Frequency range: 2Khz
2 decades

f resolution 100 lines/decade
Sens:

Channel A auto
Channel B auto

SGVLT:
Amplitude lOmV
Limit 500mV

SGCOM:
GenOn: avg
Sum Amp: off

AVG:
AvgNo: 10
Limit No: 10
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Appendix B

Actuator calibration measurements

Table 3: Measured points

u[V] Xl [em] Yl[em] X2[em] Y2[em] X3[cm] Y3[em]
-0.06 50.0 21.9
-0.05 -88.7 -46.1 42.2 13.2
-0.04 -72.0 -45.6 33.5 2.9 41.2 -89.7
-0.03 -55.2 -45.0 25.4 -7.3 32.2 -80.1
-0.02 -37.7 -44.5 17.2 -18.1 22.8 -69.9
-0.01 -20.8 -44.1 9.0 -29.1 13.5 -59.5

0.0 -5.3 -44.1 0.8 -40.3 4.0 -49.3
0.01 11.4 -44.5 -6.2 -51.4 -5.1 -38.5
0.02 27.8 -44.7 -14.2 -63.9 -14.7 -26.4
0.03 45.3 -44.5 -22.0 -76.8 -23.9 -14.0
0.04 61.5 -44.6 -29.2 -90.3 -32.6 -1.0
0.05 78.5 -44.7 -42.0 13.2
0.06 -50.9 26.9
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Table 4: Measured points after rotation and origin correction

U[mV] Xl [mm] Y1 [mm] X; [mm] Y;[mm] X~[mm] Y~[mm]

-60 -784.7 115.1
-50 -834 -20 -670.3 91.0
-40 -667 -15 -537.6 67.2 -535.9 -120.1
-30 -499 -9 -408.8 48.0 -407.7 -90.2
-20 -324 -4 -274.3 31.0 -272.4 -59.8
-10 -155 0 -138.0 15.0 -135.8 -31.3

0 0 0 0.0 0.0 0.0 0.0
10 167 -4 131.1 -5.1 139.0 24.8
20 331 -6 279.4 -11.9 291.8 47.4
30 506 -4 430.1 -14.9 445.2 65.1
40 668 -5 583.0 -9.8 610.6 73.6
50 838 -6 771.3 85.9
60 934.4 94.4
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Appendix C

Actuator calibration calculations

To calculate the needed adjustments of the gains of the actuators the least-squares method

was used.

To calculate the gains of the actuators we need the relations between the applied voltage

and the tilting of the mirror. For the first measurement these relations are

for the second measurement they are

and for the third measurement

The goal of the least-squared-error method is to minimize the sum of the squared dis

tances between the measured points and the points that follow from the relations above.

We take from each of the measurements the 9 points with corresponding voltages. The

relation that is to be minimized is

n

q = L ((xl,i - -~klUi)2 + (Yl,i - !(k3 - k2)Ui)2 + ...
i=l

+(X2,i + ~k2Ui)2 + (Y2,i - !(k1 - k3)Ui)2 + ...

+(X3,i + ~k3Ui)2 + (Y3,i - !(k2 - k1)Ui)2)

(24)
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A necessary condition for q to be minimum is

C Actuator calibration calculations

::1 = ~ L Ui(Xl,i + ~k1Ui) - ~ L Ui(Y2,i - ~ (k1 - k3)Ui) + ~ L Ui(Y3,i - ~(k2 - k1)Ui) = 0

:k: = ~ L Ui(X2,i + ~k2Ui) - ~ L Ui(Y3,i - ~ (k2 - k1)Ui) + ~ L Ui(Yl,i - ~(k3 - k2)Ui) = 0

:k
q
3

= ~ L Ui(X3,i + ~k3Ui) - ~ LUi(Y1,i - ~(k3 - k2)Ui) + ~ LUi(Y2,i - ~(k1 - k3)Ui) = 0

By splitting each sum and rewriting we get

(~+ ~ + ~)k1 L Uf - ~k2 LUf - ~k3 L Uf = -~ LXl,iUi + ~ LY2,iUi - ~ LY3,iUi

- ~k1 L uf + (~ + ~ + ~ )k2 L Uf - ~k3 L uf = - ~ L X2,iUi + ~ LY3,iUi - ~ LYl,iUi

-~k1 L uf - ~k2 L uf + (~+ ~ + ~)k3 L uf = -~ L X3,iUi + ~ LYl,iUi - ~ LY2,iUi

and multiplying all equations with 9 we get

(8 + 2 + 2)k1L uf- 2k2 L uf- 2k3 L uf = -12 L Xl,iui + 6 LY2,iUi - 6 LY3,iUi

- 2k1 L Uf+ 12k2 L Uf - 2k3L uf = -12 L X2,iUi + 6 LY3,iUi - 6 L Yl,iui

- 2k1LUf- 2k2 Luf+12k3Luf = -12L X3,iUi+ 6 LYl,iUi -6LY2,iUi

(25)

From table 4 in appendix B we find for the sums

LUf = 6000

L Xl,iui = 99870

L X2,iu i = 83756.09

L X3,iUi = 85479.71

Substituting these numbers in equation (25) gives

LYl,iUi = 470

LY2,iUi = -6029.8

LY3,iUi = 15115.2

72000k l -12000k2-12000k3= -1198440 - 36178.8 - 90691.2 = -1325310

-12000k1+72000k2-12000k3 = -1005073.1 + 90691.2 - 2820 = -917201.9

-12000k l -12000k2+72000k3 = -1025756.5 + 2820 + 36178.8 = -986757.7



The solution of this group of equations is

k1 = -25.388

k2 = -20.530

k3 = -21.358

71
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Appendix D

Results from the tests on the a,ngle

controllers

simulations
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Figure 39: Simulation of the angle system with an sine wave reference signal at 0.5 Hz
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Reference signal (r)
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Figure 40: Simulation of the angle system with an sine wave reference signal at 5 Hz
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Figure 41: Simulation of the angle system with an sine wave reference signal at 50 Hz
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Figure 42: Simulation of the angle system with the spiral with constant angular velocity
at5 Hz
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Figure 44: Test of the angle system with an sine wave reference signal at 0.5 Hz on the
angle {3

The signals in this figure and in the figures on the next pages can be recognised in fig
ure 43. The signals ADGain4 and ADGainS are the input signal from the two angle
sensors, the difference in amplitude between them clearly visible. SUmAlpha and Surn
Beta are the error signals and Swi tchX and swi tchY are the control signals coming
from the Alpha controller and the Beta controller respectively.
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Figure 45: Test of the angle system with an sine wave reference signal at 5 Hz on the
angle {3
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Figure 46: Test of the angle system with an sine wave reference signal at 50 Hz on the
angle {3



Appendix E

Calculations on the different
patterns

The spiral with constant angular velocity

The parameter description of a spiral with constant angular velocity is

x(t) = ktsin(wot)

y(t) = ktcos (wot)

The radius increases with

r(t) = J x2(t) + y2(t) = k· t

The speeds in the x and y directions are

Vx(t) = x(t) = ksin(wot) + kwotcos (wo)

vy(t) = y(t) = kcos (wot) - kwot sin (wo)

and along the trajectory

Vr(t) = JVHt) + v~(t) = Jk2(1 + w5 t2 )

~ kwot

81
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The accelerations are

E Calculations on the different patterns

ax(t) = vx(t) = 2kwa cos (wat) - kW6tsin (wat)

ay(t) = vy(t) = -2kwa sin (wat) - kW6tcos (wat)

ar(t) = Jai(t) +a~(t) = J4k2w6 +k2wat2

~ kW6t

If amax is the limiting factor for the pattern and we have a search area of 1 m2and a capture

area with a diameter of 1 em the maximum radius of the spiral is

100
Ymax = ...[ii ~ 56.42 em

and the time needed is
Ymax 100

tmax = -k- = k...[ii

For the spiral to have a constant increase of the radius with each revolution it is needed

that
k= Wa

271'

The maximum angular velocity is calculated with

2 2 100
amax = kWatmax = kWa k...[ii

100w6
...[ii

The average speed of the spiral can now be calculated with

tmax tmax

Vav = _1_ Jvr(t)dt = _1_ JJ(k2(1 + w6t2)dt
tmax tmaxa a

5
~ 4[;;;. J amaxV71'

~ 3.75· Jamax

(26)



The spiral with constant acceleration

The parameter description of a spiral with constant acceleration is

2 2
X(t) = kt3 sin (wot 3)

2 2
y(t) = kt3 cos (wop)

The radius increases with

r(t) = Jx2(t) + y2(t) = kt~

The speeds in the x and y directions are

2
2k 2 2awot3 2

Vx(t) = x(t) = -2 sin (wop) + 3 cos (wot 3)
3t3

2
2k 2 2awotJ. 2

vy(t) = y(t) = -2 cos (wot 3) - sm (wot 3)
3tJ 3

and along the trajectory

83

F(W6d + 1)

d

The accelerations are

ax(t) = zix(t)

2k. ~ 2kwo ~ 4kw6. ~= --4 sm(woP) + -2-COS(wot3) - --sm(wot3)
9P 3t3 9

ay(t) = vy(t)

2k ~ 2kwo. ~ 4kw6 ~= --4 cos (wot 3 ) - -2- sm (wop) - -- cos (wop)
9t3 3t3 9

_ 2
-9

F(l + 13w6d + 4w~t~)

t~

'" 4kw2
'" 9 0
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If amax is the limiting factor for the pattern and we have a search area of 1 m2 and a capture

area with a diameter of 1 em the maximum radius of the spiral is

100
rmax = J7i ~ 56.42 em

and the time needed for the full pattern is

t = (rmax ) ~ = 1000 Jk7r~
max k 2 ~k n2

For the spiral to have a constant increase of the radius with each revolution it is needed

that
k= Wo

2n

The maximum angular velocity is calculated with

4 2 4wg
amax = 9kwO = 18n

3 _ 18n
wo - Tamax

3 18namaxwo=
4

The average speed of the spiral can now be calculated with

tmax tmax

Vav = _1_ Jvr(t)dt = _1_ J~
tmax tmax

o 0

~ 5.633.Jamax

(27)
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The square spiral

For the square spiral holds that for each section the acceleration is equal to amax for the

first half and equal to -amax for the second half.

The time needed for the first half of a section with length L calculated with

The time needed for a complete section is tt = 2 . tf and the average speed is

v,,(L) = h = ~';Lam"
2 ----L

amax

The square spiral has 200 sections that are two-by-two equal in length. The first two

sections are ~ Vi em long, the second pair are Vi em and the nth pair are Jz em. To make

the square full there is an extra section of 100 em at the end of the pattern.

The total average speed of the square spiral is

100 ( ) f100V21 L ( L )
V av 100 + LL=l 2 V2 V av V2

V av = -----------;::;-----'--='-------''-=-

100 + Lf100V21 2...1.-
L=l V2

1 100 r:1i"\{\00. rn- f100V21 L 1 IT rn2: . Y 1uu y amax + LL=l 2-;l22:V -;l2yamax

100 + LflO0V21 2...1.-
L=l V2

116306
= ~Jamax 14458.5

Vav ~ 4.022Jamax

And the time needed for the whole pattern is

14458.5
tmax = -----==

4.022Jamax
3595

(28)
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The grid

E Calculations on the different patterns

For the grid holds that for each section the acceleration is equal amax for the first half and

equal to -amax for the second half.

The time needed for the first half of a section with length L is

The time needed for a complete section is tt = 2tf and the average speed is

The grid has 101 sections of 1 m in length and 100 section of 1 em. Thus the total average

speed of the grid becomes

100vav (100) + 101·100· vac (100) + 100·1· vav (1)
V

av = 101 . 100 + 100 . 1

100J100 + 10100J100 + 100VI
= !Jamax 10200

102100
= 20400 Jamax

Vav ~ 5.005Jamax

and the time needed for the whole pattern is

10200
tmax = -==--=--=-=----==5.005Jamax

2038

(29)
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